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Preface

Since the National Research Council published the report Alternative Agriculture in 
1989, there has been a remarkable emergence of innovations and technological ad-
vances that are generating promising changes and opportunities for sustainable ag-

riculture in the United States. At the same time, the agricultural sector worldwide faces 
numerous daunting challenges that will require innovations, new technologies, and new 
ways of approaching agriculture if the food, feed, and fiber needs of the global population 
are to be met.

This report, Toward Sustainable Agricultural Systems in the 21st Century, assesses the 
scientific evidence for the strengths and weaknesses of different production, marketing, 
and policy approaches for improving agricultural sustainability and reducing the costs and 
unintended consequences of agricultural production. It also evaluates the transferability of 
principles underlying farming systems and practices that could improve the sustainability 
of small-scale agricultural systems in less developed countries, with an emphasis on sub-
Saharan Africa. The report includes case studies of different kinds of farms and farming 
systems in different regions of the United States that actively pursue the goal of sustain-
ability and revisits some farms originally featured in Alternative Agriculture. We want to 
thank the farmers who so generously shared their expertise and experiences and to wish 
them well in their future farming endeavors. We also want to thank the consultants who 
conducted and documented the farmer interviews.

The study committee included 15 members with expertise in food production and agri-
business; crop, soil, and horticultural sciences; water-use and water-quality science; farm-
ing systems and agroecology; agricultural economics and social science; and federal farm, 
trade, international development, environmental, and regulatory policies (Appendix B). 
Two of the committee members are farmers. The committee also solicited information from 
a wide range of experts (Appendix C) with complementary expertise and experience. We 
are grateful for their willingness to give of their time and knowledge. During the devel-
opment of the report, the committee held two workshops. The first focused on the state 
of the science on agricultural methods and systems for improving sustainability, and a 
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second was on the lessons learned and transferability of agriculture practices and systems 
to improve sustainability of agriculture in developing countries. Two public committee 
meetings, in which other experts were invited to provide the committee with information 
on U.S. agricultural economics and policies, and their effect on farming systems, farmers’ 
behavior, and the environment, were also held. Some of the committee members also at-
tended the Sustainable Agricultural Research and Education (SARE) conference in Kansas 
City, Missouri, in 2008 to gather information.

Challenges that the committee immediately faced included understanding and inter-
preting the rapid changes and developing crises in the global economy and their effect on 
sustainable agriculture. For example, when the committee began its study, global price of 
crude fuel oil rose from about $75 per barrel to a peak of $147 in July 2008. This increase 
caused harmful reverberations across the global agriculture sector and shortages of corn, 
rice, and other food, especially in developing countries, and a significant increase in the 
demand for biofuels. It was immediately followed by the global economic crisis, which, 
among other impacts, restricted farmers’ access to credit, lowered land values, and lowered 
prices for biofuels when fuel oil costs declined by half. On a more positive note, the com-
mittee faced a virtual cascade of new information and programs relating to sustainable ag-
riculture, such as important new advances in science and in federal and state programs and 
policies. The new federal farm bill places greater emphasis on agricultural sustainability, 
organic agriculture, and renewable energy and fuels, and support is growing for regional 
and local food production systems.

The committee notes that although most farms have the potential and responsibility 
to contribute to different aspects of sustainability, U.S. agriculture needs both incremental 
and transformative changes to address the many challenges of the future. Incremental 
changes—such as pest-resistant varieties, conservation tillage, integrated pest manage-
ment, and use of crop diversity including cover crops, crop rotations, and other biologically 
integrative technologies and practices—have been increasingly used in many regions, but 
have not yet been adapted to some fragile areas and to low-rainfall cropland. Transforma-
tive changes include the development of new farming systems that represent a dramatic 
departure from the dominant systems of present-day American agriculture and capitalize 
on synergies and efficiencies associated with complex natural systems and broader social 
and economic forces using integrative approaches to research and extension at both the 
farm and landscape levels. Examples include development and broad adoption of water-
conserving production systems in areas of water shortage and overdraft, landscape-scale 
reduction of nutrient and other materials runoff from agricultural lands that contributes to 
major hypoxic zones, and assessment of the potential and cost for broad adoption of alter-
native animal production systems that address many environmental and social concerns 
of some dominant production systems.

The committee believes that its report identifies many of the most important challenges 
that U.S. agriculture faces today, but it is well aware that unforeseen threats as well as new 
opportunities could surface tomorrow. We hope that the sponsors of this study, the Bill & 
Melinda Gates Foundation and W.K. Kellogg Foundation, as well other groups and organi-
zations, will find the report’s conclusions and recommendation to be of value in their efforts 
to understand and develop sustainable agricultural systems that will meet the food, feed, 
fiber, and biofuel needs of a growing global population.

On behalf of the committee, we would like to express our thanks and appreciation to 
Robin Schoen, director of the Board of Agriculture and Natural Resources (BANR), and 
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Evonne Tang, the senior program officer responsible for our study. Without their planning, 
organization, and editing expertise, this large and complex report would have been impos-
sible. We also want to thank all the BANR study staff for their support and assistance with 
our meetings and in preparing the final report.

Julia L. Kornegay, Chair
Richard R. Harwood, Vice-Chair
Committee on Twenty-First Century 

Systems Agriculture
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Executive Summary

U.S. agriculture has had an impressive history of productivity that has resulted in 
relatively affordable food, feed, and fiber for domestic purposes and increases in 
agricultural exports. Fewer farmers are producing more food and fiber on about the 

same acreage, while input and energy use per unit output has decreased over the last 50 
years. Despite these tremendous advances, U.S. farmers are facing the daunting challenges 
of meeting the food, feed, and fiber needs of the nation and of a growing global population 
and of contributing to U.S. biofuel production, under the constraints of rising production 
costs, increasingly scarce natural resources, and climate change. Agriculture is at a pivotal 
stage in terms of meeting societal demands for products while improving sustainability.

This report of the National Research Council Committee on Twenty-First Century 
 Systems Agriculture reviews the state of knowledge on farming practices, technologies, 
and management systems that have the potential to improve the environmental, social, and 
economic sustainability of agriculture, and it discusses the tradeoffs and risks that might 
occur if more farms were to adopt those practices, technologies, and systems. The report 
also identifies knowledge gaps and makes recommendations for future actions to improve 
agricultural sustainability.

DEFINING AGRICULTURAL SUSTAINABILITY

Improving sustainability is a process that moves farming systems along a trajectory 
toward meeting various socially determined sustainability goals as opposed to achieving 
any particular end state. Agricultural sustainability is defined by four generally agreed-
upon goals:

• Satisfy human food, feed, and fiber needs, and contribute to biofuel needs.
• Enhance environmental quality and the resource base.
• Sustain the economic viability of agriculture.
• Enhance the quality of life for farmers, farm workers, and society as a whole.
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� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

The sustainability of a farming practice or system could be evaluated on the basis of 
how well it meets various societal goals or objectives. To be sustainable, a farming system 
needs to be sufficiently productive, robust (that is, be able to continue to meet the goals in 
the face of stresses and fluctuating conditions), use resources efficiently, and balance the 
four goals.

TOWARD AGRICULTURAL SUSTAINABILITY IN THE ��ST CENTURY

All farms have the potential and responsibility to contribute to different aspects of 
sustainability. However, the scale, organization, enterprise diversity, and forms of market 
integration associated with individual farms provide unique opportunities or barriers to 
improving their ability to contribute to global or local food production, ecosystem integ-
rity, economic viability, and social well-being. Dramatic and continuous improvement in 
agricultural sustainability will require long-term research, education, outreach, and experi-
mentation by the public and private sectors in partnership with farmers.

The committee proposes two parallel and overlapping efforts to ensure continuous im-
provement in the sustainability performance of U.S. agriculture: incremental and transfor-
mative. The incremental approach would be directed toward improving the sustainability 
performance of all farms, irrespective of size or farming system type, through develop-
ment and implementation of specific sustainability-focused practices, many of which are 
the focus of ongoing research and with varying levels of adoption. Most, if not all, farms 
have adopted some practices for improving sustainability, but such methods have not 
been adapted to all environments, and none of the practices has reached its full potential 
for adoption. Continuous research, extension, and experimentation by researchers and 
farmers are necessary to provide the toolkit necessary for farmers to adapt their systems 
to the changing environmental, social, market, and policy conditions to ensure long-term 
sustainability.

Research has to address multiple dimensions of sustainability and explore agroecosys-
tems properties if systemic changes in farming systems are to be pursued. Therefore, the 
incremental approach to improving agricultural sustainability needs to be complemented 
by a transformative approach that would dramatically increase integrative research by 
bringing together multiple disciplines to address key dimensions of sustainability simulta-
neously beyond the agroecological dimension. The transformative approach would apply a 
systems perspective to agricultural research to identify and understand the significance of 
the linkages between farming components and how their interconnectedness and interac-
tions with the environment make systems robust and resilient over time.

KEY DRIVERS OF CHANGE: MARKETS AND FEDERAL AND LOCAL POLICIES

The decisions of farmers to use particular farming practices and their ability to move 
toward increasingly sustainable farming systems are influenced by many external forces, 
including science, knowledge, skills, markets, public policies, and their own values, re-
sources, and land tenure arrangements. Although market, policy, and institutional contexts 
are important drivers of the trajectory of U.S. agriculture, the response of individual farm-
ers to the incentives and disincentives created by market conditions and policy contexts can 
be diverse. Efforts to promote widespread adoption of different farming practices and sys-
tems for improving sustainability will require an understanding of how variability among 
individual, household, farm, and regional-level characteristics affect farmers’ response to 
incentives and disincentives.
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Summary

A griculture is facing daunting challenges. Not only are farmers expected to produce 
adequate agricultural products at affordable prices to meet the food, fiber, feed, and 
biofuel needs of a rising global population, but also they are expected to do so under 

conditions of rising production costs and increasingly scarce natural resources and climate 
change. Growing awareness of unintended impacts associated with some agricultural pro-
duction practices has led to heightened societal expectations for improved environmental, 
community, labor, and animal welfare standards in agriculture. The question arose as to 
whether U.S. agriculture can meet those challenges and expectations in a sustainable way.

The National Research Council (NRC) convened the Committee on Twenty-First Cen-
tury Systems Agriculture to assess scientific evidence for the strengths and weaknesses of 
different production, marketing, and policy approaches to improving the sustainability 
of American agriculture (Box S-1). The committee was asked to discuss how the lessons 
learned in U.S. agriculture could be relevant to agriculture in different regional and na-
tional settings, specifically sub-Saharan Africa. This report provides an update to the 1989 
report Alternative Agriculture1 on knowledge gained about the productivity and econom-
ics of different practices and systems at increasing levels of complexities (from the level of 
individual components in a farm, to a whole farm, to a regional level) and their impacts on 
community and social well-being. It includes case studies on several farms featured in the 
previous report and an additional set of case studies on farms selected by this committee. 
This report emphasizes the properties of complex agricultural systems and the interactions, 
synergies, and tradeoffs that affect the performance and robustness of agricultural practices 
and farming systems. Targeted public policy can encourage the development and imple-
mentation of farming systems designed to improve sustainability.

1 NRC (National Research Council). 1989. Alternative Agriculture. Washington, D.C.: National Academy Press.
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� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

DEFINING AGRICULTURAL SUSTAINABILITY

Sustainability has been described as the ability to meet core societal needs in a way that 
can be maintained indefinitely without significant negative effects. Accordingly, develop-
ment of a sustainable agricultural production system requires defining the core societal 
needs from agriculture, a process that will require a collective vision of what the future 
characteristics of agriculture should be. Such vision is heavily contested and unresolved 
in the United States at present. Although developing a widely accepted vision is out-
side the scope of this study, the committee identified four generally agreed-upon goals 
(each of which has a set of specific objectives; see Chapter 1) that help define sustainable 
agriculture:

• Satisfy human food, feed, and fiber needs, and contribute to biofuel needs.
• Enhance environmental quality and the resource base.
• Sustain the economic viability of agriculture.
• Enhance the quality of life for farmers, farm workers, and society as a whole.

Sustainability is best evaluated not as a particular end state, but rather as a process 
that moves farming systems along a trajectory toward greater sustainability on each of 

BOX S-� 
Statement of Task

	 The	National	Research	Council	Committee	on	Twenty-First	Century	Systems	Agriculture	was	tasked	to:

1.	 	Provide	an	overview	of	the	current	state	of	U.S.	agriculture	in	the	domestic	and	world	economies,	and	
describe	major	challenges	to	farmers	and	problems	in	agricultural	production	related	to	the	environ-
mental,	social,	and	economic	sustainability	of	agriculture.

2.	 	Review	the	state	of	knowledge	on	farming	practices	and	management	systems	that	can	increase	the	
environmental,	social,	and	economic	sustainability	of	agriculture.

3.	 	Identify	factors	that	influence	the	adoption	of	farming	practices	and	systems	that	contribute	to	the	goals	
of	increasing	agricultural	sustainability.

4.	 	Provide	an	update	to	the	1989	report’s	methodology	to	compare	the	productivity	and	economics	of	dif-
ferent	systems	and	practices	at	levels	of	increasing	complexity	(from	the	level	of	individual	components	
in	a	farm,	to	a	whole	farm,	to	a	regional	level).

5.	 	Describe	and	analyze	several	case	studies	(including	some	from	the	1989	report)	that	illustrate	farm-
ing	practices	and	management	systems	that	pursue	greater	agricultural	sustainability.	Include	general	
information	about	the	operation,	features	of	the	management	systems	being	used,	and	indicators	of	
productivity,	environmental,	and	financial	performance.	For	case	studies	from	the	1989	report,	include	
a	retrospective	review	of	the	past	performance	and	the	evolution	of	decision	making	by	those	producers	
over	time.

6.	 	Recommend	research	and	development	needs	for	advancing	a	systems	approach	to	farming	in	the	
United	States,	and	suggest	ways	 to	 strengthen	 federal	policies	and	programs	 related	 to	 improving	
agricultural	production.

7.	 	Evaluate	the	transferability	of	principles	underlying	farming	systems	and	practices	that	could	improve	
sustainability	of	different	agricultural	settings,	and	develop	supportable	conclusions	and	recommenda-
tions	to	improve	the	sustainability	of	agriculture	under	different	natural,	economic,	and	policy	condi-
tions	in	different	regional	or	national	settings.

	 This	study	is	supported	by	the	Bill	&	Melinda	Gates	Foundation	and	the	W.K.	Kellogg	Foundation.
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the four goals. As such, agricultural sustainability is a complex, dynamic, and political con-
cept that is inherently subjective in that different groups in society place different emphasis 
on each of the four goals. Progress toward the four goals will require robust systems that 
adapt, evolve, and continue to function in the face of stresses and fluctuating conditions, are 
productive, use resources efficiently, and balance the four goals within enterprises or farms 
across and at all scales. The pursuit of sustainability is not a matter of defining sustainable 
or unsustainable agriculture, but rather is about assessing whether choices of farming 
practices and systems would lead to a more or less sustainable system as measured by the 
four goals. Improving sustainability will require identification of key metrics and indicators 
that can measure progress toward goals, together with monitoring and collecting data and 
using adaptive management.

The committee concluded that if U.S. agricultural production is to meet the chal-
lenge of maintaining long-term adequacy of food, fiber, feed, and biofuels under scarce 
or declining resources and under challenges posed by climate change, and to minimize 
negative outcomes, agricultural production will have to substantially accelerate progress 
towards the four sustainability goals. Such acceleration needs to be undergirded by 
research and policy evolution that are designed to reduce tradeoffs and enhance syner-
gies between the four goals and to manage risks and uncertainties associated with their 
pursuit.

SCIENTIFIC FOUNDATION FOR IMPROVING SUSTAINABILITY

Science—including biophysical and social sciences—is essential for understanding 
agricultural sustainability. Science generates the knowledge needed to predict the likely 
outcomes of different management systems and expands the range of alternatives that can 
be considered by farmers, policy makers, and consumers.

Although all farms have the potential and responsibility to contribute to different 
aspects of sustainability, the scale, organization, enterprise diversity, and forms of market 
integration associated with different farms provide unique opportunities or barriers to 
improving their ability to contribute to the four goals. Therefore, the committee proposes 
two parallel and overlapping approaches to ensure continuous improvement in the sus-
tainability performance of U.S. agriculture: incremental and transformative. The incre-
mental approach is an expansion and enhancement of many ongoing efforts that would 
be directed toward improving the sustainability performance of all farms, irrespective 
of size or farming systems type, through development and implementation of specific 
sustainability-focused practices, many of which are the focus of ongoing research and 
with varying levels of adoption.

The transformative approach aims for major improvement in sustainability perfor-
mance by approaching 21st century agriculture from a systems perspective that considers 
a multiplicity of interacting factors. It would involve:

• Developing collaborative efforts between disciplinary experts and civil society to 
construct a collective and integrated vision for a future of U.S. agriculture that bal-
ances and enhances the four sustainability goals.

• Encouraging and accelerating the development of new markets and legal frame-
works that embody and pursue the collective vision of the sustainable future of 
U.S. agriculture.

• Pursuing research and extension that integrate multiple disciplines relevant to all 
four goals of agricultural sustainability.
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• Identifying and researching the potential of new forms of production systems that 
represent a dramatic departure from (rather than incremental improvement of) the 
dominant systems of present-day American agriculture.

• Identifying and researching system characteristics that increase resilience and 
adaptability in the face of changing conditions.

• Adjusting the mix of farming system types and the practices used in them at the 
landscape level to address major regional problems such as water overdraft and 
environmental contamination.

INCREMENTAL APPROACHES TO IMPROVING 
SUSTAINABILITY OF U.S. AGRICULTURE

The proposed expanded incremental approach would include focused disciplinary 
research on production; environmental, economic, and social topics; and policies (such 
as expanded agricultural conservation and environmental programs) to improve the sus-
tainability performance of mainstream agriculture. For example, large livestock farms in 
the United States produce the majority of the nation’s meat and dairy products. Similarly, 

BOX S-� 
Examples of Practices That Contribute to Sustainability

Production Practices

•	 	Conservation (or reduced) tillage systems	have	contributed	to	reducing	water-caused	soil	erosion	and	
surface	 runoff	of	nutrients,	 chemicals,	and	crop	 residues.	 Increased	understanding	of	how	conservation	
or	reduced	tillage	can	work	with	different	crops	and	soil	types	to	reduce	energy	use	and	labor	has	led	to	
increased	adoption	of	those	practices.

•	 	Cover cropping	provides	ground	cover	to	protect	soil	and	provide	other	services,	including	maintaining	
soil	organic	matter,	providing	nutrients	to	subsequent	crops	(green	manures),	trapping	excess	nutrients	in	
the	soil	profile	following	harvest	of	the	primary	crop,	and	preventing	leaching	losses	(catch	crops).	However,	
cover	crops	are	not	widely	planted	because	of	technical,	economic,	and	environmental	limitations.

•	 	Crop diversity, including rotations, intercropping, and using different genetic varieties	can	contrib-
ute	to	improving	soil	quality	and	managing	pests	and	diseases	and	is	particularly	important	in	the	manage-
ment	of	organic	cropping	systems.	Although	incorporation	of	diversity	in	cropping	systems	has	increased	in	
some	regions,	it	fluctuates	widely	with	commodity	prices.

•	 	Traditional plant breeding and modern genetic engineering (GE) techniques	have	resulted	in	crop	
varieties	with	increased	yields,	pest	and	disease	resistance,	enhanced	water-use	and	nutrient-use	efficiencies,	
and	other	important	traits.	GE	has	the	potential	to	contribute	a	number	of	solutions	for	problems,	but	new	
varieties	need	to	be	tested	rigorously	and	monitored	carefully	by	objective	third	parties	to	ensure	environ-
mental,	economic,	and	social	acceptability	and	sustainability	before	they	are	released	for	planting.

•	 	Many	technologies	for	efficient water use	such	as	metering,	improved	distribution	of	high-pressure	water,	
and	 low-pressure,	directed-use	 systems	offer	promise	 to	address	water	 scarcity.	Water reuse	 is	 another	
strategy	for	addressing	water	scarcity,	but	the	biological	and	chemical	quality	of	the	reclaimed	water	requires	
careful	 monitoring.	Best management practices (BMPs),	 including	 nutrient	 management	 planning,	
surface	and	subsurface	drainage	management,	field	buffer	strips,	riparian	area	management,	and	livestock	
manure	management,	have	been	developed	to	mitigate	the	runoff	of	agricultural	nutrients	and	chemicals	
into	the	nation’s	surface	and	ground	waters.	Effectiveness	of	BMPs	at	the	watershed	scale	depends,	in	part,	
on	the	coordinated	actions	of	all	farms	in	a	watershed.

•	 	Soil and plant tissue tests, nutrient management plans, and precision agriculture technologies	
help	farmers	to	 increase	their	 farms’	productivity,	 input-use	efficiency,	and	economic	returns	by	reducing	
unnecessary	use	of	agricultural	fertilizers,	pesticides,	or	water.	Experimental	and	field	studies	suggest	that	
impacts	and	economic	benefits	of	those	practices	and	tools	can	be	variable	across	time	and	space.

•	 	Use of manure, compost, and green manure,	as	often	used	in	organic	systems,	can	reduce	the	need	for	
synthetic	fertilizer	and	hence	reduce	the	energy	used	for	fertilizer	production.	Many	farms	featured	as	case	
studies	in	this	report	successfully	use on-farm inputs to maintain soil fertility and	to	insulate	themselves	
from	fluctuations	in	costs	of	synthetic	fertilizer.	Published	studies,	however,	show	variable	results	as	to	whether	
systems	using	commercial	 fertilizers	or	 systems	using	cover	crop-based	or	animal	manure-based	nutrient	
management	have	higher	profits.	Those	studies	often	do	not	include	environmental	costs	and	benefits.

•	 	Integrated pest management	(IPM)	research	has	identified	promising	options	for	improving	soil	suppres-
siveness	and	 inducing	crop	resistance	 to	some	diseases	and	pests,	 in	addition	 to	classical	biological	and	
ecological	pest	management.	The	need	to	study	weeds,	diseases,	pests,	and	crops	as	an	interacting	complex	
has	been	recognized.	Adoption	of	IPM	has	been	reasonable	for	some	crops,	but	overall	IPM	use	is	lagging	
despite	its	potential	for	reducing	chemical	use.

•	 	Genetic improvement of livestock	 can	 contribute	 to	 improving	 sustainability	 by	 increasing	 feed	 use	
efficiency	and	by	selecting	traits	to	improve	animal	health	and	welfare.	Improvements	in	feed	conversion	
through	genetics,	nutrition,	and	management	have	reduced	manure	and	nutrient	excretion	per	unit	animal	
product	produced	and	reduced	land	required	for	production.

Business and Marketing Strategies

•	 	Diversification of farm enterprises	can	provide	multiple	income	streams	for	farm	operations.	Producing	
a	range	of	crops	and	animal	products	can	enhance	the	stability	and	resilience	of	farm	businesses	and	can	
decrease	 the	volatility	of	 farm	 income.	However,	 studies	 that	analyze	 the	financial	 impacts	of	 enterprise	
diversification	under	real-world	conditions	are	sparse.

•	 	An	increasing	number	of	farmers	are	raising	their	farm-level	income	by	increasing	the	value	of	their	products	
through	sales to niche markets	(such	as	organic	or	health-food	markets)	or	by	selling	their	products	directly	
to	consumers	(direct sales)	to	obtain	a	larger	proportion	of	the	consumers’	dollar	spent	on	the	product	and	
to	gain	control	over	the	prices	they	get	for	their	products.

Practices for Improving Community Well-Being

•	 	Diverse farm systems,	diversified landscapes	that	include	non-crop	vegetation,	and	farming practices 
that improve water quality	can	contribute	to	community	and	social	well-being.	Some	direct	marketing	
strategies,	 such	 as	direct sales at farmers’ markets, community-supported agriculture, farm-to-
school programs, and agritourism connect	farmers	to	the	community	and	can	contribute	to	community	
economic	security,	but	those	sales	strategies	lack	underpinning	research	and	extension.
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a large portion of corn and soybean are produced on highly mechanized grain farms that 
specialize in producing a small number of crops and rely heavily on purchased farm inputs 
to provide crop nutrients and to manage pest, disease, and weed problems. Most, if not all, 
farms have adopted some practices for improving sustainability. Some farms, including 
large farms illustrated in the report’s case studies, are highly integrated, but such methods 
have not been adapted to all environments, and none of the practices has reached its full 
potential for adoption. Each of those production systems has fostered high productivity 
and low costs, but many have led to some serious negative social and environmental out-
comes (or externalized production costs) that could hinder agriculture’s progress toward 
improved sustainability. The negative outcomes have led to policy changes and publicly 
funded research programs explicitly designed to address those concerns. Efforts to im-
prove sustainability of mainstream production system might be incremental in nature, but 
could have significant benefits given the dominance of those production systems in U.S. 
agriculture.

Since the publication of the report Alternative Agriculture, research has increased un-
derstanding of how different farming practices maintain or increase productivity while en-
hancing natural resources and addressing environmental concerns. Box S-2 lists examples 

BOX S-� 
Examples of Practices That Contribute to Sustainability

Production Practices

•	 	Conservation (or reduced) tillage systems	have	contributed	to	reducing	water-caused	soil	erosion	and	
surface	 runoff	of	nutrients,	 chemicals,	and	crop	 residues.	 Increased	understanding	of	how	conservation	
or	reduced	tillage	can	work	with	different	crops	and	soil	types	to	reduce	energy	use	and	labor	has	led	to	
increased	adoption	of	those	practices.

•	 	Cover cropping	provides	ground	cover	to	protect	soil	and	provide	other	services,	including	maintaining	
soil	organic	matter,	providing	nutrients	to	subsequent	crops	(green	manures),	trapping	excess	nutrients	in	
the	soil	profile	following	harvest	of	the	primary	crop,	and	preventing	leaching	losses	(catch	crops).	However,	
cover	crops	are	not	widely	planted	because	of	technical,	economic,	and	environmental	limitations.

•	 	Crop diversity, including rotations, intercropping, and using different genetic varieties	can	contrib-
ute	to	improving	soil	quality	and	managing	pests	and	diseases	and	is	particularly	important	in	the	manage-
ment	of	organic	cropping	systems.	Although	incorporation	of	diversity	in	cropping	systems	has	increased	in	
some	regions,	it	fluctuates	widely	with	commodity	prices.

•	 	Traditional plant breeding and modern genetic engineering (GE) techniques	have	resulted	in	crop	
varieties	with	increased	yields,	pest	and	disease	resistance,	enhanced	water-use	and	nutrient-use	efficiencies,	
and	other	important	traits.	GE	has	the	potential	to	contribute	a	number	of	solutions	for	problems,	but	new	
varieties	need	to	be	tested	rigorously	and	monitored	carefully	by	objective	third	parties	to	ensure	environ-
mental,	economic,	and	social	acceptability	and	sustainability	before	they	are	released	for	planting.

•	 	Many	technologies	for	efficient water use	such	as	metering,	improved	distribution	of	high-pressure	water,	
and	 low-pressure,	directed-use	 systems	offer	promise	 to	address	water	 scarcity.	Water reuse	 is	 another	
strategy	for	addressing	water	scarcity,	but	the	biological	and	chemical	quality	of	the	reclaimed	water	requires	
careful	 monitoring.	Best management practices (BMPs),	 including	 nutrient	 management	 planning,	
surface	and	subsurface	drainage	management,	field	buffer	strips,	riparian	area	management,	and	livestock	
manure	management,	have	been	developed	to	mitigate	the	runoff	of	agricultural	nutrients	and	chemicals	
into	the	nation’s	surface	and	ground	waters.	Effectiveness	of	BMPs	at	the	watershed	scale	depends,	in	part,	
on	the	coordinated	actions	of	all	farms	in	a	watershed.

•	 	Soil and plant tissue tests, nutrient management plans, and precision agriculture technologies	
help	farmers	to	 increase	their	 farms’	productivity,	 input-use	efficiency,	and	economic	returns	by	reducing	
unnecessary	use	of	agricultural	fertilizers,	pesticides,	or	water.	Experimental	and	field	studies	suggest	that	
impacts	and	economic	benefits	of	those	practices	and	tools	can	be	variable	across	time	and	space.

•	 	Use of manure, compost, and green manure,	as	often	used	in	organic	systems,	can	reduce	the	need	for	
synthetic	fertilizer	and	hence	reduce	the	energy	used	for	fertilizer	production.	Many	farms	featured	as	case	
studies	in	this	report	successfully	use on-farm inputs to maintain soil fertility and	to	insulate	themselves	
from	fluctuations	in	costs	of	synthetic	fertilizer.	Published	studies,	however,	show	variable	results	as	to	whether	
systems	using	commercial	 fertilizers	or	 systems	using	cover	crop-based	or	animal	manure-based	nutrient	
management	have	higher	profits.	Those	studies	often	do	not	include	environmental	costs	and	benefits.

•	 	Integrated pest management	(IPM)	research	has	identified	promising	options	for	improving	soil	suppres-
siveness	and	 inducing	crop	resistance	 to	some	diseases	and	pests,	 in	addition	 to	classical	biological	and	
ecological	pest	management.	The	need	to	study	weeds,	diseases,	pests,	and	crops	as	an	interacting	complex	
has	been	recognized.	Adoption	of	IPM	has	been	reasonable	for	some	crops,	but	overall	IPM	use	is	lagging	
despite	its	potential	for	reducing	chemical	use.

•	 	Genetic improvement of livestock	 can	 contribute	 to	 improving	 sustainability	 by	 increasing	 feed	 use	
efficiency	and	by	selecting	traits	to	improve	animal	health	and	welfare.	Improvements	in	feed	conversion	
through	genetics,	nutrition,	and	management	have	reduced	manure	and	nutrient	excretion	per	unit	animal	
product	produced	and	reduced	land	required	for	production.

Business and Marketing Strategies

•	 	Diversification of farm enterprises	can	provide	multiple	income	streams	for	farm	operations.	Producing	
a	range	of	crops	and	animal	products	can	enhance	the	stability	and	resilience	of	farm	businesses	and	can	
decrease	 the	volatility	of	 farm	 income.	However,	 studies	 that	analyze	 the	financial	 impacts	of	 enterprise	
diversification	under	real-world	conditions	are	sparse.

•	 	An	increasing	number	of	farmers	are	raising	their	farm-level	income	by	increasing	the	value	of	their	products	
through	sales to niche markets	(such	as	organic	or	health-food	markets)	or	by	selling	their	products	directly	
to	consumers	(direct sales)	to	obtain	a	larger	proportion	of	the	consumers’	dollar	spent	on	the	product	and	
to	gain	control	over	the	prices	they	get	for	their	products.

Practices for Improving Community Well-Being

•	 	Diverse farm systems,	diversified landscapes	that	include	non-crop	vegetation,	and	farming practices 
that improve water quality	can	contribute	to	community	and	social	well-being.	Some	direct	marketing	
strategies,	 such	 as	direct sales at farmers’ markets, community-supported agriculture, farm-to-
school programs, and agritourism connect	farmers	to	the	community	and	can	contribute	to	community	
economic	security,	but	those	sales	strategies	lack	underpinning	research	and	extension.
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of farming practices that can contribute to sustainability goals. Performance and adoption 
of many of those practices could be further improved by additional biophysical, social, and 
economic research.

Research on the economic and social dimensions of agricultural sustainability com-
plementary to the research on productivity and environmental sustainability is scarce 
despite its importance in providing farmers with knowledge to design systems that 
balance different sustainability goals and improve overall sustainability. Studies on 
economic and social sustainability are complicated by the fact that economic viability is 
influenced by market and policy conditions and that social acceptability of farms is influ-
enced by the behavior of key actors (including farmers and consumers) and the values of 
community members. The lack of information on the economic viability of practices and 
approaches for improving environmental and social sustainability and on how markets and 
policies influence the economics of those practices could be a barrier to their wide adoption. 
Nonetheless, the case studies of 15 operating farms in this report illustrate the feasibility 
of the farming practices and approaches and how they are combined with business and 
marketing to result in farming systems that balance the four sustainability goals.

Continuous research, extension, and experimentation by researchers and farmers are 
necessary to provide the toolkit necessary for farmers to adapt their systems to changing 
environmental, social, market, and policy conditions to ensure long-term sustainability. 
Examples of high-priority areas of research are listed in Box S-3. Because research to de-
velop practices and approaches for improving environmental sustainability and to qualify 
or quantify their economic and social impacts does not result in a marketable product 
for industry, it is generally not attractive for private-sector investment. Therefore, such 
research would have to rely on public funding and institutions, farmer organizations, and 
civil society sectors.

RECOMMENDATION: The U.S. Department of Agriculture and state agricul-
tural institutions and agencies should continue publicly funded research and 
development (R&D) of key farming practices for improving sustainability to 
ensure that R&D keeps pace with the needs and challenges of modern agricul-
ture. They should increase support for research that clarifies the economic and 
social aspects of the many current and potential technologies and management 
practices and that addresses issues of resilience and vulnerability in biophysical 
and socioeconomic terms.

TRANSFORMATIVE APPROACH TO IMPROVING 
SUSTAINABILITY OF U.S. AGRICULTURE

The transformative approach to improving agricultural sustainability would dramat-
ically increase integrative research by bringing together multiple disciplines to address 
key dimensions of sustainability simultaneously beyond the agroecological dimension. 
It would apply a systems approach to agriculture that could result in production systems 
and an agricultural landscape that are a significant departure from the dominant systems 
of present-day agriculture. This approach would facilitate development of production ap-
proaches that capitalize on synergies, efficiencies, and resilience characteristics associated 
with complex ecosystems and their linked social, economic, and biophysical systems. It 
would emphasize integrating information about productivity, environmental, economic, 
and social aspects of farming systems to understand their interactions and address issues 
of resilience and vulnerability to changing climate and economic conditions. Moreover, in-
tegration would include expanded attention to the role and development of new markets, 
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BOX S-� 
Examples of High-Priority Research in an Incremental 

Approach to Improving Sustainability

Productivity and Environmental Research

•	 	Assessment	of	the	effectiveness	of	cover	crops	in	providing	ecosystem	services	such	as	biological	control	
of	agricultural	pests,	weed	suppression,	and	nutrient	and	water	retention.

•	 	Assessment	of	water	reuse	systems,	surface	and	subsurface	drainage	systems,	and	advanced	livestock	
waste	management	systems	that	improve	the	effectiveness	of	wetlands,	enhance	water	quality	and	
water	conservation,	and	reduce	greenhouse-gas	emissions.

•	 	Comparative	study	of	greenhouse-gas	emissions	and	nutrient	balances	associated	with	different	field	
management	practices	for	animal	wastes	and	other	organic	amendments	such	as	green	manures	and	
organic	mulches	and	composts.

•	 	Research	and	development	of	non-chemical	alternatives	(for	example,	biological	control,	biofumigation,	
induced	resistance,	and	soil	suppressiveness)	for	managing	weeds,	pests,	and	diseases	as	a	complex.

•	 	Research	that	identifies	ecosystem	benefits	from	changing	agricultural	practices,	such	as	planting	buffer	
strips	or	hedgerows,	reducing	tillage,	and	using	best	management	practices,	at	multiple	scales.

Socioeconomic Research

•	 	Assessment	of	how	production	practices	might	affect	food	attributes	(such	as	pesticide	residue,	taste,	
nutritional	quality,	and	food	safety).

•	 	Assessment	and	comparison	of	the	costs	of	different	production	practices	and	combinations	of	practices	
under	different	policy	and	market	contexts.

•	 	Research	to	document	and	analyze	the	economic	sustainability	of	direct	marketing—for	example,	to	
review	financial	and	labor	returns	to	such	marketing	strategies	as	sales	at	farmers’	markets,	community-
supported	agriculture,	and	farm-to-school	programs.

•	 	Research	to	document	and	analyze	labor	benefits,	practices,	and	their	trends	in	agriculture	and	their	
effects	on	farm	profitability.

Policy Research

•	 	Research	to	improve	understanding	of	the	intended	and	unintended	consequences	of	federal	farm,	
food,	 and	 environmental	 policies	 that	 can	 affect	 the	 use	 of	 agricultural	 practices	 for	 improving	
sustainability.

new policies and new approaches to research and development that are likely to sustain a 
systems-oriented agriculture. Options include development of appropriate price signals or 
incentives to farmers who seek to improve the sustainability of their farms across all four 
dimensions of sustainability and policies that are less likely to produce unintended conse-
quences in one area of sustainability while addressing another area. Attention to produc-
tion system types different from the dominant types, such as integrated crop and livestock 
systems, non-confinement livestock production systems, or highly diversified cropping 
systems that reduce reliance on purchased inputs, is desirable because the dominant system 
types might limit the range of technical or managerial possibilities in the pursuit of greater 
sustainability. Examples suggested in the report include organic cropping systems, low-
confinement livestock systems, management intensive rotational grazing, enhanced local 
food systems, developing perennial grain systems, regional planning and implementation 
of farming system changes that reduce water overdraft and environmental loading leading 
to larger hypoxic zones, and planning for production of new products such as cellulosic 
biofuels.
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Interdisciplinary Systems Research

Most agricultural research in the United States is conducted to address specific prob-
lems. Although a disciplinary approach to agricultural research is necessary to build a 
foundation of scientific knowledge about how each component of a farming system works, 
it often undervalues the importance of interconnections and functional relationships be-
tween different components of the farming system. A systems approach is necessary to 
identify and understand the significance of linkages between farming components and 
other aspects of the environment and economy so that a robust system that takes advantage 
of synergies and balances tradeoffs can be designed.

With some farming system types, the combination of adverse environmental loading, 
human health and social welfare issues, impacts on local economies, food safety issues, or 
animal welfare concerns might give impetus to dramatic departures from mainstream ag-
ricultural practices. Organic cropping, integrated livestock and crop systems, management-
intensive rotational grazing, and low-confinement hog systems are used as examples of 
potential departures from mainstream agriculture in this report. Those systems illustrate 
how complementarities and synergies of resource use and containment at the systems level, 
if managed well, can generate positive outcomes on ecological and social environments. Or-
ganic cropping systems integrate many practices for improving sustainability listed earlier. 
The approach is driven by a philosophy for using biological processes to achieve high soil 
quality, control pests, and provide favorable growing environments for productive crops, 
and by the prohibition of most synthetically produced inputs. The alternative livestock 
production systems were designed to enhance environmental quality, animal welfare, and 
social acceptability. However, few systematic research studies assess the ability of confined 
animal systems and other alternatives to address public concerns of production efficiency, 
food safety, environmental impacts or risks, animal welfare, and labor conditions. Although 
the farming types that the committee uses as illustrations of systems approaches represent 
a small proportion of farms in the United States as of 2010, they serve as valuable demon-
strations and provide data on how sustainability could be improved.

Ultimately, it will be more effective to structure farms and agricultural systems toward 
balancing the four sustainability goals at the outset rather than to address unintended 
consequences through piecemeal “technological fixes.” To pursue systemic changes in 
farming systems, research and development have to address multiple dimensions of 
sustainability (productivity, and environmental, economic, and social sustainability) 
and to explore agroecosystem properties, such as complex cropping rotations, integrated 
crop and livestock production, and enhanced reliance on ecological processes to manage 
pests, weeds, and diseases (recognizing their interconnectedness and interactions with 
the environment), that could make systems robust and resilient over time.

Despite the need for research to balance and further enhance the four sustainabil-
ity goals of agriculture, the majority of public research funding is targeted to improving 
productivity and reducing production costs. Only one-third of public research spending 
is devoted to exploring environmental, natural resource, social, and economic aspects of 
farming practices. The report Alternative Agriculture emphasized the importance of a 
systems approach to agricultural research 20 years ago, yet the proportion of long-term 
systems agricultural research remains small.

Examples of transformative systems type studies include:

• Holistic comparison of existing organic, conventional, and innovative farming sys-
tems in different environments to assess how each system performs and balances 
overall system efficiencies and resilience with environmental and social impacts.
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• Holistic comparison of the ability of confined animal systems and other alterna-
tives to address production efficiency, food safety, environmental impacts or risks, 
animal welfare, and labor conditions.

• Policies and legal frameworks that provide appropriate pricing and incentives to 
encourage the balancing of the four sustainability objectives and enhance system 
resilience and adaptability under dynamic conditions.

RECOMMENDATION: Federal and state agricultural research and develop-
ment programs should aggressively fund and pursue integrated research and 
extension on farming systems that focus on interactions among productivity, 
environmental, economic, and social sustainability outcomes. Research should 
explore the properties of agroecosystems and the interdependencies between 
biophysical and socioeconomic aspects of farming systems, and how they could 
make the systems robust and resilient over time.

Application of a systems approach to agriculture is not limited to the farm level. The 
collective and potentially synergistic effects of agricultural systems at a landscape or com-
munity scale have gained recognition. However, the scientific foundation for and data 
needed to develop a landscape approach for improving sustainability of agriculture is 
sparse. Research suggests that the distribution of farm types and farming activities across a 
landscape could be designed to achieve greater productivity, resistance, and resilience and 
improve the sustainability of local and regional agricultural systems that support personal 
and community well-being. In addition, effective public policy tools that are politically 
viable and effective in shaping patterns of the agricultural practices or land use at the land-
scape level are needed. No single agricultural landscape pattern is likely to work in every 
location; effective landscape patterns would have to be tailored to local conditions and meet 
particular community needs. Although a landscape approach to agricultural research 
could inform the design of agroecosystems to maximize synergies, enhance resilience, 
and inform what policies would be useful in influencing collective actions, programs to 
encourage such research do not exist.

Examples of transformative landscape-scale research include:

• Develop systems type mixes, patterns, and technologies for landscape diversity 
that maintain economic output while reducing overall water use.

• Develop systems type mixes and technologies to reduce nitrogen, phosphorus, and 
pesticide losses to downstream fragile water bodies, particularly in source regions 
responsible for hypoxia.

• Develop tools for modeling of systems and patterns for multipurpose economic, 
aesthetic, and environmental impacts to enhance community well-being and assist 
in planning, local policy, market identification, and farmer decision making.

• Develop policies and legal frameworks that encourage cooperative watershed 
landscape and ground water management across field and farm boundaries.

• Generate landscape design options to increase resilience and adaptability to chang-
ing conditions using a combination of the above approaches.

RECOMMENDATION: The U.S. Department of Agriculture should partner with 
the National Science Foundation, the U.S. Environmental Protection Agency, key 
land-grant universities, and farmer-led sustainable agricultural organizations to 
develop a long-term research and extension initiative that aims to understand 
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the aggregate effects of farming at a landscape or watershed scale and to devise, 
encourage, and support the development of collective institutions that could 
enhance environmental quality while simultaneously sustaining economic vi-
ability and community well-being.

Returns on research investments could be increased by incorporating farmer knowl-
edge. Much of the technical and managerial innovation in sustainable agriculture has oc-
curred through on-farm innovation and experimentation. Engaging farmers as partners 
with scientists in innovation, development, extension, and outreach processes could pro-
duce effective and long-lasting technology adaptation and adoption. In addition, farmers’ 
networks and farmer-to-farmer mentoring programs can help spread knowledge gained 
from research and help adapt such knowledge to farmers’ local conditions.

RECOMMENDATION: The U.S. Department of Agriculture and other federal 
and state agencies that support agricultural research should encourage research-
ers to include farmer-participatory research or farmer-managed trials as a com-
ponent of their research. Those agencies should strengthen initiatives for partici-
patory education and peer-to-peer partnerships that could enhance information 
exchange and enhance farmers’ adoption of new practices and approaches for 
improving sustainability of agriculture.

Efforts to engage farmers and citizens in research and outreach to improve agricultural 
sustainability will require institutional support. Cooperative Extension programs at the 
state and regional levels can play a critical role as facilitators and catalysts for fostering 
interaction among the various stakeholders and for providing educational programs and 
access to current information.

Key Drivers of Change: Markets and Federal and Local Policies

Other than available science, knowledge, and skills, the decisions of farmers to use 
particular farming practices and their ability to move toward more sustainable farming 
systems are influenced by many external forces such as markets, public policies, and their 
own values, resources, and land-tenure arrangements. Those structural constraints are in 
turn influenced by the efforts of broad social movements and organized interest groups 
that have different perspectives about how agriculture should be organized and how food 
should be produced and distributed.

Growing interests by consumers in food produced using practices perceived as “envi-
ronmentally friendly,” or that address a particular social concern (such as animal welfare) 
have led to development of value-trait markets. Similarly, sustainability initiatives in large 
food retailers open up new markets for food products that are produced using certain 
practices or farm system types that improve sustainability. Those emerging markets can 
motivate farmers to transition to farming systems that balance and meet multiple sustain-
ability goals. The use of marketing tools, such as certification and branding of products 
produced using particular farming practices and systems that increase sustainability, can 
enhance the value of those farm products and contribute to environmental, social, and 
economic sustainability of the farm.

The impact of public policies aimed at moving agriculture along the sustainability 
trajectory has been mixed. Some scholars attribute a decrease in the diversity of cropping 
systems, increases in the use of external farm inputs, and extensive hydrologic modification 
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of landscapes in part to commodity support payments because these supports provide a 
strong incentive for farmers to focus on planting program crops by monocropping and to 
maximize yields per dollar of cost (that is, to focus on only two of the four sustainability 
goals). Risk management policies can affect sustainability initiatives because some crop 
insurance products carry substantial subsidized premium structures that can potentially 
encourage farmers to grow monocrops, which could increase the vulnerability of highly 
erodible soils and reduce system resilience. Conservation programs are a mechanism for 
encouraging adoption of particular farming practices, but they are voluntary programs, 
often with a small proportion of farms participating. Public programs designed to increase 
incentives to move toward greater sustainability are increasing, but they remain a small 
portion of the federal and state agricultural policy portfolio.

Although market, policy, and institutional contexts are important drivers of the trajec-
tory of U.S. agriculture, the response of individual farmers to the incentives and disincen-
tives created by market conditions and policy contexts can be diverse. Efforts to promote 
widespread adoption of different farming practices and systems for improving sustainabil-
ity will require an understanding of how variability among individual, household, farm, 
and regional-level characteristics affect farmers’ response to incentives and disincentives. 
The scientific research to date is inadequate to assess the full impacts of current and pro-
posed policy frameworks.

RECOMMENDATION: Because of the critical importance of macro-structural 
or institutional drivers of farmer behavior, the U.S. Department of Agriculture 
should increase investment in empirical studies of the ways that current and 
proposed market structures, policies, and knowledge institutions provide op-
portunities or barriers to expanding the use of farming practices and systems 
that improve various sustainability goals so that the department can implement 
changes in policies and institutions that are identified as effective to meeting 
those goals.

Transformation of the agriculture sector will not occur overnight. It will take long-
term research and experimentation by the public and private sectors in partnership with 
farmers. The two parallel approaches to improving sustainability proposed by the com-
mittee would ensure incremental improvement toward sustainability, while long-term 
systemic changes in agricultural systems are being pursued.

RELEVANCE OF LESSONS LEARNED TO SUB-SAHARAN AFRICA

When considering the relevance of lessons learned in the United States to sub-Saharan 
Africa, it is important to recognize key differences between the two regions. African farmers 
produce a wide variety of crops using diverse farming systems across a range of agroeco-
logical zones. Most systems are rain-fed, and many soils are severely depleted of nutrients. 
External inputs are expensive. High transportation costs and lack of infrastructure often 
inhibit access to outside resources and markets. Specific management approaches need to 
be developed in that context. Nonetheless, the concepts of sustainability and many of the 
broad approaches presented in this report are relevant and concur with conclusions from 
some recent international reports. The committee concluded that:

• An interdisciplinary systems approach is essential to address the improvement 
and sustainability of African agriculture that recognizes the social, economic, and 
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policy contexts within which farming systems operate. Evolving systems would 
need to address all four sustainability goals and be adapted to local conditions.

• Research programs need to actively seek input and collaboration from farmers 
to ensure research being conducted and technologies tested are relevant to their 
needs.

• Women, who play a pivotal role in African agriculture, need to be provided with 
educational and training opportunities and be involved in the development of 
research agendas.

• Technologies are needed to address soil, water, and biotic constraints, but they have 
to be integrated with local ecological and socioeconomic processes. Use of locally 
available resources would have to be maximized and combined with judicious use 
of external inputs when necessary.

• Promising technologies and approaches include soil organic matter management, 
reduced tillage, integrated fertility management, water harvesting, drip irrigation, 
stress-resistant crop varieties, improved animal breeds, integration of crops and 
livestock, and use of global information systems for landscape and regional analy-
sis and planning.

• Expanding market access will be essential to increase productivity and enhance 
livelihoods in rural Africa. Investing in rural infrastructure could improve access 
to local, regional, and international markets.

RECOMMENDATION: Agencies and charitable foundations that support re-
search and development of sustainable agriculture in developing countries 
should ensure that funded programs emphasize a systems approach that reflects 
the need for adaptability of management strategies and technologies to dynamic 
local socioeconomic and biophysical conditions, and supports efforts to increase 
market access.
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Understanding Agricultural 
Sustainability

A griculture worldwide faces daunting challenges because of increasing population 
growth and changing food consumption patterns, natural resource scarcity, envi-
ronmental degradation, climate change, and global economic restructuring. Yet, 

at the same time, there are unprecedented hopeful changes and opportunities for the fu-
ture, including a remarkable emergence of innovations in farming practices and systems 
and technological advances that have generated promising results for improving agricul-
tural sustainability and an increase in consciousness and concern by consumers about the 
sources of their food and how it is produced. One of the first comprehensive reports on 
the scope and importance of systems approaches to improve sustainability of agriculture 
was documented in the National Research Council report Alternative Agriculture (1989b). 
The report analyzed and described the economic and environmental results of agricultural 
practices that could improve sustainability being developed and used by a small subset of 
U.S. farmers in the second half of the 20th century, and it helped to legitimize an approach 
to agricultural-systems research that had previously been considered nonscientific. Many 
so-called alternative practices at that time (integrated pest management, no-till farming, 
and cover crop planting) are now used by some farmers in mainstream agriculture.

Despite the potential benefits of farming practices and systems that improve sustain-
ability, their adoption is far less widespread than society might want. One reason for the 
low rate of adoption is because of social, economic, and policy incentives that discourage 
fundamental changes in farming systems. Another reason is that some of those practices 
have tradeoffs so that they might provide benefits in one aspect and negative consequences 
in another. The movement toward improved sustainability could be hampered by society’s 
lack of common agreement on which objectives are the highest priority and how tradeoffs 
should be managed.

Since Alternative Agriculture was published, many changes have been made in how 
farmers farm. While incremental approaches offer movement toward sustainability, such 
approaches might not tackle fundamental problems. Systemic changes and multiple paths 
will also need to be pursued. Indeed it can be argued that sustainability is the process of 
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constantly adapting farming or food systems to meet clearly articulated and desired out-
comes in a robust and resource-efficient manner that also reflects social responsibility.

PURPOSE OF THIS REPORT

With the support of the Bill and Melinda Gates Foundation and the W.K. Kellogg 
Foundation, the National Research Council convened a committee to study the science 
and policies that influence the adoption of farming practices and management systems 
designed to reduce the costs and unintended consequences of agricultural production. (See 
Box 1-1 for the statement of task.) To address the statement of task, the committee solicited 
input from many experts in academia and federal agencies in a series of open meetings and 
workshops, in addition to drawing on members’ expertise. Two sets of case studies were 
used to examine farming systems that address those concerns and to explore the factors 
that affect their implementation, economic viability, and success in meeting environmental 
and other goals of sustainability.

This report reviews the state of knowledge on farming practices, technologies, and 
management systems that have the potential to improve the environmental, social, and 
economic sustainability of agriculture and discusses the tradeoffs and risks that might pres-
ent themselves if more farms were to adopt those practices, technologies, and systems. The 
report also identifies knowledge gaps in improving agricultural sustainability and makes 
recommendations for future actions aimed at improving agricultural sustainability.

BOX �-� 
Statement of Task

	 The	National	Research	Council	Committee	on	Twenty-First	Century	Systems	Agriculture	was	tasked	to:

1.	 	Provide	an	overview	of	the	current	state	of	U.S.	agriculture	in	the	domestic	and	world	economies,	and	
describe	major	challenges	to	farmers	and	problems	in	agricultural	production	related	to	the	environ-
mental,	social,	and	economic	sustainability	of	agriculture.

2.	 	Review	the	state	of	knowledge	on	farming	practices	and	management	systems	that	can	increase	the	
environmental,	social,	and	economic	sustainability	of	agriculture.

3.	 	Identify	factors	that	influence	the	adoption	of	farming	practices	and	systems	that	contribute	to	the	goals	
of	increasing	agricultural	sustainability.

4.	 	Provide	an	update	to	the	1989	report’s	methodology	to	compare	the	productivity	and	economics	of	dif-
ferent	systems	and	practices	at	levels	of	increasing	complexity	(from	the	level	of	individual	components	
in	a	farm,	to	a	whole	farm,	to	a	regional	level).

5.	 	Describe	and	analyze	several	case	studies	(including	some	from	the	1989	report)	that	illustrate	farm-
ing	practices	and	management	systems	that	pursue	greater	agricultural	sustainability.	Include	general	
information	about	the	operation,	features	of	the	management	systems	being	used,	and	indicators	of	
productivity,	environmental,	and	financial	performance.	For	case	studies	from	the	1989	report,	include	
a	retrospective	review	of	the	past	performance	and	the	evolution	of	decision	making	by	those	producers	
over	time.

6.	 	Recommend	research	and	development	needs	for	advancing	a	systems	approach	to	farming	in	the	
United	States,	and	suggest	ways	 to	 strengthen	 federal	policies	and	programs	 related	 to	 improving	
agricultural	production.

7.	 	Evaluate	the	transferability	of	principles	underlying	farming	systems	and	practices	that	could	improve	
sustainability	of	different	agricultural	settings,	and	develop	supportable	conclusions	and	recommenda-
tions	to	improve	the	sustainability	of	agriculture	under	different	natural,	economic,	and	policy	condi-
tions	in	different	regional	or	national	settings.
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Sustainability in agriculture is a complex and dynamic concept that includes a wide 
range of environmental, resource-based, economic, and social issues. The committee’s defi-
nition of sustainable farming does not accept a sharp dichotomy between unsustainable 
or sustainable farming systems because all types of farming can potentially contribute to 
achieving different sustainability goals and objectives. Ultimately, the committee believes 
that sustainability is best evaluated against a range of environmental, economic, and social 
goals that reflect the views of diverse groups in society. The most intense controversies 
about the relative sustainability of different farming practices or farming systems neces-
sarily take place within the domain of politics because preferences for particular farming 
systems reflect the priorities of various stakeholders with different working definitions of 
sustainability.

Although a final assessment of the sustainability of any particular farming practice or 
system is a social and political act, the committee believes that public debates about im-
proving the sustainability of U.S. agriculture need to be based within a good understanding 
of the existing scientific research. Science documents the performance and impacts of dif-
ferent agricultural practices and systems, predicts outcomes likely to result from the use of 
different systems, develops indicators to measure progress toward sustainability goals, and 
expands the range of technological tools and farming management approaches available. 
The issue of water quality illustrates the critical role science plays. Societal concerns about 
water quality led to passage of the Clean Water Act, which has resulted in various local, 
state, and federal guidelines that require use of “best management practices.” Guidelines 
are provided for acceptable soil phosphorus upper limits, soil erosion rates, water conser-
vation, tillage practices, pesticide use, and a wide array of other process-type practices, all 
of which were determined through extensive scientific research.

This chapter first defines key terms used in later chapters and then discusses concepts 
of agricultural sustainability. It identifies the boundaries, or scope, for the overall science 
assessment of sustainability. Ultimately, this report focuses on current scientific evidence 
about the performance of farming practices and systems that can contribute to moving U.S. 
farming systems along a trajectory toward meeting various sustainability goals. Indicators 
that can be used to provide quantitative assessment of progress toward sustainability are 
also discussed. The structure of the report is outlined at the end of this chapter.

FARMING AND AGRICULTURE

General Definitions

The terms “farming,” “agriculture,” and “farming systems” can comprise a diverse 
range of activities. The definitions of agriculture used in the National Research Council 
(NRC) report Investing in Research: A Proposal to Strengthen the Agricultural, Food, and 
Environmental System (NRC, 1989a) provide some useful definitions and underscore the 
potential breadth of farming-related activities and goals (Box 1-2).

Various crop and livestock enterprises on individual farms can interact in complex 
ways with one another and with their surrounding ecosystems (USDA-CSREES, 2007). 
Combinations of different activities can generate properties of system behavior that might 
not be understood or predicted by looking at each practice individually. That behavior is 
manifested at various scales ranging from the field, whole farm, landscape, watershed, 
and region. Moreover, every farm is embedded in a particular biophysical environment 
that provides opportunities and constraints for using different practices or management 
strategies, which shapes the impacts of farming activities on environmental, economic, 
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and social outcomes. This committee also recognizes that farms operate within a complex 
market, policy, and community context, and interactions with those institutions and social 
systems affect the performance of every type of agricultural system.

Because of the complex interactions at various scales, this committee has chosen to cast 
a relatively wide net in its assessment of the performance of different farming practices and 

BOX �-� 
General Definitions

	 Agriculture	encompasses	the	entirety	of	the	system	that	grows,	processes,	and	provides	food,	feed,	
fiber,	ornamentals,	and	biofuel	for	the	nation.	Agriculture	includes	the	management	of	natural	resources	
such	as	surface	water	and	ground	water,	forests	and	other	lands	for	commercial	or	recreational	uses,	and	
wildlife;	the	social,	physical,	and	biological	environments;	and	the	public	policy	issues	that	relate	to	the	
overall	system.	All	activities,	practices,	and	processes	of	the	public	and	private	sectors	involved	in	agricul-
ture	and	forestry	are	contained	within	the	system.	(Adapted	from	Investing in Research: A Proposal to 
Strengthen the Agricultural, Food, and Environmental System	[NRC,	1989a]).
	 A	 farm	 is	most	correctly	used	 to	mean	a	single,	 identifiable	operational	unit	 that	manages	natural	
resources	such	as	water,	forests,	and	other	lands	to	provide	food,	feed,	fiber,	ornamentals,	energy,	and	
a	range	of	environmental	and	other	services.	“Any	operation	that	sells	at	least	one	thousand	dollars	of	
agricultural	commodities	or	that	would	have	sold	that	amount	of	produce	under	normal	circumstances”	is	
considered	a	farm	by	the	U.S.	Department	of	Agriculture	(USDA)	(USDA-ERS,	2008).	Every	farm	is	embed-
ded	within	a	temporal	and	spatially	dynamic	context	(environment)	and	interacts	with	the	geophysical,	
biological,	economic,	and	social	variables	of	that	environment.	Farms	employ	a	wide	range	of	produc-
tion	techniques	and	strategies	known	as	“farming practices.”	Farms	also	use	marketing	techniques	and	
strategies.
	 A	farming system	is	the	mix	of	crops	or	animal	components,	or	some	combination	thereof	in	a	farm,	
their	arrangement	over	space	and	time	within	the	farm,	the	resources	and	technologies	used	in	their	man-
agement,	and	the	nature	and	effectiveness	of	hierarchical	relationships	both	within	the	farm	and	with	the	
ecological,	social,	economic,	and	political	environments	within	which	it	operates.	The	farming	system	thus	
includes	community	linkages,	market	integration,	labor	relationships,	and	interaction	with	a	wide	array	of	
other	influencing	factors.
	 A	farming system type	can	be	defined	by	any	commonalities	that	one	might	wish	to	specify—for	
example,	rangeland,	dryland,	irrigated,	dairy,	field	crop,	high-value	crop—and	includes	the	broad	range	
of	context-specific	farming	systems	within	the	type.
	 Food systems	and	agrifood systems	refer	to	the	complex	set	of	actors,	activities,	and	institutions	that	
link	food	production	to	food	consumption.	Studies	of	agrifood	systems	often	use	a	“commodity	chain”	ap-
proach,	where	they	examine	the	production,	processing,	trade,	wholesaling,	retailing,	and	consumption	of	
particular	commodities,	as	well	as	the	upstream	and	downstream	processes	that	connect	the	various	links	
in	the	chain.	These	terms	differ	from	farming	system	in	that	the	primary	focus	is	beyond	the	farm	gate.
	 Systems agriculture	is	used	to	define	an	approach	to	agricultural	research,	technology	development,	
or	extension	that	views	agriculture	and	its	component	farming	systems	in	a	holistic	way.	The	approach	
treats	components	and	processes	within	and	across	hierarchical	levels	and	scale	with	appropriate	context,	
and	gives	major	importance	to	interactions	among	them.	The	USDA	Cooperative	State	Research,	Extension,	
and	Education	Service	(CSREES)	defines	its	agricultural	systems	approaches	as	follows:	“Agricultural	enter-
prises—crop	or	livestock—deal	with	such	concepts	as	labor	supply,	marketing,	finances,	natural	resources,	
genetic	stock,	nutrition,	equipment	and	hazards.	Although	 it	 is	possible	 to	effectively	manipulate	each	
mechanism	of	successful	farming	individually,	better	results	can	often	be	obtained	by	treating	the	farming	
operation	as	a	system.	The	interactions,	then,	among	system	components	might	be	more	important	than	
how	each	component	functions	by	itself.	Treating	production	operations	holistically	offers	greater	manage-
ment	flexibility,	provides	for	more	environmentally	and	economically	sound	practices,	and	creates	safer	and	
healthier	conditions	for	workers	and	for	farm	animals.”	SOURCE:	USDA-CSREES	(2007).
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systems. The ensuing chapters discuss the impact of individual farming practices not only 
as individual components of a particular farm enterprise, but also in the context of whole 
farming systems and as pieces of a larger farming landscape at the watershed, regional, 
or national scale. Although this report discusses how farmers might be affected by op-
portunities and constraints created by the larger agrifood system (see Box 1-2), a detailed 
assessment of the overall social, economic, and environmental performance of the food 
processing, distribution, and retailing sectors is beyond the scope of this report.

Farming Practices and Systems

At the time that the report Alternative Agriculture (NRC, 1989b) was released, the term 
“alternative agriculture” was commonly used to refer to farming approaches (most notably, 
organic farming) that appeared to be dramatically different from the dominant or “conven-
tional” farming systems that characterized contemporary crop and livestock production in 
the United States. Today such alternatives are more likely to be referred to as “sustainable” 
farming, but the phrase is unfortunately ambiguous. Not only do farming enterprises re-
flect many combinations of farming practices, organization forms, and management strate-
gies, but also all types of systems can potentially contribute to achieving various sustain-
ability goals (for individual farmers and for resource use and environmental sustainability 
at the landscape scale).

At some level, the distinctions between what some call “conventional” agricultural 
systems and a range of alternative systems have some basis in empirical reality in the U.S. 
context. The characteristics and examples of practices associated with each system are 
summarized briefly in the following sections to clearly define those terms and how they 
are used in this report.

Conventional and Industrial Agricultural Systems

Conventional agricultural systems draw from a set of predominant farming practices in 
the United States, although conventional farms are diverse in what they produce and in the 
specific combination of practices they use. The size of farms using conventional production 
methods ranges from small to large. Most agricultural commodities in the United States are 
produced in conventional agricultural systems.

• Conventional crop production makes use of synthetic pesticides and herbicides, 
and supplements nutrients generated on the farm (manure) with synthetic fertil-
izer to maintain soil fertility. Fields are more frequently planted in few rotations of 
marketable crops than left fallow or planted with cover crops. Conventional corn, 
soybean, and cotton farms are increasingly planted with seeds that are genetically 
engineered to facilitate weed control or to reduce pest losses (and pesticide use).

• Conventional animal production varies depending on the species produced, the size 
of livestock inventories, and the amount of cropland or pasture available per ani-
mal unit. Animals might be housed in partial to full confinement structures, with 
beef cattle, sheep, and goats being less confined (for at least part of their life cycle), 
dairy cows being more confined than sheep and beef cattle, and conventional 
hogs and poultry most confined among livestock. Although beef cattle, sheep, and 
goat farms rely heavily on pastures, most conventionally raised dairy cows, hogs, 
and poultry receive virtually all their feed from harvested forage and grain crops 
raised on the farm or purchased from other farmers. Depending on the number of 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

�0 TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

animals and the resources of the producers, vaccines, antibiotics, medicated feeds, 
and growth hormones could be used in production. Animal manure is spread on 
fields or managed in lagoons, with excess liquid sprayed on fields as in the case of 
some hog farms.

• Industrial crop and animal production is a term that has come to be associated with 
operations that, generally speaking, are characterized by large size combined in 
some cases with a high degree of specialization. Producers of industrial scale are 
more likely to produce under contract with food processors and handlers. Ani-
mals are more likely to be grown in confined housing, with no pasture in the case 
of swine and poultry, or with portions of the animal life cycle on pasture or low 
confinement for dairy and beef animals. Feed is more likely to be a purchased in-
put, rather than produced on the farm, than operations of smaller scale. Many of 
the larger operations likely have cropped land for liquid manure application, but 
loading limits over time rarely allow long-term stability for adequate disposal or 
low-rate application for efficient use of water and nutrients. Contract arrangements 
often are used for distant application of manure. Industrial farms typically oper-
ate at a scale that allows for more extensive division of labor and the use of capital 
intensive machinery and buildings. They more often rely on a hired workforce than 
do their smaller-scale counterparts.

Over the last few decades there has been a major effort to develop new management 
approaches and farming practices that not only improve the economic performance and 
productivity of conventional and industrial farming systems, but also prevent and mitigate 
their potentially negative effects on soil erosion and water quality, some of which also can 
improve the economic performance and productivity of conventional farming. Examples 
of practices used in these strategies are summarized in Box 1-3 and will be discussed in 
depth in Chapter 3.

Ecologically Based Farming Systems

Some farming approaches have been developed, at least in part, to respond to per-
ceived problems associated with conventional farming. They represent a concerted depar-
ture from some of the key features of conventional farming such as the reliance on off-farm 
and synthetic inputs. Such approaches emphasize the use of natural processes within the 
farming system, often called “ecological” or “ecosystem” strategies, which build efficiency 
(and ideally resilience) through complementarities and synergies within the field, the farm, 
and at larger scales across the landscape and community. Examples of such systems include 
organic and biodynamic farming (Box 1-4), although “pure” forms of each system are diffi-
cult to identify. Like conventional farms, the specific practices used could vary widely from 
farm to farm, and often include combinations of the practices discussed in Box 1-3.

A Farming Systems Continuum

A dichotomy between “ecologically based” and “conventional” farming systems has 
been a component of public debates over the performance of the U.S. farming sector for 
several decades. The dichotomy has been a heuristic device that scientists use to explore the 
comparative performance of different farming systems. However, in reality, these terms are 
to be used with great caution because farming enterprises found in the United States clearly 
reflect a potentially infinite set of combinations of particular farming practices, organiza-
tional forms, and management strategies. (See the case studies in Chapter 7.)
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BOX �-� 
Examples of Practices Designed to Improve Environmental 

Performance of Conventional Agriculture

•	 	Crop rotation,	which	involves	the	successive	planting	of	different	crops	on	the	same	lands	in	sequen-
tial	seasons	to	improve	soil	fertility	and	to	avoid	the	build	up	of	pathogens	and	pests	that	often	occur	
when	one	species	is	continuously	cropped.	The	most	common	rotations	involve	alternating	production	
of	corn	and	soybean.

•	 	Cover crops	as	part	of	a	crop	rotation,	which	involves	the	planting	of	crop	varieties	that	can	potentially	
protect	fields	from	soil	erosion,	suppress	weeds,	and	enhance	soil	organic	matter	and	nutrient	levels.

•	 	Reduced-tillage and	no-till practices,	in	which	a	crop	is	planted	directly	into	a	seedbed	not	tilled	
since	harvest	of	the	previous	crop.	Instead	of	plowing	soil	and	burying	crop	residues,	no-till	farmers	
minimize	soil	disturbance	and	leave	residues	on	the	surface	of	their	fields	after	harvest.

•	 	Integrated pest management	 (IPM),	 which	 involves	 the	 strategic	 use	 of	 complementary	 prac-
tices—including	cultural,	mechanical,	biological,	ecological,	and	chemical	control	methods—to	keep	
pest	levels	below	critical	economic	thresholds.

•	 	Precision farming practices,	which	combine	detailed	spatial	information	about	soil	conditions	and	
indicators	of	crop	performance	to	target	fertilization	and	other	crop	management	practices	where	they	
are	most	needed.

•	 	Diversification of farm enterprises,	which	helps	increase	biodiversity,	control	pests	and	diseases,	
and	reduce	risks	from	climatic	and	market	volatility.

•	 	Other agricultural conservation best management practices (BMPs),	which	are	recommended	
as	part	of	federally	funded	conservation	programs.	BMPs	include	the	use	of	buffer or filter strips,	ri-
parian area access management,	manure handling and management,	nutrient management	
planning,	wildlife habitat enhancement	within	agricultural	 landscapes,	composting	 to	process	
agricultural	wastes,	and	practices	designed	to	increase	irrigation water use efficiency	(USDA-NRCS,	
2009).

•	 	The	development	of	crops	and	animals	that	have	enhanced genetic resistance	to	climatic	extremes,	
pests,	and	other	threats,	often	with	the	use	of	new	genetic	engineering	tools.

BOX �-� 
Examples of Ecologically Based Farming Systems

	 Organic farming systems	emphasize	the	use	of	renewable	resources	and	the	conservation	of	soil	
and	water	to	enhance	environmental	quality	for	future	generations.	They	typically	rely	on	crop	rotations,	
green	manures,	composts,	naturally	derived	fertilizers	and	pesticides,	biological	pest	controls,	mechanical	
cultivation,	and	modern	technology.	Organic	meat,	poultry,	eggs,	and	dairy	products	come	from	animals	
that	are	not	given	any	antibiotics	or	growth	hormones.	Organic	food	is	produced	without	the	use	of	most	
conventional	pesticides,	fertilizers	made	with	synthetic	ingredients	or	sewage	sludge,	bioengineering,	or	
ionizing	radiation.	Before	a	product	can	be	labeled	“organic”	in	the	United	States,	a	government-approved	
certifier	inspects	the	farm	where	the	food	is	grown	to	make	sure	the	farmer	is	following	all	the	rules	neces-
sary	to	meet	USDA	organic	standards.
 Biodynamic farming	systems	typically	use	the	full	range	of	organic	production	practices,	but	also	use	
a	series	of	eight	soil,	crop,	and	compost	amendments,	called	preparations,	made	from	cow	manure,	silica,	
and	various	plant	substances.	Biodynamic	 farming	also	places	greater	emphasis	on	 (1)	 the	 integration	
of	animals	to	create	a	closed	nutrient	cycle,	(2)	using	an	astronomical	calendar	to	determine	auspicious	
planting,	cultivating,	and	harvesting	times,	and	(3)	an	awareness	of	spiritual	forces	in	nature.	Biodynamic	
farmers	view	the	soil	and	the	whole	farm	as	an	integrated,	living	organism	and	self-contained	individuality.	
More	than	a	production	system,	biodynamic	agriculture	is	a	practice	of	living	and	relating	to	nature	in	a	
way	that	focuses	on	the	health	of	the	bioregion,	landscape,	soil,	and	animal,	plant,	and	human	life,	and	it	
promotes	the	inner	development	of	each	practitioner.	The	Demeter	Association	has	certification	programs	
for	food	and	feed	produced	by	strict	biodynamic	farming	methods	in	different	countries.
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Moreover, the definitions that once clearly demarcated conventional from ecologically 
based farming systems have become muddled. One example is the “conventionalization” 
of the organic farming industry in the United States (Guthman, 2004), characterized by the 
entry of large-scale farms in the market for USDA-certified organic products. Most farms 
present examples of hybrid or intermediate stages on a continuum between the extremes of 
agricultural practices, and their adoption of various new practices has produced apparent 
gains in environmental performance (Keystone Center, 2009). Some of the “mixed farming 
systems” also have been given names (Box 1-5).

The committee concludes that no simple typology or set of categories can capture 
the complexity of the farming practices and systems used on diverse U.S. farms. The lack 
of a single accepted typology complicated the writing of this report. Because so much of 
the research literature is based on comparisons of particular farming practices, or of one 
or more of those stylized “farming systems,” research findings are cited throughout the 
report using the categories described by the scientists who conducted the research. For this 
reason, this report cites organic farming systems more frequently than other ecologically 
based systems. The illustrative use of organic systems is not intended to imply that organic 

BOX �-� 
Examples of Mixed Farming Systems

 Conservation agriculture is	a	term	used	by	the	United	Nation’s	Food	and	Agricultural	Organization	
(FAO)	to	refer	to	the	use	of	resource-conserving	but	high-output	agricultural	systems.	According	to	the	FAO,	
conservation	farming	typically	involves	the	integrated	use	of	minimal	tillage	systems,	cover	crops,	and	crop	
rotations	(http://www.fao.org/ag/ca/).
 Reduced- or low-input farming	 is	based	on	a	 reduction	of	materials	 imported	 from	outside	 the	
farm,	such	as	commercially	purchased	chemicals	and	fuels.	Low-input	farming	employs	technologies	and	
is	structured	in	such	a	way	that	tightens	flow	loops	and	provides	ecosystem	services	internal	to	the	farm	
and	field,	and	therefore	reduces	input	use.	Such	internal	resources	include	biological	pest	controls,	solar	
or	wind	energy,	biologically	fixed	nitrogen,	and	other	nutrients	released	from	green	manures,	organic	
matter,	or	soil	reserves.	Whenever	possible,	external	resources	are	replaced	by	resources	found	on	or	near	
the	farm.	Many	reduced-input	or	low-input	farming	systems	are	examples	of	integrated	farming	systems	
(see	below).
	 Integrated farming system	 is	a	term	commonly	used	in	Europe	to	describe	widely	adopted	pro-
duction	systems	that	combine	methods	of	conventional	and	organic	production	systems	in	an	attempt	
to	balance	environmental	quality	and	economic	profit.	For	example,	integrated	farmers	build	their	soils	
with	composts	and	green	manure	crops	but	also	use	some	synthetic	fertilizers;	they	use	some	synthetic	or	
natural	pesticides	in	addition	to	biological,	cultural,	and	mechanical	pest	control	practices.
	 Alternative livestock production systems refer	to	farms	that	use	lower-confinement	housing	and	
rely	more	on	pastures	than	conventional	and	industrial	livestock	farms.	A	common	example	in	dairy	farm-
ing	is	the	use	of	intensive rotational grazing practices	that	involve	the	use	of	short	duration,	intensive	
grazing	episodes	followed	by	long	rest	periods	that	allow	pastures	or	fields	to	recover.
 Mixed crop-livestock farming	 is	characterized	by	livestock	enterprises	where	a	significant	fraction	
of	the	animal	feed	inputs	are	generated	on	cropland	and	pastures	that	are	under	the	direct	control	of	
the	livestock	farmer.	Those	systems	capitalize	on	the	ability	of	the	enterprise	to	use	synergies	between	the	
crop	and	livestock	enterprises	to	efficiently	recycle	nutrients,	promote	crop	rotations,	and	insulate	livestock	
farmers	from	price	fluctuations	in	feed	and	input	markets.	They	reflect	the	resurgence	of	traditional	mixed	
crop-livestock	farming	systems	that	characterized	most	production	units	in	the	first	half	of	the	20th	century.	
On	the	other	hand,	the	scale	and	sophistication	of	many	21st	century	mixed	crop-livestock	farms	reflect	
the	effects	of	new	technologies,	breed	improvements,	and	greater	awareness	of	environmental	issues	than	
their	predecessors.



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

UNDERSTANDING AGRICULTURAL SUSTAINABILITY ��

farming systems are more sustainable than other farming systems. Indeed, all farming 
system types have opportunities to improve in sustainability, and all farming system types 
could be unsustainable depending on their management and on environmental, social, and 
economic changes over time.

AGRICULTURAL SUSTAINABILITY

Defining Sustainability Goals

In its broadest sense, sustainability has been described as the ability to provide for core 
societal needs in a manner that can be readily continued into the indefinite future without 
unwanted negative effects. Most definitions of sustainability are framed in terms of three 
broad social goals: environmental, economic, and social health or well-being.1 For example, 
a sustainable farming system might be one that provides food, feed, fiber, biofuel, and other 
commodities for society, as well as allows for reasonable economic returns to producers and 
laborers, cruelty-free practices for farm animals, and safe, healthy, and affordable food for 
consumers, while at the same time maintains or enhances the natural resource base upon 
which agriculture depends (USDA-NAL, 2007).

The legal definition of sustainable farming systems as defined in the Food, Agriculture, 
Conservation, and Trade Act (1990 Farm Bill and revised in 2007) is a useful starting point 
for identifying sustainability goals for the purposes of this report:

an integrated system of plant and animal production practices having a site-specific appli-
cation that will, over the long term: satisfy human food and fiber needs; enhance environ-
mental quality and the natural resource base upon which the agricultural economy depends; 
make the most efficient use of nonrenewable resources and on-farm resources and integrate, 
where appropriate, natural biological cycles and controls; sustain the economic viability of 
farm operations; and enhance the quality of life for farmers and society as a whole.

This legal definition mingles a description of societal sustainability goals with strategies 
that can be used to achieve those goals (for example, “an integrated system which will use, 
where appropriate natural biological cycles and controls”; or “make the most efficient use 
of nonrenewable and on-farm resources”). This report makes a clear distinction between 
societal sustainability goals and the management systems used to pursue these goals. That 
distinction recognizes that the same goals can potentially be achieved through a range of 
different management and organizational approaches.

Modifying the Farm Bill definition slightly, the committee isolated four key societal 
sustainability goals that serve as the organizing principles for the remainder of this report 
(Figure 1-1):

• Satisfy human food, feed, and fiber needs, and contribute to biofuel needs.
• Enhance environmental quality and the resource base.
• Sustain the economic viability of agriculture.
• Enhance the quality of life for farmers, farm workers, and society as a whole.

The sustainability of a farming practice or system could be evaluated on the basis of how 
well it meets various societal goals or objectives. To be sustainable, a farming system needs 

1 In Europe, the three goals of sustainability are sometimes referred to as the 3Ps: people, prosperity, and planet, 
or, alternatively, as the “triple bottom line.”
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to be robust (that is, be able to continue to meet the goals in the face of stresses and fluctu-
ating conditions; to adapt and evolve), be sufficiently productive, use resources efficiently, 
and balance the four goals. There are, however, often tradeoffs or synergies among the 
various goals and their related objectives, toward which sustainability is directed.

In the discussions that follow, the scientific evidence surrounding different farming 
practices or farming systems that illustrate their ability to further each of these four societal 
goals is discussed. The committee is not suggesting or implying that a farming practice 
would have to simultaneously accomplish each of these goals to be considered “sustain-
able.” Rather, it recognizes and expects that combinations of practices used in a system will 
affect each of the four goals in different and often complicated ways. A sustainable system 
would balance and meet each of the four goals to a large extent.

Objectives

Each of the four sustainability goals consists of a large number of more specific objec-
tives that represent different paths toward achievement of the goal. For example, the goal 
to “satisfy human food, feed, and fiber needs” requires managing farming systems in the 
aggregate so that there will be enough affordable food and fiber (including for energy pro-
duction) in the future for all on the globe, although U.S. production would only play a part 
in overall global production. That goal has a long history and is a fundamental concern of 
all societies through time and can be summarized with the crucial question: Will there be 
sufficient agricultural resources in the future?

Achieving that goal will, at a minimum, require sufficient productivity (for example, 
the sheer volume of outputs produced from a given agricultural activity), farming practices 
that produce the outputs at a price that consumers can afford, and marketing and distri-
bution systems to ensure that people have ready access to farm products. The concepts of 
productivity, affordability, and access represent specific objectives that are required to meet 
the overall goal.

Even relatively simple objectives can quickly become more complex. For example, 
agricultural productivity over time is influenced by the technologies that are available. 

FIGURE �-� Sustainability goals used in this report. The area where the four goals overlap repre-
sents the highest sustainability in the continuum.1-1.eps

bitmap
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Sometimes built capital, such as machinery or chemicals, can substitute for natural capital, 
such as natural soil fertility. Food productivity has risen over time in the United States, in 
part, because of the substitution of fertilizers for natural soil fertility. If the substitution is 
viewed as socially acceptable, if fertilizer is affordable and effective, and if its use is not ac-
companied by unwanted or detrimental side effects, then the loss of natural soil fertility as a 
result of a farming practice might be viewed as sustainable. If, however, fertilizer is viewed 
as a poor substitute for natural fertility, as having important unwanted side effects, or is 
thought to be unaffordable or ineffective in the future, then a farming system that results in 
losses of natural fertility of the soil will be viewed as unsustainable (Batie, 2008b).

Likewise, each of the other three goals comprise a number of specific objectives. The 
objectives listed in Box 1-6 are representative of various objectives associated with sustain-
ability goals, and they are used to organize the review of the scientific literature in Chapters 
3, 4, and 5. The specific objective of access to food is not discussed in this report because it 
is covered by another report, The Public Health Effects of Food Deserts: Workshop Summary 
(IOM and NRC, 2009). Quality and safety of food output is discussed in the context of its 
quality and safety at the farm gate. Food processing is beyond the scope of this report.

As the representative objectives listed in Box 1-6 illustrate, the question of the sufficient 
quantity of agricultural resources is not the only societal concern underlying calls for more 
sustainability. For example, the objectives listed with respect to environmental quality re-
flect a societal concern about the impacts of agriculture on the functional integrity of envi-

BOX �-� 
Representative Objectives Associated with Sustainability Goals

Satisfy human food, feed, and fiber, and contribute to biofuel needs

•	 Productivity	of	farming	practice	or	system
•	 Quality	and	safety	of	food	output
•	 Affordability	of	farm	outputs
•	 Availability	of	farm	outputs

Enhance environmental quality and quality of resource base

•	 Soil	quality	and	health
•	 Water	quality
•	 Air	quality
•	 Biodiversity
•	 Animal	health	and	welfare

Sustain the economic viability of agriculture

•	 Farm	business	profitability	and	viability
•	 Farm	and	household	viability
•	 Farm	labor	economic	security
•	 Community	economic	security

Enhance the quality of life for farmers, farm workers, and society as a whole

•	 	Ensure	that	 farm	operators	and	their	households	are	able	to	maintain	an	acceptable	quality	of	 life,	
including	access	to	health	and	retirement	benefits

•	 	Protect	the	health	and	welfare	of	farmers,	farm	workers,	and	society
•	 	Enhance	community	or	social	well-being	from	the	surrounding	agriculture,	including	access	to	local	

food,	sustained	provision	of	ecological	services,	and	maintenance	of	attractive	landscapes
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ronmental resources and not just whether the environmental resources will be sufficient in 
quantity and quality for agricultural production. Similarly, the objectives about the welfare 
of farmers and animals are not always driven by concerns with respect to the sufficiency of 
agricultural resources; rather, they are ethical statements about how humans should treat 
each other and animals.

Important Qualities of Systems That Move Toward Greater Sustainability

Agricultural systems that move toward greater sustainability generally strive for sev-
eral fundamental qualities. One of those qualities is to work with natural ecological and 
biogeochemical processes and cycles to maximize synergistic interactions and the beneficial 
use of internal resources, and to minimize dependence on external inputs. Another qual-
ity is to close nutrient, energy, and other resource cycles to the maximum extent feasible 
to reduce undesirable losses to the environment and additional waste disposal activities. 
Third, farmers, conventional or alternative, who work toward improved sustainability tend 
to understand and work with the social, cultural, and economic goals of people and institu-
tions throughout the farm and food chain, which encourages synergistic relationships in 
the social and economic realm and increases the likelihood of desired outcomes emerging 
from investment of time and resources. The following chapters will illustrate different ap-
proaches being used to enhance these qualities in both the agronomic and socioeconomic 
aspects of U.S. farming systems.

Robustness
Farming is inherently a risky enterprise that requires constant adaptation to changes in 

environmental (for example, temperature, rainfall, wind), biotic (for example, prevalence of 
pests and diseases), as well as market (for example, commodity and input prices, consumer 
demand) and social conditions (for example, labor availability, policies). Farming practices 
or systems will differ in the extent to which they are vulnerable to different kinds of risks. 
With the advent of climate change and the corresponding increase in fluctuations and un-
certainty in weather conditions, creating less vulnerable farming systems is of increased 
importance, because the capacity of crop insurance to cover greater crop losses will be 
limited and the potential for farming systems to fail might increase under climate change 
if appropriate adaptations are not made (Walker and Salt, 2006).

When thinking about vulnerability, two helpful concepts from ecosystem ecology are 
resistance and resilience. Resistance is the ability of a system to resist being dislodged from 
a stable condition by a disturbance such as some sort of system stressors and fluctuating 
conditions. In other words, resistance is the ability to resist change in functioning. Resil-
ience has traditionally been regarded as the speed and extent at which stability returns 
to a system that is dislodged from a stable condition. New schools of thought emphasize 
that systems do not oscillate around a single stable state, but are highly dynamic and can 
shift between states depending on the extent of stresses affecting the system (Holling, 1996; 
Folke et al., 2002; Walker and Salt, 2006). Resilience, thus, is defined as “the capacity of the 
system to absorb a spectrum of shocks or perturbations and still retain and further develop 
the same fundamental structure, functioning and feedbacks” (Chapin et al., 2009). This re-
port uses the new definition. Both resistance and resilience refer to the ability of a system, 
such as a farming system, to be able to function in the face of disturbances. At the landscape 
and community scales, resilience depends heavily on the diversity and types of farms and 
of their markets, as well as biodiversity (notably presence of perennial habitats). A related 
concept is adaptability (that is, the opposite of vulnerability), which reflects the ability of 
a system (biophysical or human) to evolve and change in response to long-term changes in 
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the surrounding environment. The concepts of resistance, resilience, and adaptability apply 
equally to the properties of natural ecosystems and to social and institutional systems. The 
overall robustness of a farming system—that is, the ability of farming systems to withstand 
stresses, pressures, and changes in circumstances—will result from some mix of resistance, 
resilience, and adaptability.

Concepts of resistance and resilience have long been a cornerstone of ecological theory 
and other fields that deal with uncertainty and risk management (Holling, 1996, 2001; 
Walker and Salt, 2006; Nelson et al., 2007; Chapin et al., 2009). Although those concepts 
have been discussed in general terms as a desirable attribute of sustainable agricultural 
systems for over 20 years (Conway, 1987), little empirical research on the subject has been 
done for agricultural systems. Nonetheless, system resilience, resistance, and the ability to 
adapt in the face of climate change has garnered considerable attention in such fields as 
economics (for example, Brown and Lall, 2006; Goldstein, 2009), planning and engineering 
(for example, Fowler et al., 2003), and social science (for example, Adger, 2006; Ebi et al., 
2006; Janssen et al., 2006). That kind of work has resulted in the development of a number 
of “resilience frameworks,” modeling approaches, and other methods for determining re-
silience and resistance as well as mechanisms of adaptation (Turner et al., 2003; Eakin and 
Luers, 2006; Folke, 2006; Walker and Salt, 2006; Chapin et al., 2009). Furthermore, there is 
widespread agreement that an effective assessment of the long-term adaptive capacity of a 
given system requires linkages across multiple spatial scales and integration of biophysical, 
economic, and social considerations (Holling, 2001).

The ability to adapt to changing conditions is determined not only by the resilience 
and resistance of the biophysical system, but also by the capacity for self-organization and 
learning. The strength of social and institutional networks that support agriculture will 
play a pivotal role in the ability to adapt to climate change, increased variability in weather, 
and changing conditions. Considerable work, termed vulnerability science, is examining 
the relative vulnerability of different communities to climate change, and conceptualizing 
approaches to increase a community’s ability to adapt to change that involves building so-
cial networks, appropriate institutional arrangements, and infrastructural capacity (Turner 
et al., 2003; Nelson et al., 2007). Agroecological and social systems are linked in current 
frameworks being used to address resilience, resistance, and adaptation (Turner et al., 2003; 
Eakin and Luers, 2006; Folke, 2006), and the linkage had been demonstrated by individual 
case studies (Milestad and Darnhofer, 2003; Robledo et al., 2004). Naylor (2008) provided a 
synthesis of resilience issues facing agricultural production systems globally and empha-
sized the important role that policies can play in supporting or detracting from creation of 
resilient systems. (See also Chapter 6.) A given farming system can therefore be robust when 
managed by farmers with access to adequate resources (for example, capital and labor) and 
where strong social networks and institutions are in place, but the system can be vulnerable 
when attempted by resource-poor farmers with a fragmented social system.

This report discusses how farming practices, management systems, and social orga-
nization can further various social objectives and goals. When possible, it examines evi-
dence that those approaches help increase system robustness—that is, enhance the ability 
of a farm, farm household, or community to resist shocks (for example, market volatility, 
weather events, pest outbreaks), adapt or evolve in the face of changing conditions, and be 
resilient over the long term.

Scales
Assessing the sustainability of a farming system can become complex because of the 

importance of spatial and temporal scales. Initially, a farming system’s sustainability might 
be evaluated differently at different spatial scales (such as at the farm, community, wa-
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tershed, nation, or global level) and across different interconnected economic systems 
(including connections between food production, processing, and consumption). A good 
example is an assessment of the nutrient dynamics of farming systems. Annual cropping 
patterns might temporarily result in the deposition, uptake, or loss of various crop nutrients 
in a single season. Across a series of crop rotations, however, a field might be managed in 
a manner to present a relatively efficient and balanced nutrient budget over a whole rota-
tion. Analysis of whole farm nutrient budgets on different types of farms can illustrate 
the ways that combinations of land type and availability, cropping patterns, and livestock 
feeding and manure management practices interact to create dramatically different nutri-
ent outcomes depending on how producers manage their set of resources. At a larger scale, 
individual farms that are not able to use all their livestock manure nutrients efficiently can 
conceivably be organized under certain institutional settings to provide that resource to 
neighboring crop producers who can use them and effectively recycle the excess nutrients. 
Diversification of production systems and nonfarm habitat at a landscape or watershed 
level can greatly enhance the robustness of the system and reduce negative environmental 
impacts even if individual farms are still specialized and have limited diversification in 
land use (Santelmann et al., 2004; Boody et al., 2005).

Similar examples can also be found in the assessment of social and economic outcomes. 
A farm’s separate crop or livestock enterprises might each produce positive or negative eco-
nomic returns in a given year, yet the synergistic effects of the farm’s combined enterprises 
might produce a different overall level of farm performance. It is common, for example, for 
dairy farmers to focus their management efforts on dairy herd performance, while using 
merely adequate (but perhaps not the best) management practices on their field crops.

Sustainability can also be assessed across different time scales, with potentially dif-
ferent results emerging across short-term and long-term time horizons. Those differences 
become important when implementing environmental policies based on performance and 
outcome-based indicators (discussed below). For example, the characteristics of perched 
water tables2, and soils or stream sediments with high storage and release capacity for 
nutrients, will reflect the accumulation of chemicals or nutrients over many years. In those 
cases, effects of changed farming practices will not likely be detected until many years later. 
In those situations, means-based indicators based on the extent of use of different BMPs 
might be more appropriate as a policy tool than outcome measures such as nutrient concen-
trations in the water, at least over the short term. Time scale is an important factor because 
sustainability is a dynamic process moving along a trajectory toward meeting societal goals 
(that are also dynamic), as opposed to achieving some well-defined end point.

Synergies and Tradeoffs
Recognizing that there are multiple goals toward which sustainability can be examined 

(for example, generating food, feed, fiber, biofuel, environmental, economic, and social 
outputs), the complexity of the concept becomes readily apparent, and it is obvious why 
the topic has engendered much debate and contention. Each of the goals is made up of 
multiple aspects, and different goals can be mutually reinforcing (or synergistic) or pres-
ent difficult tradeoffs among competing, socially desired outcomes. Synergies might create 
opportunities for potential win-win situations where pursuit of one outcome generates 
corollary benefits in other categories. Conflicts might result in tradeoffs, and the relative 
priority given to each goal will depend on the values of the stakeholders who are part of 
the decision-making process.

Tradeoffs can occur among different types of environmental impacts. For example, 

2 Water tables that occur above the regional water table as a result of an impermeable layer of soil or rock.
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some practices designed to minimize negative impacts of farming practices on water qual-
ity can worsen problems with air quality. That point can be illustrated by the use of ripar-
ian zones and treatment wetlands. They can reduce nitrogen fluxes into surface waters in 
part by increasing rates of denitrification. However, the process of denitrification does not 
always result in the complete conversion of nitrate to nitrogen gas, in which case various 
potent greenhouse gases, nitrogen oxides, are produced; thus, a tradeoff exists between 
improving water quality and air quality (Crumpton et al., 2008). While riparian buffer strips 
are designed to reduce negative effects of crop farming on nearby water bodies and are 
beneficial in most extensive cropping systems, there are concerns that they provide habitats 
for wildlife that might defecate in the crop fields and contaminate vegetables and fruits that 
are consumed fresh (Atwill, 2008; Doyle and Erickson, 2008).

Contentious tradeoffs can also occur between environmental, social, and economic 
goals. Examples include production of food to feed a growing world population versus 
a desire to use production practices that protect soil, air, water, and biological resources 
and preserve some resources for nonfood production uses such as wildlife habitat. Efforts 
to use environmentally friendly practices or to improve the economic conditions of farm-
ers or farm workers can sometimes increase production costs and possibly hinder access 
to affordable healthful food among low-income consumers. Opinions differ widely as to 
whether those goals necessarily are in direct conflict, or the extent of tradeoffs involved, 
but nonetheless balancing the different goals clearly has to be addressed.

Another potential tradeoff could be between the ability of a system to produce the out-
puts desired by society (for example, food, fiber, and fuel) and the resilience and resistance 
of that system. For example, diverse farming systems with multiple crops or integrated 
systems with livestock might be more able to sustain reasonable production and profit in 
the face of climatic or market volatility, but they might be less productive when measured 
by volume of production or by profits in “normal” or optimal years. However, the more 
variable and unpredictable conditions become, then the argument for trading some degree 
of maximum productivity, or efficiency, for greater stability becomes stronger (Walker 
and Salt, 2006). In the case of agriculture, that tradeoff may mean sacrificing the ability to 
achieve maximum yields and income in good years in return for a system that performs 
well over a wide range of conditions and is less likely to fail in bad years. Managing a 
system to achieve high yields clearly is an important component of sustainability, but 
maximizing one component can come at the expense of overall system resilience, which in 
turn reduces overall sustainability. (See Walker and Salt, 2006, for illustrative examples.) As 
used above, the term “efficiency” reflects efforts to maximize input use efficiency per unit 
production. In the rest of this report, the term “efficiency” is sometimes used with a simi-
larly narrow definition (as in the case of the discussion on water use efficiency in Chapter 
3). Other times, the term is used in the broad context of “systems efficiency” to reflect the 
notion of minimizing undesired outcomes (such as pollution and waste) from resource use 
while maximizing a wide group of desired outcomes (which could include production and 
support for important ecosystem services) and reducing the need for external inputs (which 
could be achieved by increasing nutrient cycling between animal and crop production).

SETTING PRIORITIES FOR AGRICULTURAL SUSTAINABILITY

Who Decides?

Any single farming system is unlikely to meet fully all of society’s production, environ-
mental, economic, and social goals and objectives. Indeed, it is most probable that meeting 
many of society’s goals will require a mixture of many farming types and systems rather 
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than the adoption of any one type. The societal choice about agricultural systems is a social 
choice about what types of agriculture are desirable and therefore what the future of agri-
culture ought to be. The debate over the wisdom of the “alternative” futures is made dif-
ficult by underlying value systems or philosophies of agriculture that produce competing 
opinions about that future. (See Box 1-7 for a discussion of contending philosophies of agri-
culture that underlie many of the societal disagreements about these goals.) The competing 

BOX �-� 
Contending “Philosophies” of Agriculture

	 The	philosopher	Paul	Thompson	(2010)	notes	that	one	way	to	explain	why	debates	over	sustainable	
agriculture	are	so	intense	is	that	there	are	different	perspectives	as	to	what	should	be	the	objectives	of	
agriculture	and	how	agriculture	should	be	structured.	One	view	is	termed	the industrial philosophy 
of agriculture.	According	to	this	view,	agriculture	 is	 just	another	sector	of	an	 industrial	society	where	
products	are	produced	at	the	lowest	cost	possible	and	in	a	manner	that	provides	sufficient	food	and	fiber	
for	society.	The	trend	to	fewer	and	larger	commercial	farms	is	not	seen	as	a	problem;	rather,	it	is	a	way	to	
capture	economies	of	scale	and	lower	the	costs	of	food,	fiber,	and	energy	production.	Indeed,	advocates	
of	industrial-scale	agriculture	view	it	important	to	export	this	structure	to	other	nations	to	assure	worldwide	
food	sufficiency.	Essentially,	this	view	sees	landscapes	in	terms	of	commodities	the	land	can	produce;	thus,	
industrial	philosophy	puts	great	emphasis	on	increasing	yields	per	acre	or	pounds	of	meat	per	animal.	
Although	there	are	concerns	within	this	philosophy	about	fairness	to	 labor,	the	vitality	of	communities,	
animal	welfare,	and	negative	impacts	on	the	environment,	it	is	argued	that	those	issues	can	be	addressed	
without	overhauling	the	industrial	structure	of	agriculture.
	 Thompson	terms	a	countervailing	viewpoint	as	an	agrarian philosophy of agriculture (sometimes	
called	alternative	or	multifunctional	agriculture)	that	views	agriculture	as	having	an	important	social	func-
tion	above	and	beyond	its	ability	to	produce	food,	feed,	fiber,	and	biofuel.	The	social	functions	include	pro-
viding	positive	ecological	services	and	protecting	ecological	integrity	and	functioning.	Because	ecosystems	
place	limits	on	what	kind	of	farming	can	be	continuously	conducted,	the	agrarian	philosophy	believes	that	
farming	should	not	be	conducted	in	such	a	way	as	to	significantly	harm	ecological	functioning;	indeed,	
farming	would	restore	ecosystems	by	recognizing	the	complex	ecological	relationships	among	plants,	soils,	
and	livestock.	The	agrarian	philosophy	questions	whether	the	practices	of	industrial	agriculture—with	its	
heavy	 reliance	on	purchased	 inputs,	particularly	agricultural	chemicals—are	sustainable.	Proponents	of	
this	view	frequently	advocate	for	reducing	or	eliminating	those	practices.	Also,	the	agrarian	philosophy	
frequently	focuses	on	social	sustainability:	that	is,	the	need	for	agriculture	to	support	and	be	a	part	of	rural	
communities.	The	large	scale	of	industrial	agriculture,	and	the	perceived	negative	effects	of	consolidation	of	
farms	and	ranches	on	diverse	family	farms,	hence,	is	not	conducive	to	sustaining	rural	communities.	There	
is	also	concern	about	the	effect	of	industrial	agriculture	on	the	welfare	of	agricultural	workers	and	farm	
animals.	The	social	sustainability	concerns	get	reflected	in	calls	for	“fair	trade”	or	for	eating	locally	grown	
foods	and	“humanely	produced”	animal	products.
	 The	two	contrary	philosophies1	illustrate	that	disagreements	about	agriculture’s	sustainability	have	much	
to	do	with	differing	perceptions	on	outcomes	and	the	desirability	of	the	outcomes	produced	by	various	
ways	to	organize	agricultural	production.	That	is,	there	are	different	philosophical	beliefs	about	what	the	
agrifood	system	should	do	for	us	as	a	society;	sustainability	is	a	social	goal	(Thompson,	2010).
	 Others	dispute	that	there	are	important	differences	between	the	visions	of	what	agriculture	should	be,	
but	they	note	that	many	goals	do	not	result	in	as	many	conflicts	between	the	outcomes	of	various	systems	
as	have	been	portrayed.	For	example,	with	respect	to	yields,	systems	that	move	toward	increased	sustain-
ability	are	not	necessarily	small-scale,	traditional	agriculture,	and	they	can	be	as	productive	as	conventional	
and	industrial	systems	(as	illustrated	by	Stahlbush	Island	Farms,	Goldmine	Farm,	and	the	Lundberg	Family	
Farms	in	the	case	studies	in	Chapter	7).	On	the	other	hand,	small-scale,	diversified	farms	might	be	better	
associated	with	certain	types	of	robust	rural	communities	(as	illustrated	by	Peregrine	Farm	in	Chapter	7).

1	Dobbs	(presentation	to	the	committee	on	March	27,	2008)	and	Josling	(2002)	also	made	this	contrast.
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opinions about the future of agriculture then leads to the questions of how to prioritize the 
sustainability goal(s), what are the appropriate tradeoffs to be made, and, importantly, who 
gets to decide. That is, whose values matter, who benefits, and who bears the costs?

Currently in the United States, and unlike the European Union (EU) (Dobbs, 2008), no 
comprehensive policies promote broadly and coherently defined sustainable agricultural 
trajectories. Instead, sustainability goals tend to be identified and addressed separately 
across a mix of settings, including farm commodity programs, farm and nonfarm environ-
mental regulation, agricultural research and technology development, land use policies, 
grassroots activism, and public and private efforts to develop markets that reflect emerg-
ing consumer preferences for food products raised under certain production conditions 
(for example, organic, natural, fair trade, or cruelty-free livestock practices). Sometimes 
other policies work at cross purposes with those policies pursuing sustainability goals. For 
example, policies to mandate the use of biofuels for the fueling of automobiles could result 
in increased food prices as some commodity crops are used for fuel production (Collins, 
2008; Tokgoz et al., 2008), or they could encourage extension of agriculture into previously 
nonfarmed lands with attendant losses of important habitat or unwanted contributions to 
climate change (Searchinger et al., 2008).

The Role of Science in Facilitating Sustainability

From the preceding discussion, it is apparent that the sustainability of agriculture is not 
simply a question of science. Decisions about selecting among various alternative futures 
for agriculture and their attendant environmental, economic, and social goals emerge from 
an articulation of social aspirations, which falls within the realm of politics. It is through 
deliberative, democratic processes that the expression, discovery, transformation, and cre-
ation of social beliefs and policy preferences can occur.

Because societal sustainability goals do not emerge from science (although they can 
be informed by scientific knowledge), there are implications for what science can and 
cannot tell us. For example, science cannot with validity tell us what ought to be (for ex-
ample, provide societal objectives or decide what course of action should be taken), but it 
can provide an analysis of alternatives and options and make predictions about potential 
outcomes from the use of different approaches. In essence, a major role for scientists is to 
serve as honest brokers in terms of involvement in policy formulation—adding knowledge 
to the “what is,” “what if,” and “if, then” types of questions, but leaving the “what ought 
to be” questions to nonscientific forums (NRC, 1996; Pielke, 2007). Thus, science is needed 
to help identify and clarify issues, and to seek to expand the choices available for whoever 
is making decisions about management of agricultural systems, be they policy makers, 
commodity organizations, farmer groups, or individual farmers. Science can also supply 
the knowledge necessary for the development of new agricultural technology (for example, 
technology for controlling water pollution), but scientists can only validly advocate the 
adoption of such technology when there is general agreement on the overall social objec-
tive to be accomplished (for example, water quality protection). The more contentious the 
debate over desirable objectives and the more uncertain the related science as to causes and 
effects, then the more important it is for scientists to adopt an “honest broker” strategy.3 It is 

3 Problems with little agreement about the desirability of outcomes and which have high uncertainty about 
cause and effect are termed “wicked problems.” With wicked problems, science cannot dictate the desirability of 
outcomes. (See Batie, 2008a, for more detail.) 
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in the “honest broker” spirit that this committee undertook to review the various scientific 
(social and biophysical) literature on sustainable farming systems.

In 1999, the National Research Council’s Board on Sustainable Development observed 
that the “quest for sustainability will necessarily be a collective, uncertain and adaptive 
endeavor in which society’s discovering of where it wants to go and how it might try to 
get there will be inextricably intertwined” (NRC, 1999, p. 17). That is, sustainability will be 
discovered and more clearly defined for agriculture as society experiments with different 
farming systems and observes their consequences relative to sustainability goals and makes 
legal, institutional, and management adjustments in response. In that sense, sustainable 
management of agricultural resources is a journey of discovery and adaptive management, 
more than a specific destination.

This committee, thus, regards sustainability as more of a process that moves farming 
systems along a trajectory toward meeting various socially determined sustainability 
goals (that is, desired outcomes) as opposed to achieving any particular end state. Sus-
tainability goals and strategies used to achieve them are expected to change over time as 
more is learned about tradeoffs and societal objectives, and as biophysical or socioeco-
nomic conditions change. For the remainder of this report, those assumptions are used to 
guide the scientific review to identify what attributes a farming systems needs to exhibit to 
be sustainable (that is, to put agriculture on a sustainable trajectory overtime).

INDICATORS OF SUSTAINABILITY

Evaluation of progress toward sustainability in agricultural systems inevitably requires 
monitoring of some set of measurements or indicators. The National Research Council’s 
report, Our Common Journey; a Transition Toward Sustainability, noted the importance of 
appropriate monitoring and indicator systems, with indicators being “repeated observa-
tions of natural and social phenomena that represent systematic feedback. They generally 
provide quantitative measures of the economy, human well-being, and impacts of human 
activities on the natural world” (NRC, 1999, pp. 233–234). Indicators are used to represent 
or serve as proxies for the impacts or outcomes of concern. In the policy arena, indicators 
can be used to inform the design and implementation of programs and policies.

Figure 1-2 provides an example of the use of indicators in an adaptive management 
framework to pursue the broad goal to “enhance environmental quality and the quality 

FIGURE �-� Adaptive management for sustainability of agricultural farming systems. 1-2.eps
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of resource base.” An example of a specific objective within that goal could be to improve 
water quality, which might then be narrowed to one particular water quality concern, such 
as nitrogen runoff from corn production that is thought to contribute to hypoxia condi-
tions in the Gulf of Mexico. Decision makers could use information from indicators that 
directly or indirectly approximates nitrogen runoff by assessing the area where particular 
agricultural practices or farming systems are present. Policy actions could then be based 
upon an evaluation of the effectiveness of behavioral changes on nitrogen loading into the 
Mississippi River and a multilevel spatial assessment to target efforts in what are found to 
be the most critical areas.

Indicators of sustainability presume the existence of goals and objectives, and yet there 
is no guarantee that all parties will agree on which sustainability objectives and goals are 
desirable or most important, particularly if tradeoffs are involved. As argued previously, 
the choice and priority of different goals, and hence use of different indicators, require a 
political process involving multiple stakeholders to best serve society. Indeed the authors 
of the 1999 NRC report concluded “that there is no consensus on the appropriateness of [a 
single] . . . set of indicators or the scientific basis for choosing among them” (NRC, 1999, 
p. 243).

Once sustainability objectives are clearly prioritized, indicators are useful for measur-
ing progress toward the desired state as a result of changes to management. There is a large 
body of literature devoted to the development, validation, and use of indicators designed 
to assist in policy implementation and for conducting research on the relative sustainability 
of different farming systems (Rigby et al., 2001; Zhen and Routray, 2003; Bell and Morse, 
2008). Conclusions made are predicated on the assumption that the selected indicators ac-
curately reflect how the system is performing, and hence the choice of indicators needs to 
be transparent. Each indicator needs to be validated to show that it is a reasonable proxy 
for the processes and functions it is meant to represent (Bockstaller and Girardin, 2003).

Because sustainability involves multiple goals and objectives, it is also important to 
use a mix of environmental, agronomic, economic, and social well-being indicators when 
evaluating the sustainability of whole system performance (Zhen and Routray, 2003; Van 
Cauwenbergh et al., 2007). The use of multiple indicators also enables the identification of 
tradeoffs and synergies. At present, the bulk of the work on sustainability indicators for 
agricultural systems has focused on the first three goals (to satisfy human food and fiber 
needs, to enhance environmental quality and the resource base, and to sustain the economic 
viability of agriculture), with social indicators for the fourth goal (to enhance the quality of 
life for farmers and society as a whole) less developed and researched.

Characteristics and Types of Indicators

Indicators selected need to be appropriate to the sustainability objectives and need to 
have the following characteristics:

• Accurately reflective of the process or function it represents.
• Sufficiently sensitive to pick up changes over time and among different farming 

systems.
• Feasible to measure in terms of time, expense, and level of skill required.
• Understandable and relevant to end-users.

In reality, finding ideal indicators is difficult and compromises have to be made. For ex-
ample, an accurate representation of many system functions (such as nutrient cycling 
and retention) requires intensive data collection, monitoring from multiple locations, and 
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repetition at appropriate time intervals. Those tasks are expensive, time-consuming, and 
require specialized skills. Thus, a spectrum of indicators has emerged that range from 
simple, low-cost, means-based indicators to more costly outcome- or effect-based indicators. 
Means-based and outcome-based or effect-based indicators fall in different stages along 
the cause–effect chain of environmental impacts as a result of farming production practices 
(Figure 1-3). Means-based indicators are restricted to description and quantification of prac-
tices, whereas outcome-based (or effects-based, as in Figure 1-3) indicators can be assessed 
at a number of steps along the chain, from emissions (for example, what pollutants are 
released from the farming operation) to direct measurements of resulting environmental 
impacts. Measuring impacts directly seems to be ideal, but it can be difficult and expensive 
to accomplish, with considerable uncertainty in assigning cause-and-effect relationships. 
Furthermore, some effects might not be detectable for many years, by which time they 
might be difficult to reverse. Thus, having good indicators from earlier steps in the cause–
effect chain is essential for taking timely preventive actions. (See Figure 1-4, Payraudeau 
and van der Werf [2005] for more detailed discussion of indicator classification.)

An example on nonpoint source pollution helps illustrate the difference between 
means-based and outcome-based indicators. Means-based indicators record what practices 
and technologies are being used and then rely on previous scientific models to infer the 
likely effects of using the practices. For example, it is common to equate the use of recom-
mended BMPs (such as presence of buffer vegetation or use of nutrient budgets, slow 
release fertilizers, cover crops, or sufficiency tests) with a standardized coefficient to reflect 

FIGURE �-� Cause–effect chain from farmer production practices to environmental impacts for a 
farming region.
NOTE: Pressure indicator is an indicator that provides information about anthropogenic stresses 
acting on an ecosystem. State indicator is an indicator that provides information about the state of an 
ecosystem or specific biota within ecosystems (Payraudeau and van der Werf, 2005).
SOURCE: Payraudeau and van der Werf, 2005. Reprinted with permission from Elsevier.

1-3.eps
bitmap



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

UNDERSTANDING AGRICULTURAL SUSTAINABILITY ��

expected reductions in nonpoint source pollution. On the other hand, outcome-based or 
effects-based indicators require some combination of direct measurement of reductions in 
runoff, leaching, levels of nutrients in surface and ground water, or outputs from simula-
tion models.

In some situations, only means-based indicators are feasible and accessible to end 
users, particularly for large-scale monitoring for policy and regulatory contexts. Nonethe-
less, caution is to be used when relying on means-based indicators, particularly if changes 
measured in such means-based indicators (for example, BMP use) have a more complex 
relationship to landscape-scale outcomes than was present in the experimental conditions 
used to estimate their original impact coefficients. The most robust means-based indicators 
are those with simple causal links derived from a substantial body of evidence compiled 
from real-world conditions. A good example is the use of percentage of ground cover as an 
indicator of soil erosion potential, a relationship that has been demonstrated many times 
across different soil types, slopes, and climates.

There are dangers associated with the use of outcome-based indicators, notably when 
effects can be measured, but the causal links to what is actually responsible for causing 
the effects are not clear. That particular concern occurs when outcome-based indicators 
are used in a regulatory context or for awarding incentives. Using water quality as an 
example, changes in nutrient loadings in streams or lakes can be measured directly, but 
identifying the cause of the changes can be extremely difficult in the absence of detailed 
and comprehensive knowledge of surface or ground water hydrology, pollutant transport, 
and in-stream processing of pollutants in the region. Nutrient loadings in streams and 
lakes might reflect more of the effects of historical management than of the current one. An 
increase in nutrient levels in a section of a stream might not relate to the practices used on 
farms immediately adjacent to the stream, but rather to some combination of local input 
and loading from subsurface water that contain nutrients derived from a much larger area 
within the watershed. In that case, stream nutrient levels would not be a good indicator for 
forming the basis of farm-level regulatory decisions.

Means-based and outcome-based indicators can also be developed for measuring the 
impacts of farming systems on economic and social sustainability goals. However, there is 
typically a small scientific knowledge base to allow an analyst to link the use of particular 
production practices or agricultural system with a prediction for economic or social out-
comes. For example, whether adoption of a particular farming practice or system is likely 
to increase the economic well-being of farmers and their households might be estimated by 
a means-based indicator such as the degree of adoption of a particular practice. However, 
to link well-being to that practice might require linking adoption to such factors as reduced 
costs of production per unit output. An outcome-based indicator might be to examine levels 
of net farm or household income among farms using the practice. Regardless of the indica-
tor selected, complexities in the relationship between use of the practice and accomplish-
ment of the ultimate outcome of improved economic well-being (such as variation in the 
management abilities or approaches of individuals, interactions among different cropping 
or livestock production activities on a farm, or different marketing outlets) make interpreta-
tion of each type of indicator challenging.

Relating Indicators to Sustainability Goals and System Attributes

The usefulness of indicators can be improved if they are designed to reflect perfor-
mance in terms of a more complete set of systems attributes, including measures of produc-
tivity, resource-use efficiency, and robustness. For example, a commonly used indicator for 
the objective of high productivity is crop yield, typically average yield per acre. However 
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a more complete indicator would also include assessment of system robustness (such as 
a measure of variability in yields over space and time, or the probability of yields falling 
below a certain threshold) and of resource-use efficiency of the system as measured by nu-
trient, fertility, water, and energy use expressed per unit crop yield. Similarly, measures of 
biodiversity could be improved by incorporating considerations of productivity (number of 
species supported and their population sizes), robustness (fluctuations in population sizes, 
and the number of extinctions and invasions over space and time), and system efficiency 
(for example, the amount of land and water used to support a given number of species and 
populations).

In the case of social goals, such as increasing community social and economic well-
being, it would be valuable not only to examine productivity in terms of the ability of an 
agricultural system to produce desired outcomes (for example, increased net farm income, 
improved availability of affordable quality food, and decreases in income inequality), but 
also to pay attention to the robustness (stability of outcomes in the face of changing bio-
physical, market, and policy circumstances).

Interpreting Indicators

Indicator values have to be interpreted to be meaningful: that is, significance needs to 
be assigned to an indicator’s numerical (or qualitative) value. Threshold values have not 
been established for many environmental indicators. Conclusions are typically drawn on 
the basis of whether numerical values are higher or lower than before, and rarely in terms 
of whether the differences are likely to be functionally significant. For example, measures 
of soil organic matter are a cornerstone of most sustainability and soil quality assessments, 
being seen as an integrative indicator for soil properties such as moisture-holding capacity, 
physical structure, and nutrient supply capacity. However, the numerical level that would 
be considered good, or what change in soil organic matter levels constitutes a significant 
functional change, has not been established (Loveland and Webb, 2003). In contrast, nutri-
ent concentration thresholds for ecological integrity have been established for some fresh-
water lakes (Carpenter and Lathrop, 2008), but no such thresholds for ecological integrity 
currently exist for nitrate or phosphorus concentrations in freshwater streams. Clearly, 
improving the understanding of the relationships between sustainability indicators and 
their functional significance is a priority for future work.

Integrating Diverse Indicators in Holistic Assessments

Using even well-designed indicators still begs the question of how to make a holistic 
assessment of the relative sustainability of different systems given the multiple indicators 
that represent various sustainability goals and objectives. Even a single sustainability goal, 
such as enhancing environmental quality, contains many subobjectives, such as water qual-
ity, air quality, water use, and biodiversity conservation, each of which may be measured 
by multiple indicators. One practice is to combine individual indicators into an index, 
based on some additive (often weighted) procedure. A single index, however, obscures the 
values inherent in its calculation—which attributes are weighted more than others—and 
can be particularly problematic if the direction of change is positive for some measures 
but negative for others (Suter, 1993; Fisher et al., 2001). Despite that issue, reducing mul-
tiple indicators into a single indicator is done in some policy contexts, such as the use of 
an environmental benefits index to implement the Conservation Reserve Program of the 
Farm Bill.
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An alternative is to evaluate system performance without creating a single number, in 
which case any tradeoffs or synergies might be identified. For example, the same suite of 
indicators is monitored over time across all countries and regions in EU, making it possible 
to look at the spatial distribution of relative importance of different sustainability issues 
and where trends are positive or negative (European Environment Agency, 2006). Data 
show that soil erosion and water overdrafts are most serious in the Mediterranean coun-
tries, whereas nitrate pollution is greatest in northern Europe. However, positive nitrogen 
balances are declining in most countries where the problems are most severe (for example, 
the Netherlands) and have decreased by 16 percent across the EU as a whole between 1990 
and 2000. Other indicators used include greenhouse-gas emissions, changes in biodiversity, 
and landscape patterns. (See European Environment Agency [2006] for the complete list.) 
Those findings are then integrated into the various policy directives and used to evaluate 
program effectiveness.

Programs on indicators have been developed by other institutions, including the FAO 
(Tschirley, 1997), United Nations (United Nations, 2007), World Bank (Dumanski et al., 
1998), USDA (USDA-ERS, 2003), various university programs in the United States (Aistars, 
1999), and such nonprofit organizations as the International Institute of Sustainable Devel-
opment (Pintér et al., 2005) and the Land Stewardship Project (Keeney and Boody, 2005). 
 Although the proliferation of programs to develop indicators reflects the growing interest 
in quantification and evaluation of the sustainability of agriculture, there is not an align-
ment or consensus among the different organizations and scientists involved about the 
most appropriate or useful set of indicators. In other words, there are different interpreta-
tions, methods, and approaches for developing and using indicators. Collaborative ef-
forts among different organizations to develop agreement about key indicators needed for 
measuring sustainability—and particularly performance outcomes—have emerged in the 
U.S. agriculture sector, such as Field to Market: The Keystone Alliance for Sustainable Agri-
culture (Keystone Center, 2009) and the Stewardship Index Initiative for Specialty Crops 
(Stewardship Index for Specialty Crops, 2009). Some university programs in the United 
States have also convened and attempted to collaborate in the development of indicators 
(for example, the Sustainable Agriculture Research and Education Program at University 
of California).

It should be noted, however, that the conclusions reached by the different methods can 
vary substantially even when applied to the same system (for example, van der Werf et al., 
2007). Those differences emphasize the need for careful assessment of the assumptions 
behind each method and for more method comparison studies to be done.

SUMMARY

•  Sustainable agriculture can involve a diverse number of possible farming practices or 
farming systems. The committee’s definition of sustainable farming does not accept a 
sharp dichotomy between conventional and sustainable farming systems, not only be-
cause farming enterprises reflect many combinations of farming practices, organization 
forms, and management strategies, but also because all types of systems can potentially 
contribute to achieving various sustainability goals and objectives.

•  Sustainability is a process that moves farming systems along a trajectory toward meet-
ing societal defined goals, as opposed to any particular end state. As such, management 
systems will inevitably need to be adjusted to meet sustainability goals and objectives 
when circumstances and societal desires change.

•  Sustainability of agriculture is a complex and dynamic concept. The committee rec-
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ognizes that the concept is inherently subjective in that the goals will be viewed in 
different ways by various groups in society. Further, even with broad agreement for 
certain goals, the relative importance assigned to one goal over another will be highly 
contested. The definition of societal goals for sustainable agriculture emerges from the 
domain of politics, not science. Yet, science plays essential roles by generating knowl-
edge to inform the political process, making predictions about outcomes likely to result 
from different management systems, answering specific questions when needed, and 
expanding the range of alternatives considered. Science also can supply the knowledge 
needed to develop new agricultural technologies.

•  Finding ways to measure progress along a sustainability trajectory is an important part 
of an experimentation and adaptive management process. The rationale for selecting 
the indicators used to measure progress needs to be explicitly stated and justified since 
the choice is a political rather than a scientific question.

•  It is important that indicators used are shown to be appropriate surrogates for the sus-
tainability outcomes they are meant to represent, especially in the case of means-based 
indicators.

•  Social indicators, in addition to environmental and economic measures, will help pro-
vide a more comprehensive assessment of movement toward sustainability goals; how-
ever, much more research is needed to develop appropriate social indicators because 
the development of such measures to date has been fledgling.

ORGANIZATION OF THE REPORT

Using the terms and the boundaries defined in this chapter, this report provides an 
overview of how U.S. agriculture has evolved over the years to the current state, and 
 farmers’ successes and the challenges they face (Chapter 2). The state of knowledge on 
farming practices and management systems that can increase the environmental and pro-
duction (Chapter 3), social, and economic (Chapter 4) sustainability of agriculture are 
then discussed. However, individual farming practices are components of an agricultural 
system. Knowledge and understanding of the sum of the parts are important in design-
ing, fine-tuning, and adapting the system to improve sustainability. Chapter 5 uses a few 
systems to illustrate how a collection of farming practices works in concert to improve 
sustainability and to illustrate some potential tradeoffs. In spite of the positive attributes of 
some farming practices and systems that can improve sustainability, they are not necessar-
ily widely adopted by farmers. Chapter 6 highlights the importance of markets, policies, 
and research in shaping trajectories of farm change, and examines influences on farmers 
that make some of them more likely and able than others to change production practices or 
convert to new farming systems. The approaches that could improve environmental, social, 
and economic sustainability, their practical applications, and their ability to meet those 
goals are best illustrated in examples of real-life farms in Chapter 7. The committee used 
seven farms featured in the report Alternative Agriculture (NRC, 1989b) and nine additional 
farms as case studies to illustrate points made earlier in the report. Conclusions drawn 
in earlier chapters were used as the basis of the discussion on the lessons learned in U.S. 
agriculture that are relevant to agriculture in other regions in Chapter 8. A representative 
of the Gates Foundation specified that the foundation was most interested in the relevance 
of lessons learned to sub-Saharan Africa, which is the focus of Chapter 8. The committee’s 
findings and recommendations for how to advance a systems approach to farming and to 
strengthen federal policies and programs related to improving agricultural production in 
the United States are summarized in Chapter 9.
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A Pivotal Time in Agriculture

Modern agriculture, U.S. agriculture in particular, has had an impressive history of 
productivity (Gardner, 2002) that has resulted in relatively affordable food, feed, 
and fiber for domestic purposes, accompanied by substantial growth in agricul-

tural exports. The population of the United States grew from 75 million in 1900 to 307 mil-
lion in 2009 (U.S. Census Bureau, 2009). In 2008, agricultural exports reached a record $115 
billion (USDA-ERS, 2009a). U.S. farm productivity has increased significantly over the last 
50 years. Farm output in 2008 was 158 percent higher than it was in 1948 (Figure 2-1). Farm 
output was growing at an average annual rate of 1.58 percent, but aggregate inputs used 
increased only 0.06 percent annually (USDA-ERS, 2010).

As a result of improved productivity, fewer farmers are producing more food and fiber 
on about the same acreage as the beginning of the century to meet the current demands of 
domestic and international markets; both markets are significantly larger now than they 
were in the 1900s. Furthermore, the growth in demand has been accompanied by a decline 
in the average percentage of disposable income spent by U.S. consumers for food. For 
example, in 1950, the average percentage of disposable income spent on food—for food 
at home and away from home—was 20.6 percent. By 2008, that amount was 9.6 percent 
(USDA-ERS, 2005a).

Farmers are producing more food and fiber with less energy compared to 50 years 
ago (Figure 2-2; Shoemaker et al., 2006). They achieve higher output per unit energy input 
(Schnepf, 2004) using a number of strategies to reduce direct and indirect energy use. Direct 
energy use1 has been reduced as a result of advances in equipment efficiency, irrigation 
efficiency, adoption of no-till or conservation tillage, and other practices and technologies 
(USDA-NRCS, 2006). Indirect energy use2 has been reduced by increasing provision of 

1 Direct energy use in farming includes fuels to operate cars, trucks, and equipment for preparing fields, planting 
and harvesting crops, and applying chemicals (Schnepf, 2004).

2 Indirect energy use in farming includes energy used off farm to manufacture farm inputs. Indirect energy use 
is dominated by fertilizer and pesticide use (Schnepf, 2004).
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bitmap

FIGURE �-� Agricultural productivity in the United States.
SOURCE: USDA-ERS (2010).

FIGURE �-� Total farm output per unit of energy use over time.
NOTE: Energy input use if total farm output was 1 in 1996.
SOURCE: USDA-ERS (2009b).

within-farm biogeophysical (ecosystem) services. For example, farming systems have been 
using crop rotations that could reduce pests and disease incidence so that pesticide use is 
reduced. Some farms use livestock manure to fertilize crops so that use of synthetic fertil-
izer is reduced. Precision agriculture for nutrient and pesticide application holds promise 
for reducing input use and maintain yield.

Despite such advances, much progress in agriculture focuses on primarily one goal—
satisfy human food, feed, and fiber fuel needs—and secondarily on the goals of enhanc-
ing environmental quality or resource base and of sustaining the economic vitality of 
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agriculture. Agriculture worldwide is facing the daunting challenges of providing for an 
increasing population that has changing food consumption patterns under the constraints 
of natural resource scarcity, avoiding environmental degradation, climate change, and a 
restructuring global economy. In addition, consumers (including food buyers) are increas-
ingly conscious about the sources of their food and how it is produced. Consumer concerns 
can translate into political and market demands for addressing the challenges. Thus, agri-
culture appears to be at a pivotal stage in terms of societal demands for agricultural systems 
with improved sustainability—that is, systems that address and balance social, economic, 
and environmental performance, and increase robustness in the face of new challenges.

There are growing concerns about whether the trends of increasing productivity per 
acre of land can continue while maintaining or restoring the natural resource base upon 
which agriculture depends. Similarly, researchers and some members of the public are 
increasingly worried about many of the unintended negative consequences of agricultural 
production—for example, the effect of agriculture on environmental quality and ecosystem 
functioning, the potential risks of agricultural pollutants or risks of contamination of food 
and water by agricultural input to human health, and the safety and nutritional content of 
the food produced. Some observers raise the issues of how modern agriculture affects the 
well-being of farming communities, farm families, farm laborers, and livestock (Friedland 
et al., 1991; Vitousek et al., 1997). Those concerns have caused observers to question whether 
U.S. agriculture can continue to supply adequate quantities of reasonably priced food, feed, 
and fiber using conventional production methods. What are the tradeoffs and risks that will 
be required to maintain, and even increase, growth in productivity?

Many unintended consequences of agricultural activities can be thought of as external-
ized costs of production, which are real, but mostly unaccounted for in productivity mea-
sures or internal financial budgets of farm enterprises. Societal concerns raise important 
public policy questions regarding the type, scale, and organization of U.S. agriculture that 
can best meet society’s needs in the future. Those concerns generate interest in alternatives 
to the current system of agricultural production that might increase the sustainability and 
broader performance of modern farming systems. The two major concerns of resource 
sufficiency and unintended consequences can be summarized in two questions: Are cur-
rent agricultural practices and systems sustainable? If not, how can agriculture be moved 
toward a more sustainable trajectory?

The purpose of this report is to identify what is known about farming practices and 
systems and their ability to address the identified concerns. This chapter provides a brief 
overview of how U.S. agriculture has evolved over the years to the current state. Despite the 
many positive changes (for example, increased productivity), farmers now face a different 
set of challenges related to environmental, social, and economic concerns. This chapter also 
discusses those challenges.

A BRIEF HISTORY OF U.S. AGRICULTURE

U.S. agriculture’s current structure and organization is a product of a long evolution 
(Batie, 2008). Since World War II, increased mechanization, rising productivity, and growth 
in nonfarm employment opportunities combined to produce more than a 60 percent drop in 
the number of farming operations and a doubling in average farm size in the United States 
(Gardner, 2002). Between 1982 and 2002, most types of crop farms have at least doubled in 
size, and the average size of livestock herds has increased by 2–20 times, depending on spe-
cies (MacDonald and McBride, 2009). Growth in scale and productivity among the remain-
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ing commercial farming operations has been sufficient to sustain steady annual growth in 
agricultural output of almost 2 percent a year (Fuglie et al., 2007).

Unlike many sectors of the U.S. economy in which growth is associated with increased 
use of inputs, agricultural output has been increasing substantially despite a decline in such 
purchased inputs as capital, land, labor, and materials (Ball, 2005). For example, land used 
for crop production, as pasture or as idled cropland, has declined steadily since World War 
II. Although there is much year-to-year variation in the acreage of cropland used for crops 
from 1910 to 2005, the acreage in 2005 is comparable to that of 1910 (Figure 2-3). Yet those 
croplands are producing vastly more food, fiber, and fuel (USDA-NASS, 2002). Yields per 
acre have grown since 1935 at a rate of 2.1 percent per year (Gardner, 2002). U.S. corn yield, 
for example, has been increasing steadily (Cassman and Liska, 2007). Many other U.S. crops 
have similar histories of growth in their yields per acre (Gardner, 2002).

The dramatic changes in farm size and productivity are associated with two important 
trends in the structure of the U.S. farm sector: increased concentration and specialization in 
farm production. In the first instance, a smaller fraction of farms is increasingly responsible 
for producing the overwhelming bulk of American food output (Gardner, 2002). In 2002, 
for example, the top 6.7 percent of the largest farms in the United States (143,547 farms) 
accounted for 75 percent of total farm sales (USDA-NASS, 2002). In the second instance, 
farms have become increasingly specialized since the early 1960s, and the average num-
ber of major commodities raised on a typical farm declined from 5.6 in 1920 to 1.3 in 2002 
(Gardner, 2002). Prior to World War II, almost all U.S. farms raised a diverse set of com-
modities (particularly chickens, pigs, cattle, potatoes, hay, and corn). The growing special-
ization of production is associated with technological change, increased labor productivity, 
and growing economies of scale3 (Hallam, 1993; MacDonald and McBride, 2009).

One of the most striking specialization trends in U.S. agriculture has been the de-
coupling of crop and livestock production (Russelle et al., 2007). The growth of highly 
specialized confinement livestock operations has led to greatly increased animal densities 
(livestock units per acre of available land) and the geographic movement of poultry, hog, 
and dairy production away from traditional feed grain production regions (McBride, 1997; 
Hart, 2003).

The dramatic changes in U.S. agriculture over the last half-century have been influ-
enced by four major drivers: new agricultural technologies, expansion and commercializa-
tion of markets, government programs, and research and development.

New agricultural technologies. Resource sufficiency concerns over the last century 
were overcome by the development and diffusion of new agricultural technologies, rather 
than increased land area devoted to farming (Figure 2-3). In the case of corn, for example, 
much of the increase in productivity can be attributed to increased yields per unit land as 
a result of improved breeding, fertilizer use, pest management, and irrigation (Figure 2-4) 
(Tilman, 1999; Cassman and Liska, 2007). Most technological innovations have favored 
larger farms (Halloran and Archer, 2008) because mechanical equipment has to be used for 
a minimum number of hours or acres to achieve efficiency.

Modern crop varieties and off-farm inputs have become tools used by some farmers to 
manage the risks associated with large-scale monoculture farming (Halloran and Archer, 
2008). Mechanization in agriculture and its improvement over time has reduced labor re-
quirements and increased labor productivity (Sassenrath et al., 2008). The number of work-
ers per acre of production has declined significantly in the last century (Schjonning et al., 

3 “Economies of scale” refers to the reduced costs per unit produced as farm output increases.
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2004). Farms and ranches in the United States are now managed by less than 2 percent of 
the population (Vesterby and Krupa, 2001), but occupy about half of the total acreage of the 
country (Lubowski et al., 2006).

Expansion and commercialization of markets. The increased production and pro-
ductivity of U.S. agriculture has occurred in tandem with a significant expansion of export 
markets for U.S. farm products and the rapid consolidation and vertical integration of 
national and global food processing, distribution, and retailing sectors (MacDonald and 
McBride, 2009). While U.S. population growth has increased by roughly 1 percent annually 

2-3.eps
bitmap

FIGURE �-� Acreage of cropland used for crops.
SOURCE: USDA-ERS (Vesterby et al., 2004).

FIGURE �-� U.S. maize yield trends, 1966–2005, and the technological innovations that contributed 
to this yield advance.
SOURCE: Cassman and Liska (2007). Reprinted with permission from Wiley.

Figure 2-4 replaced from source
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since 1970, food production has increased at twice that pace. Increased domestic per capita 
consumption of food (including changes in diets to include greater consumption of meats 
and processed foods) and growing international trade have been important contributing 
factors driving increased production of the farm sector. At the same time, the processing 
and distribution of U.S. farm products have become controlled by a much smaller number 
of highly integrated national and global firms than there used to be (Hendrickson and 
 Heffernan, 2007). Demands by processers and retailers for consistent, high-quality products 
on a year-round basis have influenced patterns of technological innovation and structural 
change at the farm level.

Government programs. U.S. agricultural policy was initiated during the Great De-
pression to address low farm income. The U.S. Farm Bill is enacted every four to five years 
and has a major influence on land management decisions and choice of crops (Halloran 
and Archer, 2008). The Farm Bill’s commodity programs have had four major effects: (1) 
scale—total production or total acreage, (2) mix of commodities—which crops or livestock 
are grown or produced, (3) location—where crops or livestock are grown and produced, 
and (4) intensity—input use per acre for a specific crop-location combination or density of 
livestock production per acre (Frisvold, 2004). In addition to the commodity programs, the 
Farm Bill has provisions for subsidies and technical assistance for conservation, and for 
nutritional programs and food buying assistance for lower income consumers.

Research and development. Many technological innovations that accelerated growth 
in productivity came from agricultural experiment stations and colleges of agriculture in 
land grant universities. Innovations in information and marketing technology also facili-
tated farmers’ adoption of new production methods (Gardner, 2002). The technological de-
velopment and innovations were induced and supported by complementary government 
farm agricultural policies. An example is the large public investments in infrastructure 
development—for instance, development of water resources for irrigation, which vastly 
improved the ability to provide food and fiber in arid regions. As a direct result of those 
taxpayer-supported programs, farmlands that receive subsidized irrigation grew to almost 
40 million acres by 1970 (Cochrane, 1979).

U.S. AGRICULTURE TODAY

While the overall trends in U.S. commercial agriculture have been toward fewer, larger, 
and more specialized farms, the farm sector remains diverse (Hoppe et al., 2007). Using 
census data, researchers at the U.S. Department of Agriculture (USDA) have identified 
several important clusters of farm “types” in the United States (Box 2-1). The importance 
of each farm type across a wide range of indicators is summarized in Table 2-1. As a result, 
the management practices used on many different types of U.S. farms will each contribute 
to the overall sustainability performance of the U.S. farm sector. In addition, efforts to assess 
and improve the sustainability of U.S. farming are likely to require distinctive strategies 
appropriate for different types of farms.

The data in Table 2-1 indicate the smallest family farms in the United States (those with 
sales under $100,000) represent over 80 percent of total farm numbers, but produce less than 
10 percent of total farm sales. Because a farm is defined in the Census of Agriculture as any 
operation that sold or could have sold more than $1,000 worth of agricultural products, 
many of those small farm operators might not even consider themselves to be farmers, and 
most of those farms are run as recreational or lifestyle farms by people who rely mainly 
on off-farm income or who are retired. That group of small farms, however, still manages 
about a third of U.S. cropland and farmland.
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The mid-sized family farms (sales between $100,000 and $500,000) are examples of the 
prototypical “family farm” that has captured much of the public imagination and public 
policy debates over the future of American agriculture (Browne et al., 1992). According to 
the 2007 census, these mid-sized farms represented just under 10 percent of all U.S. farms, 
produced 16.5 percent of all farm sales, and managed another quarter of the nation’s farm-
land and nearly 30 percent of its cropland.

Small and mid-sized family farms together owned two-thirds of the total value of 
farmland, buildings, and equipment and managed roughly 60 percent of all U.S. farmland 
and cropland in 2007. Therefore, they will continue to play an important role in efforts to 
improve the environmental footprint of agriculture, and their experiences and activities 
will continue to shape the social and economic well-being of farm families and agricul-
tural communities. Interestingly, the proportion of small and mid-size operations that 
have chosen to participate in federal land conservation programs is larger than that of 

BOX �-� 
Farm Typology Developed by the U.S. Department 

of Agriculture Economic Research Service

	 The	U.S.	farm	sector	is	so	diverse	that	statistics	summarizing	the	sector	as	a	whole	can	be	misleading.	
The	USDA	Economic	Research	Service	(ERS)	has	developed	a	classification	typology	to	identify	relatively	
homogenous	subgroups	of	U.S.	farms.	The	typology	is	based	largely	on	farm	sales,	organizational	structure,	
and	the	operator’s	primary	occupation.	The	farm	classification	developed	by	ERS	focuses	on	the	“family	
farm,”	or	any	 farm	organized	as	a	sole	proprietorship,	partnership,	or	 family	corporation.	Family	 farms	
exclude	farms	organized	as	nonfamily	corporations	or	cooperatives	and	farms	with	hired	managers.

Small Family Farms (sales less than $��0,000)

•	 	Limited-resource.	Farms	with	gross	sales	less	than	$100,000	in	2003	and	less	than	$105,000	in	2004.	
Operators	of	limited-resource	farms	must	also	have	received	low	household	income	in	both	2003	and	
2004.	Household	income	is	considered	low	in	a	given	year	if	it	is	less	than	the	poverty	level	for	a	family	
of	four,	or	it	is	less	than	half	the	county	median	household	income.	Operators	may	report	any	major	
occupation	except	hired	manager.

•	 	Retirement.	Small	farms	whose	operators	report	they	are	retired	(excludes	limited-resource	farms	oper-
ated	by	retired	farmers).

•	 	Residential/lifestyle.	 Small	 farms	whose	operators	 report	a	major	occupation	other	 than	 farming	
(excludes	limited-resource	farms	with	operators	who	report	nonfarm	work	as	their	major	occupation).

•	 	Farming-occupation.	 Farms	whose	operators	 report	 farming	as	 their	major	occupation	 (excludes	
limited-resource	farms	whose	operators	report	farming	as	their	major	occupation).

	 	 	 Low-sales.	Gross	sales	of	less	than	$100,000.
	 	 	 Medium-sales.	Gross	sales	between	$100,000	and	$249,999.

Large-Scale Family Farms (sales of $��0,000 or more)

•	 Large family farms.	Farms	with	sales	between	$250,000	and	$499,999.
•	 Very large family farms.	Farms	with	sales	of	$500,000	or	more.

Nonfamily Farms

•	 	Nonfamily farms.	 Farms	organized	as	nonfamily	 corporations	and	cooperatives,	 as	well	 as	 farms	
operated	by	hired	managers.	Also	includes	farms	held	in	estates	or	trusts.

SOURCE:	USDA-ERS	(2000).
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large operations. Eighty-four percent of all land in federal land conservation programs is 
managed by small and mid-sized farms. Small and mid-sized farms received 88 percent of 
U.S. total government payments for conservation programs in 2006 (Hoppe et al., 2008). 
In addition, 70 percent of organically certified land in the United States was managed by 
small and mid-sized farms in 2007 (although they accounted for only 30 percent of total 
organic product sales).

In contrast to the small and mid-sized farms, million-dollar farms—that is, those with 
annual sales of at least $1 million—accounted for nearly half of U.S. farm product sales 
in 2002, even though there were only about 35,000 of them. They represent only 2 percent 
of all U.S. farms (Hoppe et al., 2008). Most million-dollar farms were operated as family 
businesses, and many reflect joint operations that support multiple family members and 
households. These types of farms particularly dominate the value of U.S. production of 
high-valued specialty crops (72 percent), dairy products (59 percent), hogs (58 percent), 
poultry (55 percent), and beef (52 percent). In some crops, production is concentrated. For 
example “[d]ata on acres harvested [obtained] from the 2002 Census of Agriculture suggest 
that some specialty crops occur on a relatively small number of farms. For example, the 
58 largest producers of head lettuce (out of 830 total producers) in 2002—each harvesting 
at least 1000 acres of the crop accounted for 65 percent of the total acreage in head lettuce. 
As another example, the 77 largest broccoli producers (out of 2,493 total producers)—each 
with at least 500 harvested acres of the crop—accounted for 69 percent of the total harvest 
acres” (Hoppe et al., 2008, p. 34).

Because of economies of size, and as illustrated in Figure 2-5, those large farms tend 
to have profit margins that give them a competitive edge when compared to similar, but 
smaller farms. The million-dollar farms can take better advantage than the small farms of 
technological changes, economic and financial innovations, business management prin-
ciples, and coordination with suppliers and processors (Gray and Boehlje, 2007).

Relatively few of the million-dollar farms specialize in crops that are covered by Farm 
Bill commodity programs, although the 44 percent of these farms that did participate in 

2-5.eps
bitmap

FIGURE �-� Operating profit margin, by sales class in 2006.
SOURCE: USDA, Economic Research Service, 2006 Agricultural Resource Management Survey, Phase 
III (as cited in Hoppe et al., 2008).
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commodity programs received a total of 16 percent of all commodity program payments. 
The million-dollar farms account for 62 percent of all U.S. farm products produced under 
contracts with processors and other end buyers. Very large farms were somewhat less likely 
to participate in federal conservation programs than mid-sized farms. In 2006, 6 percent 
of total government conservation spending was distributed to the million-dollar farms 
(Hoppe et al., 2008).

Another important form of agricultural diversity in the United States becomes appar-
ent when examining the acreage planted to various crops or used for livestock production. 
Efforts to address the sustainability of U.S. agriculture will need to confront the distinctive 
opportunities and challenges associated with production of different types of commodities. 
The most commonly raised commodities in U.S. agriculture are beef cattle, horses, and for-
ages (each raised by more than a quarter of U.S. farms). However, the most economically 
important commodities—grains, poultry, dairy products, and specialty crops—are typi-
cally raised on a small fraction of U.S. farms (Table 2-2). Those commodities also represent 
the production systems that use most of the energy, fertilizers, agrichemicals, and hired 
labor in the United States. From a landscape perspective, most U.S. cropland is planted to 

TABLE �-� Relative Importance of Different Commodities in U.S. Agriculture, 2002

Commodity Type

Percentage of U.S. Total

Farms Raising 
Commodity

Farm Sales from 
Commodity

U.S. Harvested 
Cropland

Livestock
 Beef cows 37.4 22.5 na
 Horses 25.5 0.7 na
 Sheep and goats 7.7 0.3 na
 Poultry 4.6 11.9 na
 Milk cows 4.3 10.1 na
 Hogs and pigs 3.7 6.2 na

Crops
 Forages (all) 41.6 3.0 21.2

 Grains and Oilseeds (any) 22.8 19.9 66.7
  Corn grain 16.4 22.5
  Soybean 14.9 23.9
  Wheat 8.0 15.0
  Corn silage 4.9 2.2
  Oats 3.0 0.7
  Barley 1.2 1.3
  Rice 0.4 1.1

 Fruit, Nuts, and Berries 6.2 6.9 1.9
 Vegetables and Potatoes 3.0 6.4 3.0
 Nursery/Greenhouse 2.6 7.3 0.3
 Tobacco 2.7 0.8 0.1
 Cotton 1.2 2.0 4.1

NOTES: Percent of farms raising each commodity = Number of farms reporting inventories of each livestock spe-
cies or number of farms reporting acreage of each crop/Total number of farms in the United States.
Percent of U.S. farm sales by commodity = Sales of each commodity/Total U.S. farm sales.
Percent of U.S. harvested cropland = Percent of harvested acres in each crop/Percent of all U.S. harvested 
cropland.
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corn, soybean, forage crops, and wheat. Efforts to significantly increase cropping diversity, 
change tillage practices, or reduce nonpoint source pollution from cropping activities will 
need to emphasize those commodity production systems.

The geography of U.S. agriculture is shaped by a range of biophysical, economic, and 
demographic factors that vary widely by region. Researchers at USDA demonstrate the 
landscape diversity by combining data on county-level farm characteristics with data on 
natural resource conditions, such as areas with similar physiographic, soil, and climatic 
traits. (For maps and definitions, see USDA-ERS, 2009c.) They identified nine major “farm 
resource regions” in the United States (Heimlich, 2000). Figure 2-6 describes these regions 
and highlights the importance of them, the combination of which accounts for almost half 
of U.S. farms, 60 percent of the value of production, and 44 percent of U.S. cropland. The 
three regions are the “heartland” region in the corn belt, where cash grain and cattle and 
hog production dominates; the “fruitful rim” along the Pacific coast, southern Texas, and 
Florida where large farms are concentrated and fruit, vegetable, nursery, and cotton pro-
duction dominates; and the “northern crescent,” a traditional dairy and cash grain region. 
Farm commodity systems and production practices often differ markedly across the vari-
ous farm resource regions in the United States.

2-6.eps
bitmap

FIGURE �-� Farm resource regions in the United States.
SOURCE: USDA-ERS (Heimlich, 2000).
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CHALLENGES TO U.S. AGRICULTURE IN THE ��ST CENTURY

The U.S. agricultural sector has evolved over time to meet the challenge of providing 
adequate food, feed, fiber, and landscape ornamental crops at acceptable consumer prices, 
but new challenges emerge. Demands on agriculture are not limited to food, feed, and fiber 
needs, but now include biofuel needs. As productivity in agriculture continues to increase, 
the natural resources used to support agriculture are being depleted or degraded. Such 
economic concerns as farm sector profitability and rising input costs and such social con-
cerns as labor justice, food quality and safety, animal welfare, and community well-being 
are also becoming more prominent.

Increasing Demand on U.S. Agriculture

Agriculture faces the pressure of increasing demand for food, feed, fiber, and fuel as 
a result of population growth, changes in diet, and the emergence of the bioenergy indus-
try. The world population is growing and reached 6.8 billion people in 2009—a 9 percent 
increase since 2000.

The U.S. population continues to increase at a similar rate as the world population, 
from 281 million people in 2000 to 307 million people in 2009 (U.S. Census Bureau, 2009). 
The total consumption of different food groups has been increasing as a result of a larger 
U.S. population (Lin et al., 2003). It is not merely the absolute population, however, that 
drives the demand for agricultural products, but rather population growth accompanied by 
income growth. As incomes grow, the composition of agricultural products demanded also 
changes. At low levels of intake of meat, milk, and eggs, an increase in consumption of these 
foods is known to be nutritionally beneficial because the biological value of protein in foods 
from animals is about 1.4 times that of foods from plants (CAST, 1999). Americans, however, 
are consuming on average more meat than the amount recommended by the federal dietary 
guideline (Wells and Buzby, 2008). About 3 pounds (lb) of grains is required to produce 1 lb 
of meat from any animal species (CAST, 1999). Therefore, a high level of meat consumption 
increases the demand on agriculture, because farmers have to produce feed for livestock, 
which in turn will provide meat for consumers (Pimentel and Pimentel, 2003).

In addition to meeting the demands of the domestic market, U.S. agriculture has to 
meet the demands of its foreign market. Agricultural exports are likely to increase in the 
coming years because of new demand from emerging markets (Gehlhar et al., 2007). For-
eign demand for U.S. agricultural exports is largely determined by income level and the 
rate of economic growth. U.S. agricultural exports historically were largely dependent on 
such high-income markets as Canada, Japan, and the European Union. Slow income and 
population growth in Japan and the European Union have weakened demand for U.S. ag-
ricultural exports to those countries (Figure 2-7). Rising incomes in such emerging markets 
as Mexico and China have led to an increased proportion of U.S. agricultural export to those 
countries in the last 15 years (Gehlhar et al., 2007) and an overall increase in the value of 
U.S. agricultural exports (USDA-ERS, 2008).

In addition to meeting domestic and foreign demand for food, feed, and fiber and re-
sponding to incentives provided within federal legislation, U.S. agriculture has also been 
producing crops for the emerging bioenergy and biofuels market over the last 10 years. The 
corn grain ethanol and soybean biodiesel industries have opened a new market for corn and 
soybean. In the 2007 crop year (from September 2, 2007, to August 31, 2008), 8.2 billion gal-
lons of ethanol were produced from 3 billion bushels of corn (NCGA, 2008) and 450 million 
gallons of biodiesel were produced from 275 million bushels of soybean (NBB, 2007). Those 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

A PIVOTAL TIME IN AGRICULTURE ��

quantities represent 23 percent of the year’s corn harvest (up from 20 percent in 2006) and 
17 percent of the year’s soybean harvest (USDA-NASS, 2008). The biofuel market increases 
the demand for corn and soybean, which in turn raises the price of those commodities. 
Although higher commodity prices benefit some farmers, they increase production costs 
for others that use corn and soybean as part of animal feed (Westcott, 2007; Donohue and 
Cunningham, 2009). Moreover, increasing production of those commodities could displace 
other crops and have negative environmental and social consequences (Westcott, 2007; 
Donner and Kucharik, 2008; Pineiro et al., 2009).

The use of food commodities to produce biofuels has raised concern about competition 
between food versus fuel and the related impact of biofuel production on food prices. In the 
early years of corn grain ethanol production, there was little impact on the U.S. corn market 
because of the slow growth of the ethanol industry, higher corn yields, and large corn 
stocks (Baker and Zahniser, 2006). As corn grain ethanol production increases, however, 
the feedstock has to be either diverted from corn exports or come from higher production. 
Unless the conversion of grain to ethanol becomes more technically efficient, higher pro-
duction can be achieved by diverting more land to corn production or growing corn more 
intensively. Both approaches could increase food prices and raise additional environmental 
concerns (Box 2-2). Although most economists agree that the emerging biofuel market con-
tributes to higher food prices (FAO, 2008), its relative contribution has been widely debated 
and estimates vary from a few percentage points (Glauber, 2008) to as much as 39 percent 
of the increase in real prices (Collins, 2008; Rosegrant, 2008).

Natural Resource Scarcity

Land Availability

The long-term adequacy of agricultural land in the United States has been a continuing 
concern (Sampson, 1981). A study by the American Farmland Trust (2002) reported that 

2-7.eps
bitmap

FIGURE �-� Shift in United States agricultural exports toward emerging markets.
SOURCE: USDA-ERS (Gehlhar et al., 2007).
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BOX �-� 
Social, Economic, and Environmental Effects of Biofuels

	 Biofuel	production	in	the	United	States	has	been	considered	an	option	to	reduce	U.S.	reliance	on	oil	because	
the	feedstock	for	fuel	production	can	be	grown	domestically.	Technological	developments	and	policy	changes	
have	contributed	to	the	rapid	growth	in	production	of	various	agricultural	crops	that	can	be	processed	into	liquid	
and	gaseous	fuels.	A	key	factor	was	the	passage	of	the	Energy	Policy	Act	in	2005	and	the	Energy	Independence	
and	Security	Act	(EISA)	 in	2007	by	the	U.S.	Congress	that	mandates	dramatically	 increased	levels	of	biofuels	
consumption	over	the	next	15	years.
	 The	biofuel	industry	has	created	a	major	new	competitive	use	for	U.S.	grains.	The	portion	of	U.S.	corn	used	
to	produce	ethanol	rose	from	6	percent	in	the	late	1990s	to	almost	25	percent	in	2008.	Growth	of	the	industry,	
however,	has	slowed	since	2008	partly	because	of	the	global	economic	recession.	Production	of	corn	grain	
ethanol	and	soybean	biodiesel	have	unintended	environmental,	social,	and	economic	consequences.

Influence on Food Security

	 As	of	2009,	the	overwhelming	bulk	of	biofuel	produced	in	the	United	States	was	corn	grain	ethanol	(Wescott,	
2009),	although	some	biodiesel	is	produced	from	soybean	and	animal	fats.	Growth	in	the	use	of	corn	for	ethanol	
production	has	been	associated	with	reduced	availability	of	corn	for	livestock	feeds	(Doering,	2008).	Although	
higher	commodity	prices	benefit	some	farmers,	they	also	increase	production	costs	for	others	that	use	corn	and	
soybean	as	part	of	animal	feed	(Westcott,	2007;	Donohue	and	Cunningham,	2009).	The	use	of	dry	distiller	
grain,	a	byproduct	from	corn	ethanol	production,	as	animal	feed	for	beef	and	dairy	cattle	can	only	partly	offset	
the	adverse	effects	of	increased	feed	costs,	because	every	bushel	of	corn	used	for	ethanol	is	two-thirds	less	of	
a	bushel	of	corn	for	livestock	feed	(Miranowski	et	al.,	2008).	As	a	result,	the	use	of	commodity	crops	for	fuel	
production	or	use	of	prime	cropland	to	produce	biofuel	feedstock	instead	of	food	crops	has	raised	concerns	
about	“food	versus	fuel.”	Some	estimate	that,	if	the	corn	grain	ethanol	industry	continues	to	expand,	the	positive	
effects	of	ethanol	industry	on	rural	economies	will	be	offset	by	the	negative	economic	effect	on	the	livestock	
industry	(Miranowski	et	al.,	2008).	In	addition,	many	are	concerned	that	using	commodity	crops	for	fuel	might	
contribute	to	rising	world	food	prices	(Collins,	2008;	FAO,	2008;	Rosegrant,	2008	and	references	cited	therein),	
although	food	prices	are	affected	by	many	other	factors,	including	energy	costs	(Dewbre	et	al.,	2008).	In	the	
United	States,	retail	prices	for	red	meats,	poultry,	and	eggs	rose	dramatically	in	2007	and	2008	in	response	to	
many	factors,	including	higher	feed	prices	(Leibtag,	2008).

Influence on Environmental Sustainability

	 Biofuels	are	also	viewed	as	a	potential	strategy	to	reduce	greenhouse	gas	emissions	from	the	transporta-
tion	sector,	because	the	exhaust	emissions	of	carbon	monoxide	from	burning	biofuels	are	considerably	lower	
compared	to	petroleum-based	fuels	(EPA,	2002;	Ribeiro	et	al.,	2007).	Although	corn	grain	ethanol	and	soybean	
biodiesel	have	positive	net	energy	balances	(that	is,	energy	in	the	fuels	produced	exceeds	the	energy	required	
to	produce	them)	and	have	lower	greenhouse-gas	life-cycle	emissions	compared	to	petroleum-based	fuel	(Hill	
et	al.,	2006;	Wang	et	al.,	2007),	the	greenhouse-gas	benefits	might	not	be	realized	if	forest	or	grassland	is	cleared	
elsewhere	to	grow	crops	displaced	by	corn	and	soybean	in	the	United	States	(Fargione	et	al.,	2008;	Searchinger	

et	al.,	2008).	That	is	because	carbon	sequestration	achieved	by	changing	practices	to	reduce	carbon	on	one	
landscape	can	be	offset	by	increased	carbon	releases	on	other	landscapes	and	result	in	a	net	increase	in	total	
carbon	emission	(Murray	et	al.,	2004;	IPCC,	2006).
	 Although	 difficult	 to	 document,	 it	 is	 plausible	 that	 the	 increasing	 demand	 and	 prices	 of	 corn	 and	 soy-
beans—in	addition	to	expanding	the	acreage	dedicated	to	corn	and	soybean—have	also	encouraged	farmers	to	
increase	production	by	reducing	crop	rotations,	planting	marginal	lands,	reducing	fallow,	or	returning	acreage	
that	was	idled	because	of	enrollment	in	the	Conservation	Reserve	Program	(Westcott,	2007),	all	of	which	might	
exacerbate	any	negative	environmental	and	habitat	effects	associated	with	intensive	corn	production	(Donner	
and	Kucharik,	2008;	Pineiro	et	al.,	2009).	If	EISA’s	objective	of	15	billion	gallons	of	corn	grain	ethanol	by	2022	
is	realized,	for	example,	the	average	flux	of	dissolved	nitrogen	export	by	the	Mississippi	and	Atchafalaya	Rivers	
into	the	Gulf	of	Mexico	is	predicted	to	increase	by	10	to	34	percent	(Donner	and	Kucharik,	2008).	That	level	of	
nutrient	influx	will	greatly	expand	the	hypoxia	zone	in	the	Gulf—where	dissolved	oxygen	in	the	water	is	too	
low	to	support	marine	life.	(See	Box	2-4.)

Influence on Economic Sustainability

	 Expanding	the	biofuel	industry	can	enhance	farm-level	economic	security	on	some	farms	and	decrease	it	
on	others.	As	mentioned	earlier,	increases	in	corn	and	soybean	prices	benefit	those	commodity	farms,	but	can	
have	adverse	effects	on	farms	that	rely	on	grains	for	feed.	Even	for	the	commodity	farmers,	the	demand	of	corn	
grain	for	ethanol	production	depends	on	several	factors,	including	the	price	of	ethanol	and	biodiesel	relative	to	
oil	(NAS-NAE-NRC,	2009),	the	percentage	of	ethanol	that	can	be	blended	in	fuel,	and	the	number	of	flex-fuel	
vehicles	(that	can	use	85	percent	ethanol)	on	the	road	(Westcott,	2009).
	 Because	biomass	is	bulky	and	expensive	to	transport,	biorefineries	will	likely	be	built	in	areas	where	biomass	
feedstock	for	fuel	is	abundant.	Biomass	feedstock	production	will	likely	attract	biorefineries	to	rural	communities	
(as	in	the	case	with	corn	grain	ethanol	and	soybean	biodiesel).	Biorefineries,	particularly	those	with	local	invest-
ment,	provide	some	additional	jobs	in	rural	communities	and	potentially	enhance	economic	vitality	(Kleinschmit,	
2007).	However,	some	empirical	evidence	suggests	that	job	gains	have	been	overestimated	(Swenson,	2009),	
and	that	there	can	be	other	mixed	or	negative	social	impacts	in	host	communities	(Selfa	et	al.,	2009).
	 Encouraged	by	EISA,	other	government-provided	incentives,	and	rising	oil	prices	until	2008,	facilities	have	
been	constructed	to	convert	corn	starch	to	ethanol	and	to	convert	primarily	soybean	oil	and	secondarily	animal	
fats	and	waste	cooking	oils	to	biodiesel.	The	growth	of	the	biofuels	industry	has	slowed	since	2008.	The	eco-
nomic	recession	and	the	steep	decline	of	crude	oil	prices	in	the	last	quarter	of	2008	(from	the	peak	of	$147	per	
barrel	on	July	11,	2008,	to	about	$35	per	barrel	at	the	end	of	the	same	year)	resulted	in	many	ethanol	plants	
running	below	capacity	and	caused	many	to	declare	bankruptcy	(Andrejczak,	2009;	Knauss,	2009;	The	Associ-
ated	Press,	2009;	VeraSun	Energy,	2009).	According	to	one	source,	ethanol	production	in	2009	was	estimated	
at	approximately	10	billion	gallons,	far	 less	than	the	previous	capacity	of	12.5	billion	gallons	(Krauss,	2009).	
Meanwhile,	biodiesel	plants	continue	to	operate	at	50	percent	of	capacity	or	less.	The	economic	benefits	brought	
by	a	biorefinery	to	local	communities	might	be	volatile	because	biofuels	are	new	compared	to	petroleum-based	
fuels.	The	long-term	stability	of	the	biofuels	market	remains	to	be	seen.
	 The	ultimate	environmental,	social,	and	economic	impacts	of	using	corn	and	soybean	grain	for	production	
of	biofuels	are	under	debate	at	this	time.	Another	National	Research	Council	study	on	the	economic	and	envi-
ronmental	impacts	of	biofuels	that	is	in	progress	will	examine	those	issues	in	depth.

 urbanized land grew by about 47 percent from 1982 to 1997 even though the U.S. popula-
tion only grew by about 17 percent during that period. Much of the growth of urbanized 
land was at the expense of high-productivity cropland. Although various studies and 
analyses have shown that current land use changes do not represent threats to the nation’s 
total food production (USDA-NRCS, 2001), there is a growing concern that prime farmland4 
near urban areas is being lost to nonagricultural uses through development and that the 

4 Prime farmland, as defined by USDA, is land that has the best combination of physical and chemical character-
istics for producing food, feed, forage, fiber, and oilseed crops and is also available for these uses.
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BOX �-� 
Social, Economic, and Environmental Effects of Biofuels

	 Biofuel	production	in	the	United	States	has	been	considered	an	option	to	reduce	U.S.	reliance	on	oil	because	
the	feedstock	for	fuel	production	can	be	grown	domestically.	Technological	developments	and	policy	changes	
have	contributed	to	the	rapid	growth	in	production	of	various	agricultural	crops	that	can	be	processed	into	liquid	
and	gaseous	fuels.	A	key	factor	was	the	passage	of	the	Energy	Policy	Act	in	2005	and	the	Energy	Independence	
and	Security	Act	(EISA)	 in	2007	by	the	U.S.	Congress	that	mandates	dramatically	 increased	levels	of	biofuels	
consumption	over	the	next	15	years.
	 The	biofuel	industry	has	created	a	major	new	competitive	use	for	U.S.	grains.	The	portion	of	U.S.	corn	used	
to	produce	ethanol	rose	from	6	percent	in	the	late	1990s	to	almost	25	percent	in	2008.	Growth	of	the	industry,	
however,	has	slowed	since	2008	partly	because	of	the	global	economic	recession.	Production	of	corn	grain	
ethanol	and	soybean	biodiesel	have	unintended	environmental,	social,	and	economic	consequences.

Influence on Food Security

	 As	of	2009,	the	overwhelming	bulk	of	biofuel	produced	in	the	United	States	was	corn	grain	ethanol	(Wescott,	
2009),	although	some	biodiesel	is	produced	from	soybean	and	animal	fats.	Growth	in	the	use	of	corn	for	ethanol	
production	has	been	associated	with	reduced	availability	of	corn	for	livestock	feeds	(Doering,	2008).	Although	
higher	commodity	prices	benefit	some	farmers,	they	also	increase	production	costs	for	others	that	use	corn	and	
soybean	as	part	of	animal	feed	(Westcott,	2007;	Donohue	and	Cunningham,	2009).	The	use	of	dry	distiller	
grain,	a	byproduct	from	corn	ethanol	production,	as	animal	feed	for	beef	and	dairy	cattle	can	only	partly	offset	
the	adverse	effects	of	increased	feed	costs,	because	every	bushel	of	corn	used	for	ethanol	is	two-thirds	less	of	
a	bushel	of	corn	for	livestock	feed	(Miranowski	et	al.,	2008).	As	a	result,	the	use	of	commodity	crops	for	fuel	
production	or	use	of	prime	cropland	to	produce	biofuel	feedstock	instead	of	food	crops	has	raised	concerns	
about	“food	versus	fuel.”	Some	estimate	that,	if	the	corn	grain	ethanol	industry	continues	to	expand,	the	positive	
effects	of	ethanol	industry	on	rural	economies	will	be	offset	by	the	negative	economic	effect	on	the	livestock	
industry	(Miranowski	et	al.,	2008).	In	addition,	many	are	concerned	that	using	commodity	crops	for	fuel	might	
contribute	to	rising	world	food	prices	(Collins,	2008;	FAO,	2008;	Rosegrant,	2008	and	references	cited	therein),	
although	food	prices	are	affected	by	many	other	factors,	including	energy	costs	(Dewbre	et	al.,	2008).	In	the	
United	States,	retail	prices	for	red	meats,	poultry,	and	eggs	rose	dramatically	in	2007	and	2008	in	response	to	
many	factors,	including	higher	feed	prices	(Leibtag,	2008).

Influence on Environmental Sustainability

	 Biofuels	are	also	viewed	as	a	potential	strategy	to	reduce	greenhouse	gas	emissions	from	the	transporta-
tion	sector,	because	the	exhaust	emissions	of	carbon	monoxide	from	burning	biofuels	are	considerably	lower	
compared	to	petroleum-based	fuels	(EPA,	2002;	Ribeiro	et	al.,	2007).	Although	corn	grain	ethanol	and	soybean	
biodiesel	have	positive	net	energy	balances	(that	is,	energy	in	the	fuels	produced	exceeds	the	energy	required	
to	produce	them)	and	have	lower	greenhouse-gas	life-cycle	emissions	compared	to	petroleum-based	fuel	(Hill	
et	al.,	2006;	Wang	et	al.,	2007),	the	greenhouse-gas	benefits	might	not	be	realized	if	forest	or	grassland	is	cleared	
elsewhere	to	grow	crops	displaced	by	corn	and	soybean	in	the	United	States	(Fargione	et	al.,	2008;	Searchinger	

et	al.,	2008).	That	is	because	carbon	sequestration	achieved	by	changing	practices	to	reduce	carbon	on	one	
landscape	can	be	offset	by	increased	carbon	releases	on	other	landscapes	and	result	in	a	net	increase	in	total	
carbon	emission	(Murray	et	al.,	2004;	IPCC,	2006).
	 Although	 difficult	 to	 document,	 it	 is	 plausible	 that	 the	 increasing	 demand	 and	 prices	 of	 corn	 and	 soy-
beans—in	addition	to	expanding	the	acreage	dedicated	to	corn	and	soybean—have	also	encouraged	farmers	to	
increase	production	by	reducing	crop	rotations,	planting	marginal	lands,	reducing	fallow,	or	returning	acreage	
that	was	idled	because	of	enrollment	in	the	Conservation	Reserve	Program	(Westcott,	2007),	all	of	which	might	
exacerbate	any	negative	environmental	and	habitat	effects	associated	with	intensive	corn	production	(Donner	
and	Kucharik,	2008;	Pineiro	et	al.,	2009).	If	EISA’s	objective	of	15	billion	gallons	of	corn	grain	ethanol	by	2022	
is	realized,	for	example,	the	average	flux	of	dissolved	nitrogen	export	by	the	Mississippi	and	Atchafalaya	Rivers	
into	the	Gulf	of	Mexico	is	predicted	to	increase	by	10	to	34	percent	(Donner	and	Kucharik,	2008).	That	level	of	
nutrient	influx	will	greatly	expand	the	hypoxia	zone	in	the	Gulf—where	dissolved	oxygen	in	the	water	is	too	
low	to	support	marine	life.	(See	Box	2-4.)

Influence on Economic Sustainability

	 Expanding	the	biofuel	industry	can	enhance	farm-level	economic	security	on	some	farms	and	decrease	it	
on	others.	As	mentioned	earlier,	increases	in	corn	and	soybean	prices	benefit	those	commodity	farms,	but	can	
have	adverse	effects	on	farms	that	rely	on	grains	for	feed.	Even	for	the	commodity	farmers,	the	demand	of	corn	
grain	for	ethanol	production	depends	on	several	factors,	including	the	price	of	ethanol	and	biodiesel	relative	to	
oil	(NAS-NAE-NRC,	2009),	the	percentage	of	ethanol	that	can	be	blended	in	fuel,	and	the	number	of	flex-fuel	
vehicles	(that	can	use	85	percent	ethanol)	on	the	road	(Westcott,	2009).
	 Because	biomass	is	bulky	and	expensive	to	transport,	biorefineries	will	likely	be	built	in	areas	where	biomass	
feedstock	for	fuel	is	abundant.	Biomass	feedstock	production	will	likely	attract	biorefineries	to	rural	communities	
(as	in	the	case	with	corn	grain	ethanol	and	soybean	biodiesel).	Biorefineries,	particularly	those	with	local	invest-
ment,	provide	some	additional	jobs	in	rural	communities	and	potentially	enhance	economic	vitality	(Kleinschmit,	
2007).	However,	some	empirical	evidence	suggests	that	job	gains	have	been	overestimated	(Swenson,	2009),	
and	that	there	can	be	other	mixed	or	negative	social	impacts	in	host	communities	(Selfa	et	al.,	2009).
	 Encouraged	by	EISA,	other	government-provided	incentives,	and	rising	oil	prices	until	2008,	facilities	have	
been	constructed	to	convert	corn	starch	to	ethanol	and	to	convert	primarily	soybean	oil	and	secondarily	animal	
fats	and	waste	cooking	oils	to	biodiesel.	The	growth	of	the	biofuels	industry	has	slowed	since	2008.	The	eco-
nomic	recession	and	the	steep	decline	of	crude	oil	prices	in	the	last	quarter	of	2008	(from	the	peak	of	$147	per	
barrel	on	July	11,	2008,	to	about	$35	per	barrel	at	the	end	of	the	same	year)	resulted	in	many	ethanol	plants	
running	below	capacity	and	caused	many	to	declare	bankruptcy	(Andrejczak,	2009;	Knauss,	2009;	The	Associ-
ated	Press,	2009;	VeraSun	Energy,	2009).	According	to	one	source,	ethanol	production	in	2009	was	estimated	
at	approximately	10	billion	gallons,	far	 less	than	the	previous	capacity	of	12.5	billion	gallons	(Krauss,	2009).	
Meanwhile,	biodiesel	plants	continue	to	operate	at	50	percent	of	capacity	or	less.	The	economic	benefits	brought	
by	a	biorefinery	to	local	communities	might	be	volatile	because	biofuels	are	new	compared	to	petroleum-based	
fuels.	The	long-term	stability	of	the	biofuels	market	remains	to	be	seen.
	 The	ultimate	environmental,	social,	and	economic	impacts	of	using	corn	and	soybean	grain	for	production	
of	biofuels	are	under	debate	at	this	time.	Another	National	Research	Council	study	on	the	economic	and	envi-
ronmental	impacts	of	biofuels	that	is	in	progress	will	examine	those	issues	in	depth.

reversal of those developments is politically difficult and expensive (Klein and Reganold, 
1997; Nizeyimana et al., 2001). In 2001, the total developed area in the contiguous United 
States was slightly more than 106 million acres (1 acre = 0.40 hectare), which included 33.2 
million acres of agricultural lands—including cropland, pastureland, rangeland, and forest 
land—that were converted to developed uses (for example, large urban and built-up areas, 
small built-up areas, and rural transportation land) from 1982 to 2001 (Figure 2-8) (USDA-
NRCS, 2003). The rate of prime farmland development increased from an average of 400,000 
acres per year between 1982 and 1992 to more than 600,000 acres per year between 1992 
and 2001 (Figure 2-9). Researchers (Reganold and Singer, 1984) have shown that ratios of 
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FIGURE �-� Conversion of agricultural and other lands to developed uses in the United States 
between 1982 and 2001.
SOURCE: USDA-NRCS (2003).
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FIGURE �-� Conversion of prime farmland to developed uses in the United States between 1982 
and 2001.
SOURCE: USDA-NRCS (2003).

economic input to output for farming on prime farmlands are significantly lower than for 
non-prime farmlands. The economic return for farming on higher-quality soils tends to be 
better than farming on lower-quality soils and marginal lands for food production.

A related concern is that of pressure for nonfarm development in areas where many 
high-value specialty crops are grown. Much of the specialty fruit and vegetable production 
occurs in southern states such as Florida and California, which are experiencing the most 
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rapid rates of land development in the country (Norris and Deaton, 2001). An American 
Farmland Trust study (2002) estimates that 86 percent of U.S. fruits and vegetables are 
produced in areas influenced by rapid urban development pressures. While the farms in 
those areas might benefit from close access to large population centers, they are competing 
for land and water with urban and industrial uses.

Water Availability

Agriculture accounts for 80 percent of consumptive water use5 in the United States 
(USDA-ERS, 2004). Irrigated cropland is an important and growing component of the U.S. 
farm economy and was the largest use of freshwater by 2000 (Hutson et al., 2004). Although 
only 16 percent of the U.S. cropland is irrigated, that acreage is used for high-value crops 
that account for nearly half of the total U.S. crop sales (USDA-ERS, 2004).

Some regions of the United States with the greatest water shortages also have the 
most rapidly growing populations. California’s population is expected to grow from 34 
million to nearly 60 million from 2000 to 2050, mostly in the water-starved urban regions 
of southern California (California Department of Finance, 2007). The seven states sharing 
the Colorado River are projected to increase their populations by 47 percent from 2000 to 
2030, significantly higher than the increase of 29 percent projected for the United States as 
a whole (U.S. Census Bureau, 2009).

Meanwhile, ground water is extensively pumped from many aquifers to provide water 
for domestic and agricultural use. When the rate of extraction exceeds the rate of recharge 
by natural processes, ground water is said to be in a state of overdraft, and water levels 
drop. Under prolonged overdraft conditions, the water level of an aquifer can fall to a depth 
where it is no longer economically feasible to pump and the resource becomes exhausted. 
The time required for natural recharge to return the water level to a depth practical for 
extraction can be considerable, and in the case of aquifers that were charged in previous 
climate cycles (so-called fossil aquifers such as the Ogallala), the resource is unrecoverable 
in any practical time frame (Box 2-3). The challenge to agriculture is to conserve and recycle 
water to extend the use of the fossil aquifers or adapt to dryland farming.

Although irrigation has become much more water and energy efficient, water scarcity 
will likely be a challenge for agriculture in years to come as the supply of water decreases 
and competing demands of water from other sectors increase. As the demand rises and 
supply declines, the price of water will likely increase, which in turn increases production 
costs of irrigated agriculture (Box 2-3). The Family Farm Alliance (2007) expressed concern 
that urban and industrial water demands will be met at the expense of domestic agricul-
tural production.

Climate Change

Agriculture faces uncharted challenges posed by global climate change in the near 
future. Global surface temperature shows an increase of 0.78°C since the beginning of the 
20th century (NRC, 2008); it is projected to increase by another 1.1–6.4°C by 2100 (IPCC, 
2007). Climate models project an increase in carbon dioxide (CO2) levels and temperature, 
changes in rainfall, and increased frequency in extreme weather events (for example, heat 
waves and heavy precipitation) in the mid-latitude to high-latitude regions (IPCC, 2007).

5 Amount of withdrawn water lost to the immediate water environment through evaporation, plant transpira-
tion, incorporation in products or crops, or consumption by humans and livestock.
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Although increases in CO2 and temperature could benefit crop production, the interac-
tive effects of CO2, temperature, and rainfall might result in the opposite (Easterling et al., 
2007). Because precipitation is the main driver of variability in the water balance over space 
and time, future changes in regional precipitation could have important implications for 
agricultural systems. Current climate models simulate a climate change-induced increase 
in annual precipitation in high and mid-latitudes (Carter et al., 2000). Precipitation ex-
tremes are predicted to increase in frequency, with more drought and flood occurrences. 
 Rosenzweig et al. (2002) estimated that production losses as a result of excessive moisture 
could double in the United States under scenarios of heavy precipitation. Increased fre-
quency of droughts is of particular concern in the arid Southwestern United States, where 
water resources are already stretched and the population is increasing rapidly, and in the 
southern regions of the Ogallala where shifts to dryland farming are expected.

Crop yields could be further decreased because of changes in the dynamic between 
crops and weeds, pests, and diseases as a result of climate change (Patterson et al., 1999). A 
study reported that C3 weeds tend to benefit more from an increase in CO2 than C3 crops 
(Ziska, 2003). Research also suggests that the efficacy of glyphosate herbicide on weeds 
decreases with increasing CO2 (Ziska et al., 1999; Ziska and George, 2004; Ziska and Goins, 
2006). Interactions between CO2 and temperature or CO2 and precipitation have been rec-
ognized as key factors in determining plant damage (Easterling et al., 2007). For example, 
warming trends in the United States could increase winter survival of pests and hence 
proliferation (Diffenbaugh et al., 2008) and could lead to earlier spring activity. Weather 
extremes could increase the vulnerability of plants to pests and diseases and promote out-
breaks. Those potential effects of climate change on U.S. agriculture are discussed in further 
detail in Hatfield et al. (2008).

BOX �-� 
Overdrafting of the Ogallala Aquifer

	 The	success	of	large-scale	farming	in	areas	lacking	adequate	precipitation	and	reliable	perennial	surface	
water	depends	heavily	on	pumping	ground	water	for	irrigation.	In	the	Midwestern	United	States,	ground	
water	overdrafting	of	the	Ogallala	or	High	Plains	aquifer	presents	a	significant	long-range	problem.	This	
aquifer	 is	a	 large	underground	reservoir	that	encompasses	portions	of	eight	states	ranging	from	South	
Dakota	 to	Texas.	About	27	percent	of	 the	 total	 irrigated	 land	 in	 the	United	States	overlies	 this	aquifer	
system,	which	yields	about	30	percent	of	the	nation’s	ground	water	used	for	irrigation.	The	water	is	used	
to	produce	corn,	wheat,	cotton,	alfalfa,	and	soybean;	some	of	those	crops	are	used	to	support	about	40	
percent	of	 the	U.S.	supply	of	 feedlot	beef	 (USDA-ERS,	2005b).	 In	addition,	the	aquifer	system	provides	
drinking	water	to	82	percent	of	the	people	who	live	within	its	boundary	(Dennehy,	2000).
	 Water-level	 declines	 started	 to	occur	 in	 the	Ogallala	 aquifer	 soon	after	 the	beginning	of	 extensive	
ground	water	irrigation	development	following	the	end	of	World	War	II.	By	1997,	13.7	million	acres	were	
being	irrigated	by	ground	water	from	the	aquifer,	accounting	for	some	20	percent	of	all	U.S.	irrigation.	
Because	withdrawals	exceed	natural	recharge,	the	water	table	has	been	declining	(Colaizzi	et	al.,	2009).	
By	1980,	water	levels	in	the	Ogallala	aquifer	in	parts	of	southwestern	Kansas,	New	Mexico,	Oklahoma,	
and	Texas	had	declined	more	than	100	feet	(Luckey	et	al.,	1981).	Some	croplands	in	Texas	have	suspended	
the	use	of	irrigation	with	ground	water	because	of	its	expense	relative	to	the	value	of	the	crops	grown.	
In	effect,	the	Ogallala	aquifer	is	a	nonrenewable	resource,	similar	to	a	coal	mine.	The	current	pumping	
of	groundwater	for	irrigation	is	permanently	depleting	(or	mining)	ground	water	quantities	available	for	
future	uses	(Kneese,	1986).
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Environmental Degradation

There is growing recognition and evidence of the unintended consequences of agri-
culture. In the last century, U.S. agriculture has been increasingly large-scale, input depen-
dent, and based on monocropping techniques and concentrated animal production. Those 
changes in agriculture have resulted in shifts in public concerns from productivity and 
food price issues to concerns about the ecological sustainability of agriculture (for example, 
water, soil, and air quality degradation and reduction of crop diversity associated with 
modern U.S. agriculture).

Water Quality

Soil erosion is one of the leading contributors to reduced water quality. Soil erosion 
from agricultural land increases loading of nutrient-enriched sediment into surface water, 
which negatively affects aquatic organisms (EPA, 2007).

Transport of dissolved inorganic nitrogen in river and stream flow has increased sub-
stantially from preindustrial times to the 1990s, with order-of-magnitude increases in 
drainage basins that support intensive agriculture. The large increases in nutrient flow are 
primarily a result of nitrogen fertilizer use in agriculture, especially in the United States. 
Tilman et al. (2002) suggested that crops take up only 30 to 50 percent of the fertilizer ap-
plied. Under current production practices, corn acreage typically loses nitrogen to water 
at annual rates of 20–40 kg/ha. Of the 93.6 million acres of corn planted in 2007, it is esti-
mated that 117 million kg of nitrogen were deposited into national waterways (Simpson 
et al., 2008). The availability of nitrogen and phosphorus generally limits algal growth in 
lakes and reservoirs; thus, large nutrient inputs from agricultural drainage or sewage can 
cause dramatic shifts in aquatic ecosystems (Box 2-4). A survey of U.S. streams concluded 
that phosphorus and nitrogen are two of the most widespread stressors on biological com-
munities in streams (EPA, 2007).

Nitrogen undergoes a number of reactions in soil and, under normal conditions of 
adequate oxygen in the upper layers of soil, culminates in formation of the stable nitrate 
(NO3

–) ion, which is very soluble, does not bind to stationary soil particles, and is extremely 
mobile in soil. If not taken up by plants, nitrates can seep below the root zone to ground 
water. In intensely fertilized agricultural fields that contain well-drained soil above shallow 
ground water, ground water concentrations of NO3

– can rise above the U.S. Environmental 
Protection Agency’s (EPA’s) maximum contaminant level of 10 mg/L of nitrogen. Nolan 
et al. (2002) reported that 26 percent of the wells sampled in high-risk areas of the Midwest 
and Western United States had NO3

– concentrations above 10 mg/L of nitrogen.
The increase in size of commercial livestock operations results in concentrating large 

quantities of manure to limited areas (MacDonald and McBride, 2009). Producers either 
apply manure to their land to provide nutrients to their pasture and crops, or they store 
the manure temporarily and then move it to another farm for application. MacDonald and 
McBride (2009) found that about 5 percent of dairy farms and 10 percent of hog farms do 
not have cropland and therefore have to remove all their manure. For the operations that 
have cropland or pastureland, the quantities of manure produced often exceed the nutrient 
needs of the cropland and are exported from the operation. The average ratio of nitrogen 
to phosphorus in manure removed from livestock and poultry operations ranges from 1:1 
to greater than 4:1 depending on species, form of manure, and age (ASABE, 2005). Most 
manure contains as much phosphorus as nitrogen, but crops require much less phosphorus 
than nitrogen. If the manure is applied at a rate to satisfy crops’ nitrogen requirements, 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

�� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

BOX �-� 
Hypoxia in the Gulf of Mexico

	 Hypoxia	refers	to	a	state	reached	within	coastal	waters	where	oxygen	levels	drop	below	2	mg/L,	cre-
ating	conditions	that	threaten	the	survival	of	fish	and	other	aquatic	animals.	Hypoxia	can	be	caused	by	
the	presence	of	excess	nutrients	in	water,	which	cause	intensive	growth	of	algae.	The	consequences	of	
enhanced	algal	growth	are	reduced	sunlight	penetrating	the	water,	a	decreased	amount	of	oxygen	dis-
solved	in	the	water,	and	a	loss	of	habitat	for	aquatic	animals	and	plants.	The	decrease	in	dissolved	oxygen	
is	a	secondary	consequence	of	algal	growth,	caused	by	respiratory	consumption	of	oxygen	during	deg-
radation	of	organic	remains	of	the	algae.	The	nutrient	enrichment	of	a	water	body	and	its	overall	effect	is	
called	eutrophication.
	 Scientific	investigations	in	the	Gulf	of	Mexico	have	documented	a	large	area	of	the	Louisiana	continen-
tal	shelf	with	seasonally	depleted	oxygen	to	hypoxic	levels.	The	oxygen	depletion	begins	in	late	spring,	
reaches	a	maximum	in	midsummer,	and	disappears	in	the	fall.	After	the	Mississippi	River	flood	of	1993,	
the	spatial	extent	of	this	zone	more	than	doubled	in	size,	to	over	18,000	km2,	and	has	averaged	over	
15,600	km2	since	then,	making	it	one	of	the	largest	hypoxic	areas	in	the	world	(CENR,	2000).	The	hypoxic	
zone	forms	in	the	middle	of	the	most	important	commercial	and	recreational	fisheries	in	the	coterminous	
United	States	and	could	threaten	the	economy	of	that	region	of	the	Gulf.	As	of	2008,	dead	zones	had	
been	reported	for	more	than	400	coastal	marine	systems	in	the	world,	affecting	a	total	area	of	more	than	
245,000	km2	(Diaz	and	Rosenberg,	2008).
	 Although	the	occurrence	and	extent	of	conditions	of	low	oxygen	in	coastal	waters	can	be	the	collec-
tive	result	of	many	causes,	eutrophication	and	hypoxia	in	the	northern	Gulf	of	Mexico	have	been	ascribed	
principally	to	nitrogen	loadings	from	the	Mississippi	River	(Bricker	et	al.,	1999).	Agricultural	sources	(fertilizer,	
soil	inorganic	nitrogen,	and	manure)	are	estimated	to	contribute	about	65	percent	of	the	nitrogen	loads	
entering	the	Gulf	from	the	Mississippi	Basin	(Goolsby	et	al.,	1999).	As	much	as	15	percent	of	the	nitrogen	
fertilizer	applied	to	cropland	in	the	Mississippi	River	Basin,	which	includes	31	states,	ends	up	in	the	Gulf	
of	Mexico	(Ribaudo	and	Johansson,	2006).	Recent	analysis	of	nutrient	flux	from	the	Mississippi	River	mea-
sured	by	the	U.S.	Geological	Survey	(USGS)	suggests	that	algal	production	in	the	Gulf	might	be	limited	by	
phosphorus	instead	of	nitrogen,	especially	in	the	spring	(Sylvan	et	al.,	2006).
	 In	2001,	an	intergovernmental	task	force	delivered	an	Action	Plan	to	the	President	and	Congress	de-
signed	to	reduce	the	five-year	running	average	hypoxic	zone	to	less	than	5000	km2	(Mississippi	River/Gulf	
of	Mexico	Watershed	Nutrient	Task	Force,	2001).	The	Action	Plan	was	based	primarily	on	a	2000	integrated	
assessment	 that	evaluated	 the	causes,	 consequences,	and	potential	 remedies	 for	Gulf	hypoxia	 (CENR,	
2000;	Rabalais	et	al.,	2002)	and	called	for	a	reassessment	of	progress	every	five	years.
	 Limited	monitoring,	a	highly	variable	ocean	climate,	complex	trophic	dynamics,	and	complex	biogeo-
chemical	cycles	can	make	empirical	determination	of	the	causes	of	hypoxia	difficult.	As	a	consequence,	
process-based	or	statistical	models	have	played	an	important	role	in	interpolating	across	missing	data	and	
interpreting	observations	(Scavia	and	Donnelly,	2007).	Scavia	et	al.	(2003,	2004)	and	Turner	et	al.	(2005)	
suggest	that	historical	nitrogen	loads	were	not	sufficient	to	produce	significant	areas	of	oxygen-depleted	
bottom	waters	before	the	mid-1970s.	They	also	examined	the	response	of	the	model	to	the	30	percent	
nitrogen	load	reduction	recommended	in	the	Action	Plan	and	concluded	that	a	40	to	45	percent	reduc-
tion	might	be	necessary	to	achieve	the	goal	of	reducing	the	extent	of	hypoxia	to	5000	km2	or	less.	More	
recently,	Scavia	and	Donnelly	(2007)	used	data	from	the	2001	USGS	survey	to	conclude	that	if	phosphorus	
is	now	the	element	limiting	algal	growth	in	the	Gulf,	it	became	so	because	of	large	increases	in	nitrogen	
loads	during	the	1970s	and	1980s.	Their	model	suggests	that	nitrogen	load	reductions	of	37	to	45	percent	
or	phosphorus	load	reductions	of	40	to	50	percent	below	the	1980–1996	average	are	needed	to	meet	
the	remediation	goals	set	by	the	task	force.	However,	the	authors	caution	that	a	phosphorus-only	strategy	
is	potentially	dangerous	and	suggest	it	would	be	prudent	to	reduce	both	nutrients.
	 The	recent	expansion	of	corn	production	to	produce	ethanol	will	make	the	task	of	meeting	the	goal	
of	reducing	hypoxia	considerably	more	difficult.	Donner	and	Kucharik	(2008)	used	modeling	to	examine	
the	effect	of	present	and	future	expansion	of	corn-based	ethanol	production	on	nitrogen	export	by	the	
	Mississippi	and	Atchafalaya	Rivers	to	the	Gulf	of	Mexico.	Their	results	show	that	the	increase	in	corn	cultiva-
tion	required	to	meet	the	goal	of	15–36	billion	gallons	of	renewable	fuels	by	2022	suggested	by	the	2007	
energy	policy	bill	would	increase	the	annual	average	flux	of	dissolved	inorganic	nitrogen	export	by	the	
Mississippi	and	Atchafalaya	Rivers	by	10	to	34	percent.
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excess phosphorus will build up in the soil. As with synthetic fertilizers, excess application 
of manure to cropland would lead to NO3

– leaching to ground water and nutrient runoff 
with soil to surface water. In addition, zoonotic pathogens present in manure can impair 
water quality and pose a public health concern.

Pesticides used in agriculture pose another threat to water quality because they can 
migrate off the farm and into water and the food chain. Chemicals present in soil might 
dissolve into the soil solution, partition into a gas phase, absorb to soil solids, or un-
dergo chemical or biological transformation depending on their properties. The USGS 
National Water-Quality Assessment (NAWQA) Program represents the most comprehen-
sive national-scale analysis to date of pesticide occurrence and concentrations in streams 
and ground water of the United States (Gilliom et al., 2006). Their decade-long survey 
(1992–2001) involved assessments of 75 pesticides and 8 degradation products in surface 
water, ground water, and sediments in 51 U.S. major river basins and aquifer systems. 
At least one pesticide was detected in water from all streams studied, and pesticide com-
pounds were detected throughout most of the year in water from streams with agricultural, 
urban, or mixed-land-use watersheds. Organochlorine pesticides (including dichlorodi-
phenyltrichloroethane, or DDT, which has been banned for most uses since 1972) and their 
degradation byproducts were found in fish and bed-sediment samples from most streams 
in agricultural, urban, and mixed-land-use watersheds, and in more than half the fish from 
streams with predominantly undeveloped watersheds. Pesticides were less common in 
ground water than in streams. They were found most frequently in shallow ground water 
beneath agricultural and urban areas, where more than 50 percent of wells contained one 
or more pesticide compounds. Detections were often at low concentrations, and NAWQA 
personnel estimated that less than 10 percent of their monitored stream sites and about 1 
percent of wells surveyed had concentrations greater than levels deemed to be high enough 
to affect human health.

Occurrence of antibiotics and hormones from agricultural sources in soil and water is 
another concern (Arikan et al., 2008; Kemper, 2008). A large proportion of antibiotics added 
in animal feed is excreted in urine and manure, and the antibiotics will end up in soil and 
possible surface and ground water if that urine and manure is applied to cropland (Kumar 
et al., 2005). However, little is known about the fate of antibiotics and hormones from 
agricultural sources in the environment and any impacts that they might have on plants, 
wildlife, and humans (Shore and Pruden, 2009).

Air Quality

In 2006, agriculture was responsible for 6.4 percent of the total greenhouse gas emis-
sions in the United States (EPA, 2008). Greenhouse gas emissions from the agricultural sec-
tor are dominated by nitrous oxide (N2O) from such soil management activities as fertilizer 
use, manure application, and growing of nitrogen-fixing crops, and by methane (CH4) from 
enteric fermentation of ruminant animals. The agricultural sector is the largest contributor 
to N2O and CH4 emissions, both with higher global warming potential,6 than CO2 in the 
United States (Figures 2-10 and 2-11).

6 The global warming potential of a gas is the warming caused over a 100-year period by the emission of one 
ton of the gas relative to the warming caused over the same period by the emission of one ton of CO2. The global 
warming potential of CO2, CH4, and N2O are 1, 25, and 298, respectively (B. Chameides, 2009, as explained at 
http://www.nicholas.duke.edu/thegreengrok/co2equivalents).
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Other than greenhouse gases, farms release particulate matter that can affect human 
health (Aneja et al., 2008). Airborne particulate matter associated with agricultural activities 
has been gradually decreasing since the Dust Bowl era. With federal air quality standards as 
a guide, the problems have been generally divided by particle size and the number of days 
per year above standards for the size category. Larger particle sizes (categorized as PM10, 
that is, particulate matter with an aerodynamic diameter of less than 10 μm) are primarily 
caused by blowing soil particles in seasonally dry areas where farmers maintain a seasonally 
“clean fallow” and by burning crop residues where the practice is used. In the dryland areas 
of wheat production on the eastern side of the Cascades and in portions of the Great Plains, 
clean fallow for moisture conservation has long been practiced. That leads to occasional high 
wind-blown soil erosion with increasingly unacceptable air quality problems (Sharratt and 
Lauer, 2006). The new programs for crop rotation, weed and disease control, and reduced-till 
planting in this wheat-growing area are promising (Schillinger et al., 2007).

Soil Quality

Soil quality can be degraded from physical, chemical, and biological sources. Physi-
cal soil degradation includes soil erosion, breakdown of soil structure, soil compaction, 
reduction in water infiltration and increased runoff, anaerobiosis, and desertification (Lal, 

2-10.eps
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FIGURE �-�0 Methane emission from different sources in the United States.
SOURCE: EPA (2008).
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FIGURE �-�� Nitrous oxide emission from different sources in the United States. SOURCE: EPA 
(2008).

2004). The soil loss through wind and water erosion has particularly long-term ecological 
and economical effects by reducing the overall productivity of agricultural lands and by 
impacting water quality, water supplies, navigation, and irrigation infrastructures. Chemi-
cal soil degradation includes salinization, nutrient depletion, acidification, contamination, 
and toxification from pesticides and excessive fertilization (NRC, 1993a).

Biological soil degradation includes a decline in biodiversity and soil carbon and an 
increase in soil-borne pathogens (Lal, 2004). Soil organisms contribute to the maintenance 
of soil quality and control many key processes, such as decomposition of plant residue 
and organic material, nitrogen fixation, and nutrient availability (Kennedy and Papendick, 
1995). However, compared to physical and chemical soil degradation, little is known about 
how agricultural activities alter soil biological properties and how they affect soil function-
ing (Heimlich, 2003).

Modern agriculture’s production of a few species of crops (and crops separated from 
livestock production), with limited rotations or crop diversity, runs counter to the natural 
tendency for more diversity that can result in high-quality soils. Conventional systems 
“lead, more often than not, to a decrease in soil quality, as indicated by the soil’s ability 
to infiltrate and hold water, to maintain particle structure for optimal root habitat, and to 
hold and recycle nutrients. Less-than-optimal soil quality raises production costs in the 
long term, lowers production potential, and accentuates production variability” (Harwood, 
1994, pp. 34–59).

One particular soil quality concern is that of salinization. In many arid zones where 
irrigation is practiced, salinization of soil can become a chronic problem. It is exacerbated 
by high water tables where water can wick upward to the surface or flow laterally to lower 
terrain and evaporate. Salinity poses a major challenge for farming in many arid areas rely-
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ing on irrigation to grow crops. Even when relatively good quality water is used, salinity 
problems can arise whenever ground water levels are shallow enough to allow upward 
movement and evaporation at the soil surface. Enlightened management practices have to 
be used for irrigation water management under saline conditions to avoid land loss and 
crop damage. About 25 percent of irrigated cropland in the United States (14 million acres) 
is significantly affected by salts in soil and water (Hedlund and Crow, 1994). The worst 
salinity problems are in the productive San Joaquin Valley of California, which is experi-
encing loss of land and yield reductions from salinization due to high water tables (USDA-
NRCS, 1997). Some 850,000 acres of the San Joaquin Valley’s 2.5 million irrigated acres are 
affected by inadequate drainage and accumulating salts. The problem is exacerbated by 
the fact that the valley is a closed drainage basin with no current legal means for exporting 
drainage from the region. Land is lost each year due to surface accumulation of seepage 
from the higher regions to lower ones (San Joaquin Valley Drainage Program, 1990).

Saline soils are not limited to irrigated areas. Mineral weathering and dissolution of 
cretaceous shale occur over a large portion of the arid West. Saline seeps occur when water 
that exceeds plant requirements percolates unchecked below the root zone, then moves 
laterally downhill and emerges in a seep area. Those seeps frequently occur where farmers 
practice wheat fallow rotations. Seeps have affected about 500,000 acres of cropland in the 
Great Plains from Montana to Texas and some 2.5 million acres for all land uses (Brown 
et al., 1982).

Reduced Genetic Diversity

Large-scale farming systems, the need to feed large numbers of people, the globaliza-
tion of markets, and loss of wild habitats as a result of land conversions have resulted in a 
dramatic reduction in crop genetic diversity throughout the world. The National Research 
Council documented those trends more than three decades ago in the report Genetic Vulner-
ability of Major Crops (1972). According to the Food and Agriculture Organization (FAO) 
of the United Nations (FAO, 1998), 75 percent of agricultural biological diversity was lost 
during the 20th century. Modern crop varieties have supplanted traditional varieties or 
landraces for over 70 percent of the world’s corn, 75 percent of the Asian rice, and half of 
the wheat in Africa, Latin America, and Asia (Picone and Van Tassel, 2002).

The loss of genetic diversity in agriculture reduces the genetic material available for 
future use by farmers and plant breeders. In addition, genetic evolutionary processes that 
lead to the development of new genes and gene combinations might be curtailed. The 
increase in genetic uniformity within a crop can also lead to greater genetic vulnerability 
to pest and diseases (NRC, 1972, 1993b). More than the loss of a particular variety or land-
race, however, the greatest concern is the irreversible loss of genes within plant gene pools 
that are critical for breeding. Much of the yield increase, resistance to biotic and abiotic 
constraints, and adaptation to poor soils, drought, or low temperatures in modern crops is 
a result of genes from traditional varieties. The ability of crops to adapt to future cropping 
systems and climate change will depend on access to genetic variation.

Not all breeding efforts, however, have led to reduced genetic diversity. The NRC study 
Agricultural Crop Issues and Policies (1993b) found that genetic diversity of U.S. wheat and 
corn has increased since the 1970s, in part because of efforts to breed in greater genetic 
diversity. However, the genetic uniformity of rice, beans, and many minor crops is still of 
concern. Since that study, the development and wide-scale adoption of genetically engi-
neered crops (principally corn and soybean) have led to further concerns about the genetic 
homogenization of crops across large areas within the United States and worldwide. In ad-
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dition, the potential contamination of landraces by transgenic varieties growing in the same 
region, as observed in maize landraces growing in farmers’ fields in Mexico, is a concern 
(Pineyro-Nelson et al., 2009).

Similar to plant breeding, confinement livestock production systems have been associ-
ated with a decrease in the numbers of minor breeds and accelerated the development of 
genetically similar hogs, poultry, and beef and dairy cattle as a result of selective breeding 
by humans. Because large processing plants require a steady flow of uniform animals and 
bird types to achieve economies of scale (RTI International, 2007), uniformity in animals 
is achieved by controlling their genetics and length of feeding period (MacDonald and 
McBride, 2009). Genetic diversity is necessary for sustained genetic improvements of farm 
animals in the future and for rapid adaptation to changes in breeding objectives (Notter, 
1999).

Much of the world’s plant germplasm is stored in repositories in the United States 
in the USDA National Plant Germplasm System, the International Agricultural Research 
Centers, and other public and private collections. Likewise, animal germplasm is man-
aged by the USDA National Animal Germplasm Program, which was initiated in 1999. 
Although there has been significant progress in collecting and conserving crop and animal 
germplasm, a number of problems remain; for example, collections were not adequately 
documented and seed and propagule viability is reduced as a result of improper storage 
(Plucknett, 1987; Blackburn, 2006). There has also been considerable discord on who owns, 
controls, and benefits from germplasm collections.

To slow or prevent the loss of crop genetic diversity worldwide and provide for the 
fair sharing of benefits arising from the use of genetic resources, a number of international 
agreements have been developed to encourage preservation of genetic diversity and to 
promote the exchange of germplasm. The most important is the International Treaty on 
Plant Genetic Resources for Food and Agriculture, which entered into force in June 2004. 
The treaty, of which the United States is a signatory, is a comprehensive international 
agreement that aims at guaranteeing food security through the conservation, exchange, 
and sustainable use of the world’s plant genetic resources, as well as fair use and equitable 
benefit-sharing. It also recognizes farmers’ rights to freely access genetic resources and to 
use and save seeds under national laws. The treaty implements a multilateral system of 
access to 64 of the most important food and forage crops essential for food security and 
interdependence for countries that ratified the treaty. Progress towards implementation of 
the treaty has been slowed by lack of consensus among the treaty parties on the value of 
particular genetic resources, and consequently many of the treaty’s provisions are vague 
(Day-Rubenstein et al., 2005).

Economic Concerns

Farm Sector Profitability and Rising Input Costs

The estimated value of U.S. gross farm income has increased by 31 percent in real terms 
since 1970 (Figure 2-12). However, the aggregate value of net farm income received by 
farmers has not changed dramatically over the last 40 years. In essence, increases in gross 
farm receipts have generally been cancelled out by increases in the costs of production. For 
example, U.S. farms sold $324 billion in agricultural products in 2008 (up 65 percent from 
1998 values in nominal dollars) but incurred $291 billion in production expenses, includ-
ing $204 billion in purchased inputs (an increase of 57 percent and 73 percent since 1998, 
respectively). Much of the increase in purchased input costs was related to the rising prices 
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of fuel and synthetic fertilizer, which were affected by crude oil prices that rose from an 
average price of about $12 per barrel in 1998 to $95 in 2008 (EIA, 2009). Annual farm product 
market gyrations are normal, but the potential effect of rising production costs, especially 
for fuel and fertilizers, could have a long-term impact on farm productivity, farm income, 
and increasing food prices.

Statistics on the aggregate profitability of the U.S. farm sector disguise considerable 
variation in the economic performance of individual farms. For example, in 2007, only 
47 percent of all U.S. farms reported positive net farm income, a drop from 57 percent of 
all farms in 1987. Most farms that lost money were relatively small operations that relied 
principally on nonfarm sources of income. Most farms in the United States are essentially 
family businesses that rely mainly on farm family members for their labor force (Gasson 
and Errington, 1993; Hoppe et al., 2007), and the majority of farm families also gain income 
from off-farm work. Nonfarm work or transfer payments are commonly used to supple-
ment income from the farm business. The proportion of farm operators who work off-farm 
increased from 44 percent in 1979 to 52 percent in 2004. The proportion of spouses working 
off-farm grew from 28 percent to 45 percent during the same period (Fernandez-Cornejo 
et al., 2007). The contribution of off-farm income to the total household income of U.S. farm-
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ers rose from about 50 percent in 1960 to more than 80 percent in 2004 (Fernandez-Cornejo 
et al., 2007).

Table 2-1 reported the percent of U.S. net cash farm income that was received by differ-
ent types of farms. The data suggest that almost 80 percent of total U.S. net cash farm in-
come went to farms with gross sales over $500,000 in 2007, while just 7 percent of total U.S. 
net farm income was shared by the 87 percent of farms that had gross sales under $250,000. 
Internal variations in the rate of return for different types of U.S. farms help explain why 
so many individual farmers report increasingly difficult economic stress at the same time 
that the performance of the overall farm sector appears to be relatively stable.

Producers of different commodities also report different levels of profitability. Table 2-3 
reported data from the 2007 Census of Agriculture aggregated by the type of commodity 
that provides the majority of income to each farm. In general, the results suggest that crop 
farms generate higher average profit margins than do livestock operations. The worst per-
forming commodity sectors are cattle feedlots and beef cattle ranching (which averaged less 
than a 10 percent return) and sheep, goat, aquaculture, and mixed livestock farms (which 
registered negative net income overall).

The profitability of many U.S. farms is partly determined by the level of federal govern-
ment program payments. For example, in 2008, direct government payments totaled $12 
billion, which accounted for 3.7 percent of total gross farm receipts and 13.9 percent of net 
farm income in the United States. Over the past 10 years, however, government payments 
have tended to be significantly higher than before, averaging roughly 7 percent of gross 
farm returns and 27 percent of net farm income.

The distribution of government payments across different segments of the farm sector 
varies widely (see Tables 2-1 and 2-3). According to data collected by the Census of Agricul-
ture, only 38 percent of farms reported receiving government payments in 2007 (16 percent 
participated in conservation programs like the Conservation Reserve Program, Wetlands 
Reserve Program, and Conservation Reserve Enhancement Program; 2 percent received a 
loan from the Commodity Credit Corporation; and 31 percent participated in other federal 
farm programs). The farms that receive the bulk of government farm program payments 
raise cash grains that are eligible for non-recourse production loans, price supports, and 
other commodity programs. Government program payments are much more common 
among farms in the Midwest and Great Plains (where over two-thirds of farms in North 
Dakota, Iowa, Illinois, South Dakota, Nebraska, Minnesota, and Kansas received govern-
ment program payments in 2007).

Loss of Mid-Sized Commercial Family Farms

Reduced and more volatile farm income can affect the economic vitality of individual 
farm households and rural communities.7 Indeed, declining rates of return for individ-
ual farms have been linked to changes in the size structure of U.S. farms (Hallam, 1993; 
 Gardner, 2002). Table 2-4 shows the percent of farms and farm sales that were produced by 
different-sized farms from 1997 to 2007. Mid-sized farm sales categories ($10,000–$249,999) 
are declining in importance, while small farms have increased in number and large farms 

7 Although farming activities are not restricted to rural areas (Jackson-Smith and Sharp, 2008), the economic 
interdependence between agriculture and community well-being is most pronounced in rural areas. In this report, 
the term “rural” refers to less densely populated towns or landscapes in the United States. However, research-
ers and federal agencies have used the term in multiple ways to reflect different analytical or program goals 
(Cromartie and Bucholtz, 2008).
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have rapidly increased their share of total U.S. farm production value. A number of farm 
and rural advocacy organizations have decried the loss of independent, moderate-scale 
commercial family farms, which are viewed as important foundations for rural commu-
nity life, small business entrepreneurial innovation, and a wide range of “agrarian” values 
(Strange, 1988; Wirzba, 2003; Kirschenmann et al., 2008).

Social Concerns

Environmental degradation and the debate of food versus fuel represent two of many 
social concerns facing modern agriculture. Others concerns focus on social issues, includ-
ing labor justice and health, food quality and safety, animal welfare, and community 
well-being.

Labor Concerns

Hired farm workers contribute to maintaining high agricultural productivity by pro-
viding labor during critical periods of time (for example, harvest). Yet, they continue to 
be one of the most economically disadvantaged groups in the United States (USDA-ERS, 
2009d). In 2006, hired farm workers were paid an average of $9.87 per hour but that aver-
age includes wages of managers and supervisors. The median wage for nonsupervisory 
hired farm labor was $6.75 per hour, which is among the lowest wages paid for a typical 
unskilled occupation. Furthermore, many farm workers are only employed seasonally 
(USDA-ERS, 2009d).

The health and safety of farm workers and their families is another concern. Das et al. 
(2001) found pesticide-related illness is an important cause of acute morbidity among 
migrant farm workers in California. A few categories (organophosphates and carbamates, 
inorganic compounds, and pyrethroids) account for over half of the cases of acute illness. 
Studies have documented the presence of pesticide metabolites in children of farm workers 
because the pesticides were carried home by the workers on their clothes (Coronado et al., 
2004; Arcury et al., 2007). Some studies suggest that exposure to agricultural pesticides 
could result in cancers and dermatological, neurological, mental, and reproductive effects 
(Dich and Wiklund, 1998; Villarejo et al., 2000; Das et al., 2001; Pearce and McLean, 2005; 
Eskenazi et al., 2007).

Food Quality and Safety

A recent survey indicated that safety, nutrition, and taste are among the most impor-
tant food attributes to American consumers (Lusk and Briggeman, 2009). Halweil (2007) 

TABLE �-� Changing Size Structure of U.S. Farms, 1997–2007

Farm Sales Class

Percent of U.S. Farms Percent of U.S. Farm Sales

1997 2002 2007 Gain-Loss 1997 2002 2007 Gain-Loss

< $10,000 55.3 59.3 59.8 +4.5 1.7 1.4 0.9 –0.8
$10,000–$99,999 28.7 26.0 24.0 –4.8 11.3 9.8 6.2 –5.1
$100,000–$249,999 8.6 7.5 6.7 –1.9 15.1 12.7 8.1 –7.0
$250,000–$499,999 4.1 3.8 4.2 +0.1 15.8 14.2 11.2 –4.6
$500,000+ 3.2 3.3 5.3 +2.1 56.1 61.9 73.5 +17.4

SOURCE: U.S. Census of Agriculture, 2007 (USDA-NASS, 2009).
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suggested that modern plant breeding has been able to nearly triple the per-acre yield of 
grains, vegetables, and fruits, but that the increases in size and yield have diluted the crops’ 
nutritional quality and flavor. He reviewed published literature and suggested that the 
concentrations of essential minerals such as zinc and iron in fruits, grain, and vegetables 
have been declining over time. Other than Halweil’s metaanalysis, most studies on nutri-
tional quality and flavor of crops focus on the effect of cultivar (Koudela and Petkikova, 
2007, 2008) and farming practices (Magkos et al., 2003; Mäder et al., 2007) or storage and 
processing of produce on those qualities.

Pesticide residue in food is a concern of many consumers (Tucker et al., 2006), even 
though the Food and Drug Administration (FDA) has been monitoring pesticide residue 
in food since 1993. FDA concluded that levels of pesticide residues in the U.S. food supply 
are overwhelmingly in compliance with EPA’s permitted pesticide uses and tolerances 
(FDA, 2009). Given the level of compliance with respect to pesticide use, a more serious 
food safety concern appears to be food-borne illnesses. Mead et al. (1999) estimated that 
food-borne diseases cause approximately 76 million illnesses, 325,000 hospitalizations, and 
5,000 deaths in the United States each year. More than 200 known diseases are transmit-
ted through food and contamination of food-borne pathogens that can occur in various 
stages of production and processing (Oliver et al., 2009). Food safety begins with the soil, 
plant, or animal. Manure is a principal source of enteric pathogens on the farm (Doyle and 
 Erickson, 2008). Fecal contamination of crops and of animal products at harvest can spread 
pathogenic organisms to humans. Enteric pathogens from parent flocks of poultry can be 
transmitted to progeny (Methner et al., 1995; Cox et al., 2000), as in the case of eggs. There-
fore, food safety concerns need to be addressed in ways that consider not only postharvest 
handling and processing, but also how food is produced on the farm.

Food Security Concerns

Although the U.S. farm sector consistently produces vastly more crop and livestock 
products than required to meet the basic nutritional needs of U.S. citizens, a significant 
number of Americans still suffer from malnutrition or hunger each year. The USDA Eco-
nomic Research Service (ERS), for example, estimates that 11.1 percent of U.S. households 
(or 13 million households) are food insecure in that they do not have enough access to food 
at all times for an active healthy life for all household members (Nord et al., 2008). In addi-
tion, an estimated 833 million people in developing countries are considered food insecure 
(Shapouri et al., 2009).

While production of an adequate amount of food is a necessary prerequisite to solv-
ing food insecurity (by ensuring a sufficient supply of food products and by keeping the 
cost of food down), most scholars argue that other factors are important contributors to 
the problem. Specifically, many households lack sufficient income to afford to buy even 
low-priced foods. Although farm production cost affects the price of food, it is one of many 
components of food price in the market place. Some households live in so-called “food 
deserts” that do not have ready access to grocery stores or other sources of balanced, fresh, 
and nutritious food products. Setting up farmers’ markets in those neighborhoods could 
potentially alleviate that problem (IOM and NRC, 2009). Domestic and international food 
insecurity is also aggravated by volatility in farm commodity prices associated with climate 
variability, shifts in global market supply and demand conditions, and competition for 
agricultural commodities from the bioenergy sector.



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

A PIVOTAL TIME IN AGRICULTURE ��

Animal Welfare Concerns

Consumers’ concern about animal welfare is not a new phenomenon, but pressures 
from consumer groups and supply chain management companies have prompted in-
creased attention on animal health and welfare (Mitchell, 2001; Johnson, 2009). Concerns 
about animal welfare include animal housing, access to food and water, health (and disease 
management), and behavior (Keeling, 2005).There is an increasing awareness among con-
sumer groups about some animal-rearing practices (Petherick, 2007) and concerns among 
animal scientists of tradeoffs in animal health and welfare that are associated with alterna-
tive systems (Mench, 2008), such as in organic systems where antibiotic use is prohibited.

Community Well-Being

The idea that rural towns surrounded by small family farms provide the bedrock of 
strong democratic values and community life has been a powerful image in American 
culture (Wirzba, 2003). Similarly, as society has become less rural and agrarian, and as ag-
ricultural operations have increased in size and scale, there have been repeated concerns 
expressed about possible negative effects on the social and economic welfare of communi-
ties (Lobao and Meyer, 2001; Berry, 2004). Observers have linked the process of farm con-
solidation, increased specialization and mechanization, and growing vertical integration 
to the slow erosion of traditional rural community life and the decline of farm-dependent 
community economies. More recently, scholars have pointed to the consolidation of the 
larger agrifood system and the increased importance of vertical economic relationships 
(as opposed to horizontal linkages among local firms) as a source of some community 
problems.

Most empirical research on this topic has focused on comparing the social and economic 
linkages between large versus small farms and their surrounding communities. Lobao and 
Stofferahn (2008, p. 223) recently reviewed more than 50 empirical studies of the impact of 
industrialized farming systems on local communities. They note that socioeconomic impacts 
can reflect both direct effects “through the quantity of jobs produced and the earnings quality 
of those jobs; by the extent to which these farms purchase inputs and sell outputs locally” 
and indirect effects where the structure of the farm labor force and farm purchasing patterns 
can affect “total community employment, earnings, and income (for example, economic 
multiplier effects); the local poverty rate; and the level of income inequality.” They report 
that the majority of studies (57 percent) found negative effects of industrialized agriculture 
on community well-being, 25 percent found mixed impacts, and 18 percent found no sig-
nificant impacts.

Generally speaking, individual-level studies and regional models demonstrate that 
the net effect of farm size changes on local farm-related economic activity appears to de-
pend more on trends in the overall volume of farming activity (for example, total regional 
livestock inventories or acreages devoted to certain crops) than on the size distribution of 
farms per se. In addition, the direct and indirect economic impacts of farm input purchases 
from and sales to local businesses appear to generate less total aggregate economic activity 
than the total amount of net farm income among farm households (Dobbs and Cole, 1992). 
That evidence suggests that maintaining farm profitability is a critical link to ensuring 
that farm dollars circulate in the local economy. By contrast, in a study of dairy farms in 
Austria, Kirner and Kratochvil (2006) found that larger farms generated more net income 
per unpaid family work unit, but argued that smaller farms exhibited greater enterprise 
diversification and as a result generally contributed more to the regional economy. Despite 
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disputes about how to achieve strong community agricultural connections, there is a grow-
ing interest in finding ways to maintain a local and robust agricultural sector that has strong 
community ties.

Community Health and Quality of Life

Although some farming operations can improve the aesthetics of the landscape, oth-
ers such as large-scale confined animal feeding operations (CAFOs) can negatively affect 
the health and quality of life in nearby neighborhoods (Wing et al., 2008). Wing and Wolf 
(2000) found residents in the vicinity of hog operations in eastern North Carolina reported 
increased occurrences of headaches, runny nose, sore throat, excessive coughing, diarrhea, 
and burning eyes as compared to residents of the community with no intensive livestock 
operations. Quality of life, as indicated by the number of times residents could not open 
their windows or go outside even in nice weather, was similar in the control and the com-
munity in the vicinity of the cattle operation but greatly reduced among residents near the 
hog operation. Respiratory and mucous membrane effects were consistent with the results 
of studies of occupational exposures among swine confinement-house workers and previ-
ous findings for neighbors of intensive swine operations.

Horrigan et al. (2002) suggested that the proliferation of large-scale confinement animal 
agriculture creates environmental and public health concerns, including pollution from the 
high concentration of animal wastes and the extensive use of antibiotics, which may com-
promise their effectiveness in medical use. Using antibiotics to treat animals with clinical 
infections has undoubtedly contributed to improving the health and welfare of farm ani-
mals over the years. Therapeutic use of antibiotics reduces the economic losses endured by 
farmers as a result of animal sickness and death. Antibiotics have been used subtherapeuti-
cally to promote growth, improve feed efficiency, and reduce incidence of certain diseases 
(Doyle, 2001). The effect of antibiotics as a growth promoter of agricultural animals was 
discovered in 1940s (Castanon, 2007). FDA approved the use of certain antibiotics in animal 
feed in 1951. The antimicrobial drugs permitted for use in food animal production represent 
all major classes of clinically important drugs (Silbergeld et al., 2008).

The accumulation of antibiotic-resistant bacteria as a result of antibiotic use in agricul-
tural animals has been documented (Teuber, 2001). A preliminary study by Chander et al. 
(2008) showed that antibiotic-resistant bacteria are more prevalent in turkey farms that use 
antibiotics subtherapeutically compared to those that do not use antibiotics. The European 
Union withdrew approval for antibiotics as growth promoters in poultry feeds out of 
concern for development of antimicrobial resistance and about transference of antibiotic 
resistance genes from animal to human microbiota (Castanon, 2007).

SYSTEMS APPROACH TO IMPROVING THE SUSTAINABILITY OF AGRICULTURE

U.S. agriculture has been meeting the demands of higher production (Cassman and 
Liska, 2007), but with unintended costs as discussed above. At the same time, land-grant 
university research and farmer or practitioner experiences have improved the knowledge 
and understanding of how to improve yield and reduce agriculture’s impact on the envi-
ronment and resource use. The accumulated knowledge has led to actions being taken that 
suggest promising directions to pursue for enhanced sustainability in farming systems.

The research on the application of approaches that improve sustainability of agricul-
ture suggests that agriculture has the potential to meet the demand of food, feed, and fiber; 
reduce its environmental footprint; and address other social concerns such as animal wel-
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fare and labor justice, but gaps in understanding remain. For example, how the collective 
actions of a number of farms could improve sustainability on a landscape scale is not well 
studied. Filling those gaps of understanding will require innovative new approaches, in 
particular in the realms of complex systems science and management as applied to agro-
ecosystems, and a better understanding of economic and social outcomes of the farming 
approaches.

SUMMARY

U.S. agriculture has celebrated much success in the last 50 years as farmers continue to 
increase productivity on about the same acreage of farmland and increase energy efficiency 
in their production systems. However, agricultural sustainability is characterized by not 
only productivity and efficiency, but also by its impact on the environment and natural re-
source base, its economic vitality, and the quality of life of farmers and society as a whole. 
Although many farming practices, technologies, and approaches have improved one or two 
aspects of sustainability, they might have unintended negative effects on the other aspects 
of sustainability. As awareness on the importance of balancing the four sustainability goals 
increases, U.S. agriculture is at a pivotal point that can change the trajectory of farming 
toward improved sustainability by increasing understanding of the interactions and net 
impact of combinations of practices and approaches at the farm level and the collective 
actions of a number of farms on the landscape level.
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Improving Productivity and 
Environmental Sustainability 

in U.S. Farming Systems

T he widespread implementation of management practices that improve productiv-
ity and environmental sustainability, along with new environmental policies and 
regulations in the last 20 years, have been effective in reducing many detrimental 

effects of agriculture. Research aimed at understanding how these management practices 
and engineering approaches work continue to provide additional tools for progress toward 
the sustainability goals outlined in Chapter 1. This chapter briefly discusses some of the 
management approaches and practices that are relevant to productivity and environmental 
sustainability and have an impact on agriculture’s natural resource base (goals 1 and 2 in 
Chapter 1). Table 3-1 illustrates the relationships between the two sustainability goals and 
subgoals, management activities and specific practices that can be used to reach the goals, 
and a selection of potential indicators that are or could be used to assess progress toward 
specific goals.

Each section in this chapter discusses how specific practices can contribute to crop or 
livestock productivity and improve various aspects of environmental sustainability or en-
hance the quality of a resource. The extent to which the practices are adopted by farmers is 
discussed if data are available. However, a practice by itself might improve sustainability in 
relation to one goal but might have a negative effect on another; hence, the disadvantages 
of each practice are also discussed. A farm is a system that contains multiple interrelated 
elements, and the interrelationships between environmental conditions, management, and 
biological processes determine such outcomes as the environmental impact, efficiency, 
and resilience of the farm (Drinkwater, 2002). Some of the disadvantages of certain prac-
tices might be overcome if a complementary practice is used. In other words, the collec-
tive outcome of several agricultural practices would be different from simply adding the 
anticipated outcome of individual practices. Therefore, many in the scientific community 
have been adopting a “systems” approach, which emphasizes the connectivity and inter-
actions among components and processes and across multiple scales, to understand and 
harness complex processes. “Systems agriculture” is an approach to agricultural research, 
technology development, or extension that analyzes agriculture and its component farming 
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TABLE �-� An Illustration of Activities and Practices Used to Achieve Agroecological 
Sustainability Goals and of Indicators for Evaluating Sustainability

Agroecological 
Sustainability Goals Examples of Indicators Activity Examples of Practices

1.  Satisfy human food, 
fiber, feed, and fuel 
needs

 a.  Sustain adequate 
crop production

• Yield per unit area, 
yield per unit resource 
use (energy, water, and 
nutrients)

• Crop 
management

• Fertility, pest, and water 
management (see below for 
specifics). Plant breeding and 
genetic modification to improve 
yield and stress tolerance.

• Plant 
breeding

• Crops bred for increased 
resistance to biotic and abiotic 
stresses, enhanced nutrient use 
efficiency, and yield stability

 b.  Sustain adequate 
animal production

• Production per unit land, 
production per animal, 
production per unit 
resource use (energy, 
water, nutrients), mortality, 
duration of productive life, 
conversion of feedstuff to 
human edible products, 
animal health

• Animal 
husbandry

• Use of local feedstuffs, careful 
use of resources (labor, 
water, energy), breeding for 
increasing feed efficiency, 
animal health and welfare, herd 
health management (disease 
prevention), improved housing 
environments, judicious use of 
antibiotics, waste management, 
manure applications to field, 
and advanced treatment 
technologies for manure

2.  Maintain and enhance 
environmental quality 
and resource base

 a.  Maintain or 
improve soil quality

• Soil nutrient levels, 
nutrient use efficiency

• Soil-fertility 
management

• Fertilizer and organic 
amendment application, use of 
soil and tissue tests, nutrient 
budget calculations

• Soil organic matter 
content, microbial and 
macrofaunal populations 
and communities

• Organic-
matter 
management

• Conservation tillage, organic 
amendments, composts, green 
manure

• Soil physical structure such 
as bulk density, water-
holding capacity, aggregate 
stability, porosity, water 
infiltration rate

• Organic-
matter 
management

• Conservation tillage, organic 
amendments, compost, green 
manure

 b.  Maintain or 
improve water 
quality

• Fertility inputs, field or 
farm nutrient budget 
balances, nutrient, 
pesticide, and pathogen 
concentrations in water 
courses, leaching estimates, 
nutrient or water model 
outputs

• Soil-fertility 
management

• Use of nutrient budgets, use 
of slow release fertilizers and 
organic amendments, plant 
nutrient tissue tests, soil 
nutrient tests, manure disposal
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systems in a holistic way. Chapter 5 uses a few farming systems to illustrate how systems 
research is conducted and how the practices can work together to achieve multiple envi-
ronmental, economic, and social sustainability goals.

The following sections, however, focus on a series of activities that constitute crop and 
animal production, and highlight particular practices that are seen, or have the potential, 
to enhance sustainability. The emphasis is on developments that have occurred over the 
last 20 years.

SOIL MANAGEMENT

Management of soil to improve sustainability is a complex matter that requires a thor-
ough understanding of its physical, chemical, and biological attributes and their interac-
tions. Proper soil management is a key component of sustainable agricultural production 
practices as it produces crops and animals that are healthier and less susceptible to pests 
and diseases. It provides a number of important ecosystem services, such as reduced ni-
trogen runoff and better water-holding capacity (NRC, 1993). Mismanagement of soil can 
result in physical, chemical, and biological degradation (Lal, 2004b), as discussed in Chap-
ter 2. Soil management is critical to improving environmental sustainability of farming 
systems. Proper soil management practices aim to:

• Ground cover, USLEa, 
direct measures of nutrient, 
sediment and pesticide 
fluxes, area in cover crops 
or perennial vegetation, 
soil aggregate stability, 
water-holding capacity, 
porosity, water infiltration 
rate

• Crop-
vegetation 
management, 
nutrient 
management, 
and erosion 
and runoff 
control

• Plant cover crops, use of 
organic amendments, soil 
and tissue tests, conservation 
tillage, mulches, grass 
waterways, buffer strips, 
riparian vegetation, treatment 
wetlands

 c.  Conserve 
freshwater supply

• Crop water use efficiency, 
water consumption, 
ground water overdraft, 
pumping rates

• Irrigation 
management

• Drip irrigation, irrigation 
scheduling based on 
evapotransporation or soil 
moisture

 d.  Reduce pesticide 
use

• Pest populations, natural 
enemy populations, weed 
biomass, percent weed 
cover, vegetation diversity, 
presence of perennial 
habitat

• Management 
of pest 
complex

• Integrated pest management 
practices, biological and 
ecological approaches, soil 
organic matter management, 
crop breeding

 e.  Conserve 
and enhance 
biodiversity

• Biodiversity estimates (for 
example, number of plant 
species, number of species 
within selected animal 
groups, habitat diversity, 
landscape complexity, and 
connectivity)

• Habitat 
management

• In-field insectaries, hedgerows, 
riparian vegetation, habitat 
corridors, natural habitat 
fragments

 aUniversal soil loss equation.

TABLE �-� Continued
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• Maintain or build up soil organic matter.
• Improve soil structure by increasing soil aggregates. The soil aggregates would in 

turn enhance water-holding capacity of soil.
• Minimize erosion. Reduction in wind erosion would improve air quality. Reduc-

tion in water and tillage erosion would improve water quality by reducing sedi-
ment loading.

• Enhance soil microbial activities and diversity.
• Reduce soil-borne pathogens.

Conservation Tillage

One of the most important changes in U.S. agriculture in the last 20 years has been the 
movement away from conventional tillage to conservation tillage. Conventional tillage, 
such as moldboard plowing, results in considerable disturbance of the soil and breaks 
down its aggregate structure. Because aggregation reduces soil density and helps to main-
tain a balance of air and water in the soil, disturbance by tillage that breaks aggregates apart 
can result in soil compaction and reduced oxygen levels. Although conventional tillage 
contributes to weed and pest control, it also destroys habitats or disrupts the life cycle of 
some beneficial organisms (for example, earthworms and microorganisms) and reduces soil 
organic matter in the surface layer.

Increased soil erosion as a result of intensive tillage is long recognized (NRC, 1989). Till-
age erosion is the downslope displacement of soil through the action of tillage (Lindstrom, 
2006) and results in soil loss on hilltops and soil accumulation at the base of slopes. Because 
water erosion tends to be more important at the base of slopes than at hilltop positions, till-
age erosion tends to reinforce water erosion (Government of Manitoba, 2009) and thereby in-
creases sediment runoff and sediment loading into surrounding surface water. Phosphorus, 
herbicides, and other contaminants that absorb readily to soil particles move with sediment 
into surface water. Phosphorus from agricultural fertilizers enriches the receiving bodies of 
water and can cause large blooms of algae.

Conservation tillage is an agricultural practice that reduces soil erosion and water 
runoff, increases soil water retention, and reduces soil degradation. Conservation tillage, 
including ridge-till, mulch-till, and no-till practices, is any tillage and planting system that 
leaves 30 percent or more of the soil surface covered by crop residues after planting to re-
duce soil erosion by water. No-till leaves 50 to 100 percent of the soil surface covered from 
harvest to planting, depending on the crop residue, because it uses specifically designed 
seed planters or drills to penetrate all remaining surface residues (Huggins and Reganold, 
2008). Comparisons of conventional tillage practices to conservation tillage in corn, soy-
bean, and winter wheat found that systems that use conservation tillage tend to use more 
herbicides for each crop, but less insecticides (USDA-ERS, 2005).

Impact of Conservation Tillage

Physical Properties of Soil
Soil under no-till management has been shown to have a higher proportion of water 

stable aggregates (Karlen et al., 1994a; Abid and Lal, 2008), and the aggregates have larger 
geometric mean diameter and mean weight diameter compared to chisel-plowed soil (Abid 
and Lal, 2008). The large aggregates contain finer soil textures that assist in retaining more 
water than small aggregates. Arshad et al. (1999) compiled data collected from two sites 
in northern British Columbia to ascertain the long-term effects of conventional tillage and 
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no-till on soil components thought to be important in surface soil structural improvement. 
They observed that soil water retention was greater under no-till compared with conven-
tional till without dramatically altering bulk density because of redistribution of pore size 
classes into more small pores and less large pores.

No-till and other conservation tillage systems can work in a wide range of climates, 
soils, and geographic areas. Continuous no-till is also applicable to most crops, with the 
notable exceptions of wetland rice and root crops, such as potatoes. However, no-till crop 
production on fine-textured, poorly drained soils can be problematic and often results in 
decreased yields. Yields of no-till corn, for instance, are often reduced by 5 to 10 percent on 
those kinds of soils, compared with yields with conventional tillage, particularly in north-
ern regions. Because the crop residue blocks the sun’s rays from warming the earth to the 
same degree as occurs with conventional tillage, soil temperatures are colder in the spring, 
which can slow seed germination and curtail the early growth of warm-season crops, such 
as corn, in northern latitudes (Huggins and Reganold, 2008).

Soil Organic Matter
The amount of organic matter in soil subject to conventional tillage has been compared 

to soil subject to conservation tillage or no-till in different locations. Dell et al. (2008) quanti-
fied the impacts of no-till and rye (Secale cereale L.) cover crops on soil carbon and physical 
properties. They found that the no-till fields had 50 percent more carbon particulate and 
mineral-associated pools in the upper 5 cm compared to conventional tillage. The sizes of 
the carbon pools below 5 cm in the two fields were similar. The stability of the soil aggre-
gates is proportional to the carbon pool size. Another study by Motta et al. (2007) compared 
soil organic carbon at different depths of the soil in cotton fields subject to conventional till-
age and no-till. They found that the no-till fields had much higher particulate organic carbon 
within the top 3 cm. Some scientists have questioned if substantial soil carbon sequestration 
can be accomplished by changing from conventional plowing to conservation tillage. Baker 
et al. (2007b) argued that soils were sampled to a depth of 30 cm or less in essentially all 
cases where conservation tillage was found to sequester carbon. In the few studies where 
sampling extended deeper than 30 cm, conservation tillage has shown no consistent accrual 
of soil organic carbon. Instead conservation tillage showed a difference in the distribution 
of soil organic carbon, with higher concentrations near the surface in conservation tillage 
and higher concentrations in deeper layers under conventional tillage. Blanco-Canqui and 
Lal (2008) assessed the impacts of long-term no-till and plow-based cropping systems on 
soil carbon sequestration in the top 60 cm of soils across Kentucky, Ohio, and Pennsylvania. 
They found that no-till farming increased organic carbon concentrations in the upper layers 
of some soils, but it did not store more organic carbon than plowed soils for the whole soil 
profile. In fact, total soil profile organic carbon was significantly higher in plowed-based 
soils in a number of the areas sampled. In another study, Christopher et al. (2009) found 
that the soil organic carbon pool in the whole soil profile (0–60 cm) was never greater in 
no-till than conventionally tilled fields across 12 contrasting but representative soils in the 
Midwestern United States and was actually lower in the no-till soils in some areas.

Soil Microbial Activity and Diversity
Bacteria, fungi, and nematodes are important in maintaining the physical structure of 

soil. In a study of soil quality with data collected following a long-term tillage study on 
continuous corn, Karlen et al. (1994a) found that plots managed using no-till practices have 
higher microbial activity and earthworm populations. Motta et al. (2007) also found higher 
microbial biomass in no-till cotton fields compared to conventional-till ones.
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Soil Erosion
The greater the percentage of ground cover (residue or mulch), the lower is the soil 

loss ratio (Figure 3-1) due to water and wind. The soil loss ratio (SLR) is an estimate of the 
ratio of soil loss under actual conditions to losses experienced under the reference condition 
of clean-tilled continuous-fallow conditions (the reference condition). Leaving 30 percent 
of the soil surface covered with residue, as with conservation tillage, reduces erosion by 
half as compared with bare, fallow soil. Leaving 50 to 100 percent of the surface covered 
throughout the year, as no-till does, reduces soil erosion dramatically.

Montgomery (2007) looked at numerous studies on conventional (n = 448) and con-
servation (n = 47) agricultural systems and found an average net soil loss of 3.9 mm/yr 
under conventional agriculture and 0.12 under conservation agriculture that included 
conservation tillage, no-till methods, and terracing. Montgomery further examined 39 stud-
ies involving direct comparisons of soil erosion under conventional and no-till methods 
representing a wide variety of settings with different erosion rates and showed that no-till 
practices reduce soil erosion up to 1,000 times, enough to bring agricultural erosion rates 
into line with rates of soil production.

Sediment Loading and Water Quality
Agriculture is a major contributor to sediment pollution, primarily because of improper 

farming practices that increase soil erosion. Farming on steep slopes, excessive heavy till-
age, and lack of conservation practices are principal causes. A number of studies document 
the effectiveness of conservation or no-till on reducing sediment in runoff. Blevins et al. 
(1990) compared the contributions of no-till, chisel-plow tillage, and conventional tillage 
systems used in corn production to sediment losses and surface runoff on a Maury silt 
loam. Over a four-year period, they measured soil losses of 20, 0.71, and 0.55 Mg/ha from 
conventional, chisel-plow, and no-till systems, respectively. Amounts of nitrate (NO3

–), 
soluble phosphorus, and atrazine leaving the plots in surface runoff were greatest from con-
ventional tillage and about equal from chisel-plow and no-till. Chichester and Richardson 
(1992) compared the effect of no-till and conventional chisel-till soil management on runoff 

3-1.eps
bitmap

FIGURE �-� Soil loss ratio and percent ground cover.
SOURCE: McCarthy et al. (1993). Reprinted with permission from the University of Missouri 
Extension.
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water volumes, sediment loss, and nitrogen and phosphorus loss from small watersheds 
on a clay soil. They found that runoff volume was not changed by tillage system, but sedi-
ment loss and nitrogen and phosphorus losses in runoff were far less, on average, from 
no-till than from chisel-till. Average annual quantities for sediment and nutrient losses 
were: 160 kg/ha and 1575 kg/ha for sediment, 3.8 kg/ha and 8.1 kg/ha for nitrogen, and 
0.8 kg/ha and 1.5 kg/ha for phosphorus for no-till and chisel-till, respectively. Although 
erosion remains a significant problem in the United States, conservation and tillage changes 
have resulted in substantial improvements over the last 30 years. Soil erosion on cropland 
declined, as a result of changes in tillage practices and land retirement, from 3.1 billion tons 
per year in 1982 to 1.8 billion tons per year in 2001, while sheet and rill erosion dropped by 
almost 41 percent, and wind erosion dropped by 43 percent during the same time period 
(NRI, 2003).

Air Quality
With the advent of reduced and “zero” tillage in the past few decades made possible 

through the use of herbicides, releases of carbon dioxide (CO2), nitrous oxide (N2O), and 
particulate matter from agricultural soil have been reduced (Robertson et al., 2000; Madden 
et al., 2008). Reduced tillage reversed some of the soil carbon decline in surface soils. The 
impacts of tillage and different cropping systems on soil carbon (discussed earlier in this 
chapter) can be translated with reasonable accuracy into changes in CO2 flux over time. 
When CO2 flux is calculated and N2O and methane (CH4) fluxes are measured, the overall 
atmospheric impact of production systems can be assessed. Unfortunately, there are few 
production systems where such gaseous flux measurements have been done over a suf-
ficient time span. One of the best sources of data comes from the Long Term Ecological 
Research (LTER) sites funded by the National Science Foundation (NSF). The LTER data in 
Box 3-1 are presented not to represent overall U.S. agricultural fluxes, but rather to show 
comparisons for the predominant gases between natural and managed systems, and the 
contribution of key management practices. The net greenhouse-gas emissions from agri-
culture in the United States were estimated to be about 50 g of CO2 equivalent/m2 per year 
(West and Marland, 2002). That estimate is comparable to the data presented in Table 3-2 
in Box 3-1. A large database, several models for soil carbon accumulation, and ongoing re-
search at the Natural Resources Ecology Laboratory in Colorado are focusing on the carbon 
accumulation potential of soils under different management (Easter et al., 2007).

Data from other long-term organic comparisons in California, Wisconsin, and Penn-
sylvania give similar effects for carbon sequestration. Studies conducted on finer-textured 
soils (most other than the Michigan trial) show higher levels of carbon sequestration and 
hence could be expected to show greater global warming mitigation potential. None of 
those studies monitored greenhouse gas over the long term. The bottom line is that agricul-
tural systems can be designed and managed to compare favorably with natural ecosystems 
if moldboard plowing is eliminated in favor of either reduced or zero tillage.

Zero-till can also reduce emissions of particulate matter, especially if the practice is 
used with mulching or cover cropping. For example, in the dryland areas of wheat pro-
duction on the eastern side of the Cascades and in portions of the Great Plains, clean 
fallow for moisture conservation has long been practiced. The fallowing leads to occa-
sional high wind-blown soil erosion with increasingly unacceptable air quality problems 
(Sharratt and Lauer, 2006). New programs for crop rotation, weed and disease control, and 
reduced-till planting in the dryland wheat-growing area of eastern Washington are prom-
ising (Schillinger et al., 2007). Barley grown every other year seems to reduce rhizoctonia 
bare-patch area in wheat. Risk due to uncertain rainfall appears higher in crop rotation 
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than in the traditional wheat-summer fallow. Modified tillage implements that undercut 
the root zone have promise. Some farmers in the area used no-till planting with rotations 
with success. The results are not ready for widespread adoption; continued research is es-
sential. This research program appears to be a flagship program for low-rainfall cropping 
systems in the Pacific Northwest.

Energy Use
In 2006, no-till was practiced on 62.4 million acres of cropland in the United States and 

resulted in an annual savings of 243 million gallons of fuel for tillage (Table 3-3). The energy 
saving was estimated solely on the basis of reduced requirements for direct energy inputs 
for tillage. That estimate did not include the additional efficiencies gained from increased 
productivity as a result of increased soil quality as described above for enhancement of 
ecosystem services. When calculated for a 2100-acre Michigan corn–oats–soybean–wheat 
rotation farm, diesel fuel savings over conventional tillage would have been 28 percent for 
mulch-till, 27 percent for ridge-till, and 52 percent for no-till (USDA-NRCS, 2008a). In drier 
areas such as the western Corn Belt, returns are uncertain because of high variability in 

BOX �-� 
Tillage and Rotation Effects on Climate Change 

Greenhouse-Gas Emissions and Energy Use

	 The	Kellogg	Biological	Station	in	southwestern	Michigan	is	the	only	Long	Term	Ecological	Research	(LTER)	
site	devoted	 to	 agricultural	 systems	 comparisons.	 It	 includes	 comparisons	between	agricultural	 and	natural	
ecosystems	 in	various	 stages	of	disturbance,	making	 it	unique.	Greenhouse-gas	flux	measurements	provide	
comparative	data	for	agricultural	systems	and	natural	ecosystems	at	varying	maturity	stages	(Robertson	et	al.,	
2000).	Four	corn–wheat–soybean	rotations	were	replicated:	(1)	conventional	chemical	inputs	and	conventional	
(moldboard)	plowing,	(2)	conventional	inputs	and	zero	tillage,	(3)	reduced	chemical	inputs,	and	(4)	organic	with	
no	chemical	inputs.	Systems	3	and	4	included	a	winter	legume	cover	crop	following	the	corn	and	the	wheat	
portions	of	the	rotation.	The	trials	were	carried	out	on	a	silt	loam	soil	that	had	been	in	continuous	cultivation	
since	the	mid-1800s.	Data	are	from	the	first	eight	years	of	the	trial	from	1991	to	1999.
	 The	net	greenhouse	warming	potentials	 for	 the	 several	agricultural	 systems	and	 for	comparison	natural	
ecosystems	in	various	stages	of	maturity	are	shown	in	Table	3-2.	The	annual	crop	rotations	produced	surface	
soil	carbon	changes	consistent	with	those	of	other	long-term	trials	in	the	U.S.	corn	belt.	Conventional	tillage	
with	rotation	had	no	change,	indicating	the	long-term	soil	carbon	equilibrium	under	conventional	management	
with	moldboard	plowing	that	existed	at	the	start	of	the	experiment.	No-till	had	the	highest	added	carbon	in	
soil	and	had	negative	CO2	release	(–110	g/m2	per	year	of	CO2	equivalent).	The	low-input	and	organic	systems	
were	next.	Perennial	crops	(alfalfa	and	poplar)	had	significantly	higher	carbon	sequestration	than	annual	crops.	
Natural	communities	added	soil	carbon	depending	on	their	length	of	time	in	development.	The	early	succession	
treatment	was	kept	in	grasses	and	other	herbaceous	plants	by	annual	mowing.	That	treatment	was	thus	similar	
to	a	standard	set-aside	common	to	many	farms	enrolled	in	the	U.S.	Department	of	Agriculture	(USDA)	National	
Resource	Conservation	Service	(NRCS)	conservation	programs.	Such	treatment	has	large	carbon	sequestration	in	
the	early	decades	following	implementation,	and	therefore	a	significant	greenhouse	warming	mitigation	effect.	
Inputs	calculated	as	CO2	equivalents	differed	according	to	cropping	system.	Nitrogen	fixation	by	legumes	and	
from	denitrificaton	emits	N2O	as	a	byproduct.	It	was	roughly	the	same	for	the	annual	crop	systems	and	for	alfalfa	
in	those	systems.	The	biological	pathways	for	nitrogen	fixation	and	“leakage”	and	those	for	commercial	fertilizer	
bioconversion	differ,	but	the	net	effects	on	N2O	evolution	are	similar.	Denitrification	is	higher	when	soils	high	
in	nitrogen	experience	waterlogging,	producing	low	oxygen	levels	when	soil	temperatures	are	high.	In	LTER,	
the	systems	without	fertilizer	and	with	fewer	legumes	showed	lower	N2O	evolution.	All	systems	oxidized	CH4	
(removed	it	from	the	atmosphere),	with	the	natural	communities	oxidizing	slightly	more	than	the	commercial	
systems	because	of	the	canopy	composition.

TABLE �-� Relative Radiative Forcing Potential for Different Management Systems 
Based on Soil Carbon Sequestration, Agronomic Inputs, and Trace Gas Fluxesa

CO2 Equivalents of Change (g/m2 per year)b

Ecosystem Management Soil C
N  
fertilizer Lime Fuel N2O CH4

Net  Global 
Warming Period

Annual crops 
(corn–soybean–wheat rotation)c

 Conventional tillage 0 27 23 16 52 –4d 114
 No-till –110 27 34 12 56 –5 14
 Low input with legume cover –40 9 19 20 60 –5 63 
 Organic with legume cover –29 0 0 19 56 –5 41
Perennial crops
 Alfalfa –161 0 80 8 59 –6 –20
 Poplar –117 5 0 2 10 –5 –105
Successional communities
 Early successional –220 0 0 0 15 –6 –211
 Mid-successional (historically tilled) –32 0 0 0 16 –15 –31
 Mid-successional (never tilled) 0 0 0 0 18 –17 1
 Late-successional forest 0 0 0 0 21 –25 –4

 aData source: Robertson et al. (2000).
 bResults based on eight years of data (1991–1999), using IPCC (1996) conversion factors.
 cSix replications of each for annual and perennial crops. Successional communities were nearby on similar 
soil types. Conventional and no-till treatments had full herbicide and fertilizer use. Low-input treatment 
used banded herbicides at low rates and low levels of nitrogen. Organic treatment had occasional lime input 
only, but no herbicides or fertilizer.
 dNegative values represent a net CO2 equivalent uptake, or a net reduction in greenhouse gases and a 
reduction in atmospheric radiative forcing.

Comparison	of	net	effect	on	greenhouse-gas	emissions	showed	that	no-till	had	the	least	greenhouse-gas	impact	
among	the	annual	cropping	systems.	Conventional	tillage	and	chemical	use	had	the	highest	greenhouse-gas	
emission	impact.	The	low-input	system	had	lower	greenhouse-gas	impact	than	conventional	tillage,	but	its	yields	
were	lower.	The	organic	system	had	yields	close	to	those	of	zero-till,	followed	by	low	input.	Perennial	systems	
and	early	succession	communities	had	the	most	positive	effects	on	reducing	greenhouse-gas	emissions.
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rainfall. The accounting of long-term effects, including impact of increased surface organic 
matter and changed fertilizer requirements during the transition period, complicates total 
energy balance considerably. In U.S. studies, outputs are most often calculated as energy 
content of the harvested product. That measure of output complicates comparisons because 

BOX �-� 
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	 The	net	greenhouse	warming	potentials	 for	 the	 several	agricultural	 systems	and	 for	comparison	natural	
ecosystems	in	various	stages	of	maturity	are	shown	in	Table	3-2.	The	annual	crop	rotations	produced	surface	
soil	carbon	changes	consistent	with	those	of	other	long-term	trials	in	the	U.S.	corn	belt.	Conventional	tillage	
with	rotation	had	no	change,	indicating	the	long-term	soil	carbon	equilibrium	under	conventional	management	
with	moldboard	plowing	that	existed	at	the	start	of	the	experiment.	No-till	had	the	highest	added	carbon	in	
soil	and	had	negative	CO2	release	(–110	g/m2	per	year	of	CO2	equivalent).	The	low-input	and	organic	systems	
were	next.	Perennial	crops	(alfalfa	and	poplar)	had	significantly	higher	carbon	sequestration	than	annual	crops.	
Natural	communities	added	soil	carbon	depending	on	their	length	of	time	in	development.	The	early	succession	
treatment	was	kept	in	grasses	and	other	herbaceous	plants	by	annual	mowing.	That	treatment	was	thus	similar	
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Resource	Conservation	Service	(NRCS)	conservation	programs.	Such	treatment	has	large	carbon	sequestration	in	
the	early	decades	following	implementation,	and	therefore	a	significant	greenhouse	warming	mitigation	effect.	
Inputs	calculated	as	CO2	equivalents	differed	according	to	cropping	system.	Nitrogen	fixation	by	legumes	and	
from	denitrificaton	emits	N2O	as	a	byproduct.	It	was	roughly	the	same	for	the	annual	crop	systems	and	for	alfalfa	
in	those	systems.	The	biological	pathways	for	nitrogen	fixation	and	“leakage”	and	those	for	commercial	fertilizer	
bioconversion	differ,	but	the	net	effects	on	N2O	evolution	are	similar.	Denitrification	is	higher	when	soils	high	
in	nitrogen	experience	waterlogging,	producing	low	oxygen	levels	when	soil	temperatures	are	high.	In	LTER,	
the	systems	without	fertilizer	and	with	fewer	legumes	showed	lower	N2O	evolution.	All	systems	oxidized	CH4	
(removed	it	from	the	atmosphere),	with	the	natural	communities	oxidizing	slightly	more	than	the	commercial	
systems	because	of	the	canopy	composition.

TABLE �-� Relative Radiative Forcing Potential for Different Management Systems 
Based on Soil Carbon Sequestration, Agronomic Inputs, and Trace Gas Fluxesa

CO2 Equivalents of Change (g/m2 per year)b

Ecosystem Management Soil C
N  
fertilizer Lime Fuel N2O CH4

Net  Global 
Warming Period

Annual crops 
(corn–soybean–wheat rotation)c

 Conventional tillage 0 27 23 16 52 –4d 114
 No-till –110 27 34 12 56 –5 14
 Low input with legume cover –40 9 19 20 60 –5 63 
 Organic with legume cover –29 0 0 19 56 –5 41
Perennial crops
 Alfalfa –161 0 80 8 59 –6 –20
 Poplar –117 5 0 2 10 –5 –105
Successional communities
 Early successional –220 0 0 0 15 –6 –211
 Mid-successional (historically tilled) –32 0 0 0 16 –15 –31
 Mid-successional (never tilled) 0 0 0 0 18 –17 1
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 aData source: Robertson et al. (2000).
 bResults based on eight years of data (1991–1999), using IPCC (1996) conversion factors.
 cSix replications of each for annual and perennial crops. Successional communities were nearby on similar 
soil types. Conventional and no-till treatments had full herbicide and fertilizer use. Low-input treatment 
used banded herbicides at low rates and low levels of nitrogen. Organic treatment had occasional lime input 
only, but no herbicides or fertilizer.
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Comparison	of	net	effect	on	greenhouse-gas	emissions	showed	that	no-till	had	the	least	greenhouse-gas	impact	
among	the	annual	cropping	systems.	Conventional	tillage	and	chemical	use	had	the	highest	greenhouse-gas	
emission	impact.	The	low-input	system	had	lower	greenhouse-gas	impact	than	conventional	tillage,	but	its	yields	
were	lower.	The	organic	system	had	yields	close	to	those	of	zero-till,	followed	by	low	input.	Perennial	systems	
and	early	succession	communities	had	the	most	positive	effects	on	reducing	greenhouse-gas	emissions.

TABLE �-� Energy Savings and Production Potential from Conservation Practices and 
Measures in the United States

Conservation 
Practice

Conservation 
Measurement

Resource Savings
Energy Costs 
Reduction

On-farm (per acre) Total Million $

Crop residue 
management

62.4 million acres of 
no-till (CTIC)

$11.70 243 million gallons 730

Conversion of additional 
50 million acres to no-till

$11.70 195 million gallons 585

SOURCE: USDA-NRCS (2006).
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different crops in the rotation produce considerably different energy amounts, and their 
relative yields change dramatically over years; hence, long-term studies are needed for 
meaningful comparisons, which partly explains the paucity of such comparisons.

Disadvantages of Conservation Tillage

Potential problems with conservation tillage include weed control, soil crusting and 
compaction, flooding or poor drainage, delays in planting because fields are too wet or 
too cold, carryover of diseases or pests in crop residue, fewer options to work fertilizers 
and pesticides into the soil, new machinery requirements, increased risk of shifting weed 
populations that are resistant to specific herbicides, and the need for above-average farm 
management skills (Peigne et al., 2007; Huggins and Reganold, 2008). Because conserva-
tion tillage increases the size and prevalence of macropores in soil, there has been concern 
about increased leaching of pesticides to ground water in particular during heavy rainfall 
(Shipitalo et al., 2000). In some cases, tillage residues such as rye can have allelopathic 
effects on seed germination in other crops, especially when seeds are planted directly 
into recently killed rye residues or some mow-killed mulches (Mitchell et al., 2000). High 
carbon-to-nitrogen ratios in crop residues can also cause problems such as reduced nitrogen 
availability (Gebhardt et al., 1985; Troeh and Thompson, 2005; Baker et al., 2007).

Some of the problems mentioned above might be more prevalent in vegetable produc-
tion systems than in field crops. Successful vegetable production with conservation tillage 
depends on careful crop selection. Crops that germinate quickly and grow rapidly in the 
first few weeks after planting are more competitive with weeds than crops that initially 
grow slowly. Cool-season vegetables perform better in spring no-till plantings than warm-
season crops (Hoyt and Konsler, 1988). The availability of specialized equipment for plant-
ing horticultural crops in no-till systems can be a limitation, but large-seeded vegetables 
such as sweet corn, snap beans, and squash have been successfully planted with no-till 
planters designed for field corn or soybean, and no-till planters for planting cabbage, broc-
coli, and other vegetable transplants in no-till soils have been developed (Hoyt, 1999; Peet, 
2008).

The impact of reduced tillage and no-till on rates of chemical use and on nutrient 
leaching has been mixed because it depends on whether herbicide and pesticide uses are 
increased as a result of reduced tillage and how nutrients and agricultural chemicals are 
applied (Lal, 1991; Daverede et al., 2003). There is, however, evidence that pesticide leach-
ing and NO3

– in drainage water is higher under no-till conditions because of movement 
through intact macropores (Isensee and Sadeghi, 1996; Stoddard et al., 2005). In addition, 
higher average concentration and load of soluble phosphorus have been found in runoff 
water of no-till systems compared to other tillage systems (McIsaac et al., 1995). Moldboard 
plowing has been shown to reduce nitrogen and phosphorus runoff by redistributing the 
nutrients into the soil profile (Gilley et al., 2007). Similarly, Garcia et al. (2007) and Quinke 
et al. (2007) proposed and demonstrated a promising strategy of tilling one-time only with 
a moldboard plow to reduce phosphorus in runoff, followed by no-till management. They 
observed a significant reduction in soluble phosphorus accumulation in runoff with no 
negative effects on soil quality or crop yield. Further research is needed on management of 
no-till systems to reduce negative water quality effects.

In organic farming systems, reduced tillage raises specific challenges because the use 
of herbicides to kill the preceding crop is prohibited. Nonetheless, the sparse research on 
reduced tillage methods (strip till, ridge till, or shallow tillage) has shown promising results 
(Schonbeck, 2009). The choice of crop rotation, cover crop, and cover crop management is 
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critical. Winter-hardy cover crops that are amenable to no-till, no-herbicide management 
can be killed by mowing or rolling in early summer. Non-winter-hardy crops planted two 
to three months prior to the anticipated frost-kill date can be used to form in situ mulch 
and suppress winter and early spring weeds. Even with the use of managed cover crops, 
continuous no-till does not yet appear feasible under organic systems and more research is 
needed in this area. A high standard of management is required to successfully implement 
conservation tillage practices in organic systems, and the practices need to be tailored to 
local soil and site conditions (Kuepper, 2001; Peigne et al., 2007).

Adoption of Conservation Tillage

The passage of the Food Security Act by Congress in 1985 tied soil conservation prac-
tices to farmer eligibility for government-sponsored crop deficiency payments, crop loans, 
storage payments, federal crop insurance, and disaster payments. The overall purpose of 
the act was to remove incentives to produce crops on highly erodible land, and the program 
affected more than 125 million acres nationwide. In 1990, 26 percent of planted crop acre-
age was under conservation tillage practices; that number rose to 41 percent in 2004 (CTIC, 
2004). Among the conservation tillage practices, no-till has been used on an increasing 
proportion of land (from 17 million acres in 1990 to 61 million acres in 2004; Figure 3-2).

Although weed control with conventional herbicides was successfully used on millions 
of acres of no-till (Derksen et al., 2002) before genetically engineered (GE) crop varieties 
with herbicide tolerance (HT) were introduced, GE corn, soybean, and crop varieties with 
HT might have further encouraged the adoption of conservation tillage practices, because 

3-2.eps
bitmap

FIGURE �-� Area of cropland in the United States managed by different tillage systems from 1990 
to 2004.
SOURCE: USDA-ERS (Sandretto and Payne, 2006).
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they allow farmers to replace cultivation and tillage with chemical means of controlling 
weeds on those major crops. USDA survey data in 1997 showed that 60 percent of the acre-
age planted with HT soybean was under conservation tillage compared to about 40 percent 
of conventional soybean. By 2008, HT soybean varieties occupied more than 92 percent of 
the U.S. soybean acreage, HT cotton was grown on 68 percent of the total acreage, and HT 
corn on 63 percent of the acreage (USDA-ERS, 2009). However, HT crops are not a prerequi-
site for successful herbicidal weed control in conservation tillage because many farmers still 
grow non-GE crops successfully with conventional herbicides. Such practices as mulching, 
cover cropping, and crimping or rolling crop residues also can be used with conservation 
tillage to suppress weeds.

Cover Cropping

Cover cropping is the practice of using vegetative crops, such as clover or vetch, to 
prevent soil erosion, control weeds, and provide nitrogen to a subsequent crop. Cover 
crops grown in rotation between cash crops provide ground cover to protect the soil. They 
can also be used to provide other services, notably by being tilled into the soil to maintain 
soil organic matter and provide nutrients to subsequent crops (green manures) or being 
used to trap excess nutrients in the soil profile following harvest of the primary crop to 
prevent leaching losses (catch crops). Perennial cover crops can be used as ground covers 
in orchards.

Impact of Cover Cropping

Productivity
The impact of cover crops on yields can be difficult to quantify, but some studies have 

shown increased yields in cash crops when they are planted after certain cover crops. 
 Sweeney and Moyer (1994) found that when hairy vetch or red clover were grown and then 
used as green manure, the yield of the sorghum crops in the eastern Great Plains immedi-
ately after was 79 to 131 percent higher compared to continuous grain sorghum. Summer 
cover crops have been shown to produce higher yields of conventionally grown and or-
ganically grown lettuce (Ngouajio et al., 2003) and of okra (Wang et al., 2006) compared to 
 fallow. Preliminary results from a decade-long study in south central Colorado on cover 
crops and crop rotations show that the yield and quality of potatoes are 12 to 30 percent 
higher if they were planted after sudangrass was grown and plowed in as green manure, 
than if they were planted after wet fallow of the plot (Delgado et al., 2008). The ability of 
cover crops to replace or reduce the amount of chemical nitrogen fertilizer needed when 
used in combination has also been well established (Kramer et al., 2002; Cherr et al., 2006).

Soil Quality
Cover crops reduce soil erosion by wind and water, and therefore decrease particulate 

matter in the air and sediment runoff into surface water (Langdale et al., 1991). Cover crops 
also add to the soil organic matter pool (Sullivan, 2004). In turn, organic matter has a pro-
found impact on soil quality as it enhances soil structure and fertility, increases water infil-
tration and storage, prevents surface crusting of the soil (Roberson et al., 1995), reduces the 
loss of nutrients and sediment in surface runoff, and reduces leaching losses of nutrients, es-
pecially nitrogen (Brady and Weil, 2008; Plaster, 2009). Decayed root channels of cover crops 
alleviate soil compaction problems. Williams and Weil (2004) found that soybean yields 
responded the most to the preceding cover crop at the test site that was most affected by 
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drought and soil compaction, suggesting that the soybean plants used existing root chan-
nels to access subsoil water. Cover cropping has also been found to enhance soil microbial 
numbers and enzyme activities (Mullen et al., 1998; Steenwerth and Belina, 2008).

Water Quality
Cover crops increase soil biomass and therefore transpire more water, allow more rain-

fall to infiltrate into the soil, and decrease runoff and potential erosion to a greater extent 
than fallow (Dabney, 1998). Beyond taking up nutrients, cover crops also improve water 
quality by reducing erosion by protecting aggregates from the impacts of raindrops, reduc-
ing soil detachment and aggregate breakdown (Dabney et al., 2001).

Winter cover crops can reduce water flows, nitrate concentrations, and total nitrate 
load, particularly under some surface runoff or tile drainage landscapes. The effectiveness 
of cover crops in improving water quality varies with the growth of the cover crop, climatic 
conditions, and management of the main crop. More growth of the cover crop will result 
in greater reductions in nitrate leaching, but the growth of the cover crop can be limited 
by cold temperatures, water stress, nutrient availability, and delays in establishment. The 
lack of precipitation and soil freezing can greatly reduce NO3

– leaching losses and thus re-
duce the impact of the cover crop. Reducing nitrogen fertilizer rates and applying nitrogen 
fertilizer closer to the time of crop uptake will also reduce losses from NO3

– leaching and 
the impact of the cover crop (Kasper et al., 2008). Reductions in NO3

– loadings because of 
rye or ryegrass cover crops range from 13 percent in Minnesota (Strock et al., 2004) to 94 
percent in Kentucky (McCracken et al., 1994). Wyland et al. (1996) found that nitrate leach-
ing was reduced by 65 to 70 percent in a broccoli system with a cover crop compared to 
a fallow rotation. In a meta-analysis of cover crop studies, Tonitto et al. (2006) found that 
over-wintering nonlegume and legume cover crops generally reduced nitrate leaching 
when compared to fallow fields.

Sharpley and Smith (1991) summarized research on the effect of cover crops on total 
phosphorus losses and found that reductions ranged from 54 (Yoo, 1988) to 94 percent 
(Pesant, 1987). They pointed out that the effects of cover crops on soluble phosphorus in 
runoff were variable and did not always result in reductions. Soluble phosphorus can be 
lost in runoff flowing over plant residues. However, some plant water use and infiltration 
can be expected, which would likely reduce the volume of runoff (Kasper et al., 2008).

Water Use
Cover crops can reduce evaporation from the soil surface. Baker et al. (2007) found 

that the introduction of a rye cover crop in a corn–soybean rotation in Minnesota lowered 
evaporation from soil because the rye and its straw residue reflected sunlight. A two-year 
corn–soybean rotation with a rye cover crop increased water use efficiency by nearly 35 
percent compared to a traditional corn–soybean rotation (Baker et al., 2007). Winter cover 
crops can improve rainfall infiltration and enhance water storage in areas where rainfall 
occurs mostly in winter as short periods of heavy rain, such as the Sacramento Valley in 
California (Joyce et al., 2002). Cover crops are more suitable for humid and subhumid re-
gions where precipitation is more reliable than for semiarid regions where precipitation is 
limited (Unger and Vigil, 1998).

Nutrient Management
Cover crops help support soil microbial communities, which break down organic mat-

ter and make nutrients available to subsequent crops. However, cover crop roots also 
increase nutrient accessibility. First, leguminous crops fix nitrogen through a symbiotic 
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relationship with bacteria that live in root nodules. The bacteria convert nitrogen into am-
monium (NH4

+), which is accessible to the plants. Annual cover crops are generally seeded 
in the fall or winter and die at the end of the season. They are mowed several times during 
the growing season to add biomass, and hence nutrients, to the soil. At the end of the grow-
ing season, they can be plowed into the soil and used as green manure (Sullivan, 2003). If 
legumes are used in biodiverse rotations, they can provide at least a portion of nitrogen 
needs and, with longer rotations, all of the needs. With high nitrogen availability to the crop 
as needed for high yields, N2O emissions appear inevitable (Dusenbury et al., 2008).

Weeds, Insects, and Diseases
Cover crops can suppress weeds by creating an environment too shady for weeds or by 

allelopathy1 (Teasdale, 1998), provide habitats for beneficial insects and pests (Costello and 
Daane, 1998), and suppress diseases (Griffin et al., 2009). Those impacts will be discussed in 
detail in a later section of this chapter on weeds, pests, and disease management in crops.

Disadvantages of Cover Cropping

To include cover crops in a rotation, the growing season has to be long enough to es-
tablish both the main crop and cover crop for the rest of the year (Lu et al., 2000). The cover 
crops have to be selected carefully for several reasons. First, cover crops might use more 
water than cash crops in low-precipitation areas. Second, their common pests could affect 
the main and field crops (Lu et al., 2000). Third, if they are not managed properly, they could 
increase NO3

– leaching (Moller et al., 2008). For cover crops used as green manure, the risk 
of NO3

– leaching is much higher if the cover crops are plowed under in autumn than in 
winter (Moller et al., 2008) because of the effect of temperature on nitrogen mineralization. 
When used as a nitrogen source, the timing of nitrogen release from the cover crop can be 
difficult to predict, as it depends on weather conditions, the carbon-to-nitrogen ratio of the 
cover crop, and soil microbial activity. Furthermore, different legume species fix nitrogen 
at various levels, and nitrogen fixation is also dependent upon environmental conditions 
and soil microbial activity (Luna, 1998; Sullivan, 2003).

Cover crops can also improve pests’ survival (Bugg and Waddington, 1994; Connell and 
Vossen, 2007). Studies have found mixed results as to whether cover crops reduce, increase, 
or have no effects on pest populations (Hanna et al., 2003; Hooks and Johnson, 2004; Wyland 
et al., 1996). Rothrock et al. (1995) found higher bacterial and fungal populations in a crop-
ping system that includes hairy vetch than in one that includes winter fallow, but they did 
not observe significant differences in other cover crop treatments. The precise effect of cover 
crops on beneficial insect and pest complexes and on soil-borne diseases is likely to depend 
on several factors, including the composition of cover crops, the prevalence and types of 
pests and pathogens at the location, temperature, irrigation management, and tillage.

Adoption of Cover Cropping

Despite their benefits on soil and water quality, cover crops are not widely planted. The 
USDA Economic Research Service (ERS) has data on crop area with winter cover crops in 

1 Allelopathy broadly defined is the inhibition of one species by chemicals produced by another species. Ex-
amples of allelopathy or presumed allelopathy cited in this report pertain to the inhibition of one species of plant 
by chemicals produced by another species of plant or its residue. Allelopathy has also been a default diagnosis 
for injury to crops sometimes observed with crop residues and for the suppression of weeds with cover crops 
and green manures, whether or not a putative allelochemical is identified and shown to cause the crop injury or 
weed suppression.
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1997 (Figure 3-3). Less than 10 percent of corn, soybean, cotton, and potato acreage include 
cover crops in the rotation (Padgitt et al., 2000). A more recent study examined whether 
cover crops were used in the U.S. Corn Belt by surveying 3,500 farmers in Illinois, Indiana, 
Iowa, and Minnesota (Singer et al., 2007). Although 96 percent of the farmers surveyed 
believe that cover crops are effective in controlling soil erosion and increasing soil organic 
matter, only 18 percent of the farmers surveyed have used cover crops. The low rate of 
adoption of cover cropping partly is due to the seeding costs, as discussed in Chapter 4, and 
the complexity of management (Cherr et al., 2006). About 56 percent of the respondents said 
that they would plant cover crops if cost-sharing were available (Singer et al., 2007).

CROP AND VEGETATION DIVERSITY MANAGEMENT

Crop diversity (that is, diversifying the types of crops grown and including differ-
ent genetic varieties) is a method of managing risk on farms. Diversity on the farm can 
also be accomplished by integrating crop with livestock, a system discussed in Chapter 5. 
Numerous studies have documented the effect of crop diversity to reduce crop pest and 
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FIGURE �-� Crop area in the United States that was planted with winter cover crops in 1997.
SOURCE: USDA-ERS (Padgitt et al., 2000).
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diseases, maintain soil fertility, and enhance water use (Power, 1990; Matson et al., 1997). 
However, the effects of diversity can be variable (Andow, 1991) depending on the kind of 
diversity present and the functional diversity (Moonen and Barberi, 2008; Shennan, 2008). 
Nonetheless, high levels of crop diversity continue to be the primary means of controlling 
risk in many subsistence farming systems throughout the world (Rhoades and Nazarea, 
1999). Practices such as rotating crops, preserving genetic variety, planting crops together, 
incorporating cover crops, and managing noncropped land properly could increase the 
robustness and resilience of farming systems against the unpredictability of pest problems 
and against varying market conditions.

One of the premises of sustainable agriculture is that the tradeoff between higher 
productivity and loss of biodiversity is not inevitable (NRC, 1992; Thrupp, 1997). Increas-
ing crop diversity has the potential to improve sustainability by achieving the following 
objectives (Box 3-2):

BOX �-� 
Agrobiodiversity and Its Relevance to Agricultural Sustainability

	 Biodiversity	consists	of	genes,	species,	populations,	and	landscapes,	along	with	the	composition,	structures,	
functions,	and	 interactions	 that	occur	at	each	 level	of	 the	ecosystem	 (Noss,	1990).	Agricultural	biodiversity,	
commonly	known	as	agrobiodiversity,	“encompasses	the	variety	and	variability	of	animals,	plants	and	micro-
organisms	which	are	necessary	to	sustain	key	functions	of	the	agroecosystem,	its	structure	and	processes	for,	
and	in	support	of,	food	production	and	food	security”(FAO,	1999).
	 Agrobiodiversity	 includes	 genetic	 resources,	 as	 well	 as	 domesticated	 and	 nondomesticated	 species	 and	
populations	(within	or	outside	of	farming	systems)	that	support	food	provision,	including	soil	microorganisms,	
pollinators,	and	aquatic	organisms.	In	addition	to	providing	valuable	crops	and	livestock	species,	biodiversity	in	
agricultural	systems	performs	many	ecological	services,	including	recycling	of	nutrients,	pollination,	manage-
ment	of	organisms	that	are	undesirable	for	agriculture,	regulation	of	the	local	hydrological	cycle	and	microcli-
mate,	and	storage	of	carbon	(Altieri,	1990;	Thrupp,	1998).
	 The	roles	of	biodiversity	in	agriculture	can	be	defined	in	several	ways,	including:	a)	the	utilitarian	value	
(direct	 use)	 of	 components	 of	 biodiversity,	 such	 as	 medicinal	 values	 from	 particular	 species;	 b)	 functional	
values	which	biodiversity	provides	to	support	 life	and	protect	ecological	 integrity;	c)	serendepic or	“option”	
value,	which	is	the	potential	future	value	from	particular	species	or	genes	for	future	generations;	and	d)	the	
intrinsic	value,	which	refers	to	cultural	or	aesthetic	benefits	(Swift	et	al.,	2004).	The	functional values	from	
agrobiodiversity	services	include	formation	of	soil	organic	matter,	nutrient	cycling,	useful	watershed	functions	
(for	example,	trapping	sediment	and	mitigating	runoff),	and	mitigation	of	pests	and	diseases—which	are	often	
known	as	ecosystem	services.	(See	also	Chapter	4	of	this	report	for	additional	information	on	the	valuation	of	
ecosystem	services.)
	 Although	biodiversity	in	farming	systems	is	increasingly	recognized	as	a	fundamental	basis	of	sustained	ag-
ricultural	production	and	food	security,	biodiversity	has	been	seriously	eroded	through	the	expansion	of	mono-
cultural	agriculture	production	systems	and	intensive	use	of	agrochemicals,	and	other	conventional	patterns	of	
agricultural	development	in	many	parts	of	the	world.	Commodity	policies	supporting	monocultural	production	
systems	are	among	factors	that	have	contributed	to	such	losses	internationally	(Darymple,	1986;	NRC,	1993;	
Thrupp,	1998).	The	decline	of	diversity	of	genetic	resources,	crop	varieties,	beneficial	insects	(including	pollina-
tors),	soil	and	aquatic	organisms,	and	other	elements	of	biodiversity	can	seriously	hinder	sustainable	production	
and	can	lead	to	irreversible	biological	losses	(UNDP,	1995;	FAO,	1996).
	 However,	there	is	ample	evidence	to	show	multiple	benefits	of	integrating,	conserving,	and	enhancing	biodi-
versity	in	agriculture	at	various	levels	and	in	a	range	of	farming	systems.	The	conservation	of	biodiversity	is	now	
recognized	by	scientists	and	practitioners	as	an	important	element	of	sustainable	agriculture	(UNDP,	1995;	FAO,	
1996).	Numerous	scientific	studies	and	practical	experiences	have	shown	that	biological	diversity	contributes	to	
the	resilience	and	stability	of	farming	systems	(UNDP,	1995;	FAO,	1999;	Swift	et	al.,	2004).
	 More	specifically,	for	example,	recent	studies	reveal	that	soil	biodiversity	has	a	significant	role	in	relation	to	soil	

health	in	agriculture.	Each	gram	of	soil	can	contain	thousands	or	even	millions	of	diverse	microscopic	organisms	
(Torsvik	et	al.,1994.)	Although	not	generally	visible	to	the	human	eye,	“soil	is	one	of	the	most	diverse	habitats	
on	earth	and	contains	one	of	the	most	diverse	assemblages	of	living	organisms”	(Giller	et	al.,	1997).	Soil	organ-
isms	incorporate	plant	and	animal	residues	and	wastes	into	the	soil	and	digest	them	to	create	soil	humus—the	
organic	constituent	that	is	important	to	good	physical	and	chemical	soil	conditions,	and	they	recycle	carbon	and	
mineral	nutrients.	The	activities	of	soil	organisms	interact	in	a	complex	food	web;	the	diverse	soil	organisms	and	
their	functions	are	valuable	to	both	human	societies	and	ecosystems	(FAO,	2003).	Although	researchers	have	
increased	their	knowledge	about	soil	biodiversity	and	microbiology	in	farming	systems,	scientific	understanding	
of	the	role	of	biodiversity	in	soil	is	still	somewhat	limited.	Research	has	been	constrained	because	of	the	tremen-
dous	diversity	of	soil	organisms	and	by	technical	challenges.	Yet,	there	appears	to	be	great	potential	in	this	field	
for	gaining	insight	for	sustainable	farming	systems.
	 The	following	list	contains	examples	of	successful	management	practices	that	conserve	or	enhance	agrobio-
diversity	at	different	levels	and	also	have	documented	benefits	towards	increasing	sustainability	in	many	farming	
systems.	Other	examples	illustrating	the	roles	of	biodiversity	(at	different	levels)	are	mentioned	within	this	chapter	
and	in	the	case	studies	(Chapter	7)	of	this	report.

•	 Crop	Diversification	Approaches
	 	 Temporal	(crop	rotation)
	 	 Spatial	(polycultures,	agroforestry,	crop-livestock	systems)
	 	 Genetic	(multiple	varieties	within	a	farm)
•	 Recycling	and	Conservation	of	Soil	Nutrients
	 	 Incorporating	plant	biomass	(green	manures,	crop	residues,	mulches)
	 	 Reuse	of	nutrients	and	resources	internal	and	external	to	farm	(for	example,	tree	litter)
	 	 Integration	of	diverse	plants	or	organisms	(for	example,	legume	cover	crops)
	 	 Strips	of	vegetation	to	prevent	soil	erosion
•	 Ecologically	Based	Integrated	Pest	Management
	 	 	Natural	biocontrol	(conserving	or	enhancing	natural	control	agents	by	eliminating	broad-spectrum	pes-

ticides,	by	planting	or	conserving	habitat	that	harbor	beneficials,	or	by	intercropping)
	 	 Introduction	of	imported	biological	control	(augmentation)
	 	 Enhancing	habitats	and	species	in	habitat	surrounding	and	in	farms
	 	 Diverse	cropping	or	soil	management	methods
	 	 Using	plants	as	natural	pesticides
	 	 Use	of	nonhost	plants	that	are	used	as	a	“decoy”	crop	to	attract	fungus	or	nematodes

More	research	is	needed	to	better	understand	the	functions	and	values	of	biodiversity	at	different	levels	in	farm-
ing	systems,	and	how	much	biodiversity,	and	of	what	kinds,	is	needed	to	achieve	sustainability	goals.
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• Reduced pesticide and herbicide use.
• Improved resilience of the system to adverse environmental conditions.
• Greater conservation of biodiversity.
• Improved soil fertility and soil organic matter.

Crop Rotations

The environmental benefits of crop rotations are well documented (NRC, 1989). They 
include better control of weeds, pests, and diseases; increased soil moisture; increased 
availability of nutrients; and higher yields. Crop rotations can enhance accumulation of 
soil organic carbon. Including legumes in a rotation supplies symbiotically fixed nitrogen 
to the soil (Havlin et al., 1990). Studies have shown positive effects of crop rotations on soil 
microbial community composition, particularly mycorrhizae (Johnson et al., 1992).

BOX �-� 
Agrobiodiversity and Its Relevance to Agricultural Sustainability

	 Biodiversity	consists	of	genes,	species,	populations,	and	landscapes,	along	with	the	composition,	structures,	
functions,	and	 interactions	 that	occur	at	each	 level	of	 the	ecosystem	 (Noss,	1990).	Agricultural	biodiversity,	
commonly	known	as	agrobiodiversity,	“encompasses	the	variety	and	variability	of	animals,	plants	and	micro-
organisms	which	are	necessary	to	sustain	key	functions	of	the	agroecosystem,	its	structure	and	processes	for,	
and	in	support	of,	food	production	and	food	security”(FAO,	1999).
	 Agrobiodiversity	 includes	 genetic	 resources,	 as	 well	 as	 domesticated	 and	 nondomesticated	 species	 and	
populations	(within	or	outside	of	farming	systems)	that	support	food	provision,	including	soil	microorganisms,	
pollinators,	and	aquatic	organisms.	In	addition	to	providing	valuable	crops	and	livestock	species,	biodiversity	in	
agricultural	systems	performs	many	ecological	services,	including	recycling	of	nutrients,	pollination,	manage-
ment	of	organisms	that	are	undesirable	for	agriculture,	regulation	of	the	local	hydrological	cycle	and	microcli-
mate,	and	storage	of	carbon	(Altieri,	1990;	Thrupp,	1998).
	 The	roles	of	biodiversity	in	agriculture	can	be	defined	in	several	ways,	including:	a)	the	utilitarian	value	
(direct	 use)	 of	 components	 of	 biodiversity,	 such	 as	 medicinal	 values	 from	 particular	 species;	 b)	 functional	
values	which	biodiversity	provides	to	support	 life	and	protect	ecological	 integrity;	c)	serendepic or	“option”	
value,	which	is	the	potential	future	value	from	particular	species	or	genes	for	future	generations;	and	d)	the	
intrinsic	value,	which	refers	to	cultural	or	aesthetic	benefits	(Swift	et	al.,	2004).	The	functional values	from	
agrobiodiversity	services	include	formation	of	soil	organic	matter,	nutrient	cycling,	useful	watershed	functions	
(for	example,	trapping	sediment	and	mitigating	runoff),	and	mitigation	of	pests	and	diseases—which	are	often	
known	as	ecosystem	services.	(See	also	Chapter	4	of	this	report	for	additional	information	on	the	valuation	of	
ecosystem	services.)
	 Although	biodiversity	in	farming	systems	is	increasingly	recognized	as	a	fundamental	basis	of	sustained	ag-
ricultural	production	and	food	security,	biodiversity	has	been	seriously	eroded	through	the	expansion	of	mono-
cultural	agriculture	production	systems	and	intensive	use	of	agrochemicals,	and	other	conventional	patterns	of	
agricultural	development	in	many	parts	of	the	world.	Commodity	policies	supporting	monocultural	production	
systems	are	among	factors	that	have	contributed	to	such	losses	internationally	(Darymple,	1986;	NRC,	1993;	
Thrupp,	1998).	The	decline	of	diversity	of	genetic	resources,	crop	varieties,	beneficial	insects	(including	pollina-
tors),	soil	and	aquatic	organisms,	and	other	elements	of	biodiversity	can	seriously	hinder	sustainable	production	
and	can	lead	to	irreversible	biological	losses	(UNDP,	1995;	FAO,	1996).
	 However,	there	is	ample	evidence	to	show	multiple	benefits	of	integrating,	conserving,	and	enhancing	biodi-
versity	in	agriculture	at	various	levels	and	in	a	range	of	farming	systems.	The	conservation	of	biodiversity	is	now	
recognized	by	scientists	and	practitioners	as	an	important	element	of	sustainable	agriculture	(UNDP,	1995;	FAO,	
1996).	Numerous	scientific	studies	and	practical	experiences	have	shown	that	biological	diversity	contributes	to	
the	resilience	and	stability	of	farming	systems	(UNDP,	1995;	FAO,	1999;	Swift	et	al.,	2004).
	 More	specifically,	for	example,	recent	studies	reveal	that	soil	biodiversity	has	a	significant	role	in	relation	to	soil	

health	in	agriculture.	Each	gram	of	soil	can	contain	thousands	or	even	millions	of	diverse	microscopic	organisms	
(Torsvik	et	al.,1994.)	Although	not	generally	visible	to	the	human	eye,	“soil	is	one	of	the	most	diverse	habitats	
on	earth	and	contains	one	of	the	most	diverse	assemblages	of	living	organisms”	(Giller	et	al.,	1997).	Soil	organ-
isms	incorporate	plant	and	animal	residues	and	wastes	into	the	soil	and	digest	them	to	create	soil	humus—the	
organic	constituent	that	is	important	to	good	physical	and	chemical	soil	conditions,	and	they	recycle	carbon	and	
mineral	nutrients.	The	activities	of	soil	organisms	interact	in	a	complex	food	web;	the	diverse	soil	organisms	and	
their	functions	are	valuable	to	both	human	societies	and	ecosystems	(FAO,	2003).	Although	researchers	have	
increased	their	knowledge	about	soil	biodiversity	and	microbiology	in	farming	systems,	scientific	understanding	
of	the	role	of	biodiversity	in	soil	is	still	somewhat	limited.	Research	has	been	constrained	because	of	the	tremen-
dous	diversity	of	soil	organisms	and	by	technical	challenges.	Yet,	there	appears	to	be	great	potential	in	this	field	
for	gaining	insight	for	sustainable	farming	systems.
	 The	following	list	contains	examples	of	successful	management	practices	that	conserve	or	enhance	agrobio-
diversity	at	different	levels	and	also	have	documented	benefits	towards	increasing	sustainability	in	many	farming	
systems.	Other	examples	illustrating	the	roles	of	biodiversity	(at	different	levels)	are	mentioned	within	this	chapter	
and	in	the	case	studies	(Chapter	7)	of	this	report.

•	 Crop	Diversification	Approaches
	 	 Temporal	(crop	rotation)
	 	 Spatial	(polycultures,	agroforestry,	crop-livestock	systems)
	 	 Genetic	(multiple	varieties	within	a	farm)
•	 Recycling	and	Conservation	of	Soil	Nutrients
	 	 Incorporating	plant	biomass	(green	manures,	crop	residues,	mulches)
	 	 Reuse	of	nutrients	and	resources	internal	and	external	to	farm	(for	example,	tree	litter)
	 	 Integration	of	diverse	plants	or	organisms	(for	example,	legume	cover	crops)
	 	 Strips	of	vegetation	to	prevent	soil	erosion
•	 Ecologically	Based	Integrated	Pest	Management
	 	 	Natural	biocontrol	(conserving	or	enhancing	natural	control	agents	by	eliminating	broad-spectrum	pes-

ticides,	by	planting	or	conserving	habitat	that	harbor	beneficials,	or	by	intercropping)
	 	 Introduction	of	imported	biological	control	(augmentation)
	 	 Enhancing	habitats	and	species	in	habitat	surrounding	and	in	farms
	 	 Diverse	cropping	or	soil	management	methods
	 	 Using	plants	as	natural	pesticides
	 	 Use	of	nonhost	plants	that	are	used	as	a	“decoy”	crop	to	attract	fungus	or	nematodes

More	research	is	needed	to	better	understand	the	functions	and	values	of	biodiversity	at	different	levels	in	farm-
ing	systems,	and	how	much	biodiversity,	and	of	what	kinds,	is	needed	to	achieve	sustainability	goals.



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

�00 TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

Impact of Crop Rotation

Productivity
Rotation has been shown to have beneficial effects on yields. Rotating corn with soy-

bean can produce yield advantages of 5 to 30 percent compared to continuous corn (Lauer, 
2007). In a rotation of spring wheat with field pea in North Dakota, gains of 9 to 11 bush-
els/ac were found in four of six years in spring wheat grain, while nitrogen gains in those 
years were 13–28 lbs/ac (Carr et al., 2006). Rotation length has been proven important to 
the productivity of alternative systems. When comparing continuous corn planting with 
two-year rotations of corn–alfalfa and corn–soybean and five-year rotations of corn–corn–
oat–seedling alfalfa–alfalfa, corn–corn–corn–alfalfa–alfalfa, and corn–soybean–corn–oat 
with alfalfa seedling–alfalfa, Stanger and Lauer (2008) found that the two-year rotations 
did not improve grain yield trends, while the five-year rotations not only enhanced yields, 
but also decreased the need for nitrogen inputs. Peanut yields also increased in tandem 
with extended rotation lengths (Jordan et al., 2008). In an experiment that compared con-
ventional, high-input, two-year rotations of corn and soybean with low-input and organic 
rotations, rotation length greatly affected productivity. When compared with conventional, 
high-input, two-year rotations of corn and soybean, two-year organic corn-soybean rota-
tions produced only 70 percent of corn yields and 80 percent of soybean yields (Porter et al., 
2003). Yields from two-year rotations provided with low levels of inputs fared somewhat 
better, averaging just under 90 percent of the conventional yields for both crops. However, 
when oats and alfalfa crops were added to expand the rotation to four years, corn yields 
from the organic system jumped to more than 90 percent of the high-input corn. Corn that 
received low levels of inputs almost equaled the conventional system’s productivity. The 
four-year rotation did not impact organic soybean yields, but low-input soybean yields 
slightly exceeded those of the traditionally produced crop.

Corn seems more responsive than soybean to rotation length and crop diversity 
(Cavigelli et al., 2008; R.G. Smith et al., 2008). In a three-year Michigan study that examined 
the impact of rotation length and complexity on crop productivity, corn yields increased 
linearly with the addition of crops to the rotation system, even though no synthetic inputs 
were introduced. Corn yields in the most diverse rotation (corn–soybean–winter wheat 
with two cover crops per main crop) were more than 60 percent higher than corn in the two-
year corn–soybean rotation that had no cover crops (R.G. Smith et al., 2008). In fact, corn 
yields in that system were more than 80 percent of average yield per hectare for Michigan 
corn. Soybean was less responsive than corn to rotation length and diversity; however, 
yields still increased approximately 30 percent and exceeded Michigan’s average.

Soil Health
Crop rotation has also been shown to contribute to improved soil health. Studies have 

found organic carbon and nitrogen to be higher in rotation systems than in continuous soy-
bean and continuous corn systems (Varvel, 1994). Rotation length, particularly the inclusion 
of forage crops, positively affected organic carbon (Karlen et al., 2006). Some studies have 
also demonstrated that soil microbial biomass is higher under rotation systems (Collins 
et al., 1992; Moore et al., 2000).

A comparison of soil quality between a conventional system with a two-year wheat–pea 
rotation and an organic system with a three-year wheat–pea–green-manure legume rotation 
in eastern Washington State showed significantly better soil quality and less soil erosion 
in the longer-rotation organic system (Reganold et al., 1987). Comparing the same farms 
for financial performance, Painter (1991) found that the conventional system achieved a 
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33 percent higher net return than the organic system, with both systems receiving govern-
ment subsidies but no price premiums for the organic system. The main reason for this 
difference is that the shorter-rotation conventional system received greater wheat subsidy 
payments (wheat grown more often), even though the organic system reduced soil erosion 
and had potentially less environmental pollution from agrichemicals. Without government 
subsidies, Painter (1991) found the conventional system achieved a 10 percent higher net 
return. Thus, it is not surprising that farmers often do not adopt longer crop rotation sys-
tems because these systems reduce profitability or economic sustainability, even if they are 
more environmentally sustainable.

Air Quality
Complex crop rotations such as corn–corn–soybean–wheat with red clover under-

seeded can result in higher net returns, and might substantially lower greenhouse-gas 
emissions, than continuous corn (Meyer-Aurich et al., 2006).

Water Use
Soil water can also be affected by crop rotation. Bordovsky et al. (1994) found that 

changing a continuous cotton system to a cotton–wheat rotation increased soil water and 
improved yields. Soybean and corn rotations also improved water use efficiency, leading 
to increased root activity and yields (Copeland et al., 1993). Pala et al. (2007) showed that 
water use efficiency can depend on the type of rotation used; continuous wheat was the 
least efficient system for water use, but the types of crops built into the rotation improved 
yields based on how much water each used during its growing season.

Crop rotations can be designed to improve water use and to reduce saline seep. One 
example is the Triangle Conservation District Saline Seep Project in Montana. Local farmers 
are changing their land use and management over the water recharge area by switching to 
a flexible cropping system. The new system ensures that crops grown in sequence will use 
all available soil water, regardless of vagaries in the weather. The Saline Seep Program in 
the Central Rolling Red Plains area in Texas focuses on “salt” spots that hamper crop pro-
duction in cultivated fields. Subsurface drains and deep-rooted vegetation that uses large 
amounts of available soil moisture are proven methods to reduce accumulations of salty 
water in shallow water tables (USDA-NRCS, 1997).

Disadvantages of Crop Rotations

Crop rotations require increased management skills because of the complexity in-
volved in finding the right combination of crops to improve yields while also potentially re-
ducing input expenses. As noted earlier, crop rotation patterns can potentially create water 
stress, thereby reducing yield and profitability (Pala et al., 2007). The unpredictability and 
variability of insect and disease pressures can also lower the economic incentive to pursue 
crop rotations. The economic aspects of crop rotations and cover crop use in rotations are 
discussed in Chapter 4.

Adoption of Crop Rotations

Most major crop production involves rotational cropping of some form, with the excep-
tion of cotton (Figure 3-4). The corn–soybean rotation is the most common system for corn 
and soybean. In the 10 major producing states, 80 percent of soybean acres and 75 percent 
of corn acres used that rotational system as of 2002.
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FIGURE �-� Cropping patterns on corn and soybean for 10 major producing states.
SOURCE: USDA-ERS (Sandretto and Payne, 2006).
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Although the environmental benefits of crop rotations are well known, many farms 
specialize in a few crops so that production can be streamlined—that is, using the same 
planter, harvester, and marketing infrastructure for all crops (Cook, 2006). Rotations more 
complex than corn–soybean could be difficult to manage and not as profitable (Stanger 
et al., 2008). Other factors that might discourage farmers from adopting extensive crop 
rotations:

• Herbicide carryover.
• Farm rental arrangements.
• Increased management skills and information needed.
• Altered or new equipment to match changed farming practices.
• Additional storage units for wider variety of crops produced.
• Commodity prices and subsidies.

Intercropping

Intercropping is the agricultural practice of cultivating two or more crops in the same 
space at the same time (Andrews and Kassam, 1976). It is generally associated with the 
planting of two or more different food crop species in the same field, but it can also include 
different varieties of the same crop species. Intercropping systems are common in subsis-
tence, small-scale farms in tropical areas as the practice increases crop genetic diversity 
and reduces the risk of crop loss. In the United States, intercropping is generally associated 
with small-scale, sustainable, and organic agricultural systems; it is much less common on 
large-scale mechanized farms.

Strip intercropping is the practice of growing two or more crops in strips that are wide 
enough that each can be managed separately, yet narrow enough that the strip components 
can interact. In theory, the interactions (physical, biological, ecological, and management) 
between the crop components enhance biomass yield and provide key ecological services 
such as nutrient cycling, biological pest control, and water and soil conservation. The chal-
lenge in strip cropping is to identify the correct assemblages of species to maximize their 
biological synergisms, while having compatible use of agricultural equipment and conser-
vation tillage practices (Altieri and Nicholls, 1999).

Impact of Intercropping

Productivity
Research on strip intercropping in the United States has primarily been with corn and 

soybean, and the results have been mixed. One five-year study showed that corn yield 
increased when planted in strips with soybean, but soybean yields decreased (West and 
Griffith, 1992). Lesoing and Francis (1999) found that a maize, soybean, and grain sorghum 
strip intercrop produced up to 4 percent higher total yields than the individual crops in 
monoculture. A few technologically progressive farmers have successfully combined strip 
intercropping of HT soybean and corn with precision agriculture and the use of autoguid-
ance farm equipment (C. Mitchell, presentation to the committee, August 5, 2008). Carr 
et al. (2004) suggested that intercropping forage with pea could enhance forage yield and 
quality. However, the best way to compare intercrop yields with monocrop yields is uncer-
tain. That is, as posed by Shennan (2008), would it better to compare monocropping and 
intercropping systems that are similar (for example, similar densities and nutrient inputs), 
or would it be better to compare systems that are managed optimally?
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Nutrient Management
Intercropping grain crops with legumes often produces a yield increase, as a result of 

transfer of nitrogen either from legume to nonlegume through root exudates or from trans-
fer of residual nitrogen to a nonlegume crop that grows after the legume has been harvested 
(Vandermeer, 1995; Narwal, 2005). Corn that is intercropped with soybean instead of grown 
separately after soybean (or vice versa) has been shown to reduce nitrate leaching losses 
with subsurface drainage water (Kanwar et al., 2005).

Disadvantages of Intercropping

As mentioned above, the results of intercropping can be uncertain. Some experiments 
have shown no or inconsistent yield benefits (Hesterman et al., 1992; Pridham and Entz, 
2008). Furthermore, if crop choices or timing differences in crop life cycles are not managed 
correctly, the two crops can compete with each other for water and nutrient resources with 
negative yield results (Brainard and Bellinder, 2004). One experiment found that inter-
cropping was beneficial for the soil microbial community of sorghum but not of soybean, 
indicating the two crops competed with each other (Ghosh et al., 2006). Even with proper 
management, yields of intercrops can be easily influenced by growing conditions. Although 
growing conditions affect all agricultural systems, there is evidence to suggest that the com-
plexity of intercropping can make that system more vulnerable to environmental stresses. 
Combined with the greater degree of management skills required to operate this system, 
yield uncertainty may hamper the adoption of intercropping.

Cultivar Mixtures

The preceding sections discuss diversity in the context of diversifying crop species. 
This section discusses diversity in the context of using mixtures of cultivars of the same 
species. In western agriculture, most crops are grown from uniform, genetically identical 
seeds or clonally propagated planting stock. Ecological principles, however, suggest that 
genetic diversity within species and cultivars can also increase fitness and productivity of 
the population (Hooper et al., 2005).

Impact of Cultivar Mixtures

Increasing the number of genetic varieties of a particular crop species in the same field 
can increase crop yield and improve resistance to diseases (Smithson and Lenne, 1996; 
Cowger and Weisz, 2008). Tilman et al. found that mixed species of native prairie grasses 
had higher productivity than monocultures (Reich et al., 2001; Tilman et al., 2006). Cultivar 
mixtures or blends have been shown to control powdery mildews and rusts of small grains 
(Mundt, 2002). Blends of wheat cultivars have been shown to have more stable yields than 
sole cultivars if the cultivars used in the mixtures had complementary disease resistance 
traits and similar growth and maturity characteristics (Pridham et al., 2007; Cowger and 
Weisz, 2008). Managing genetic diversity across farms and at the community level, in addi-
tion to the individual farm level, is important to managing crop performance and the risk 
of pest outbreaks (Hajjar et al., 2008).

Disadvantages of Cultivar Mixtures

Potential disadvantages of mixing cultivars include the added time and cost involved 
in the mixing, incompatibility of the varietal components in particular with regard to plant 
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height and maturity (Bowden et al., 2001), and the loss of the opportunity to adjust man-
agement practices to the specific requirements of each variety (for example, plant density, 
fertilization, and planting date). Cultivar mixture with greater complexity, such as the use 
of noncrop vegetation on farms, requires farmers and operators to possess greater manage-
ment skills and knowledge than unmixed cultivars. Marketing restrictions and processing 
quality are often cited as major limitations to the use of mixtures. However, cultivars of 
the same market class and quality characteristics can often be bulked without adversely 
impacting postharvest processing.

Management of Noncrop Vegetation

Filter strips, set-asides, riparian buffers, wooded areas or woodlots, hedgerows, in-field 
insectaries, and other areas of (usually native) plants provide a range of ecosystem services 
in agricultural landscapes. The range of services include a reduction in soil erosion, buffer 
strips along riparian areas, habitat for wildlife, and a general increase in plant and animal 
diversity. Vegetation diversity in agricultural landscapes may also improve biological con-
trol of certain pests. (See the section on pest management for further discussion.) Many of 
the practices for reducing erosion have been well studied and documented in the scientific 
literature for many years (Pope and Stoltenberg, 1991) and there are detailed guidelines for 
their use in the USDA-NRCS National Conservation Practice Standards (NHCP) (USDA-
NRCS, 2009). The use of buffer strips to mitigate pesticide and nutrient inputs into water 
will be discussed in the context of water management.

Impact of Noncrop Vegetation on Biodiversity

Farms with more noncrop habitats tend to have a higher diversity of bird species 
(Henderson et al., 2000; Freemark and Kirk, 2001). Filter strips provide sites for over-
 wintering bird populations (Smith et al., 2005). Studies in the United Kingdom demonstrate 
the positive effect of noncrop vegetation on biodiversity. Hedgerow habitats provide refuge 
for beetles and spiders, and that increase in biodiversity has the added benefit of biocontrol 
of crop pests (Pywell et al., 2005). R.G. Smith et al. (2008) showed that growing grassy strips 
in the margins of arable fields increases the biodiversity of the soil macrofauna within fields 
and across the farm. The abundance and species richness of butterflies have been found to 
be positively correlated to the width of filter strips in the Midwestern United States (Davros 
et al., 2006).

Disadvantages of Noncrop Vegetation

In addition to the loss of land to crop vegetation, another perceived risk of noncrop 
vegetation is the increased risk of E. coli O157:H7 contamination of crops by wildlife. Wild 
pigs were suspected to be the source of contamination in the 2006 case of food-borne-illness 
outbreak caused by E. coli O157:H7 in leafy spinach (Jay et al., 2007). Studies have shown 
that some commensal wildlife species are known sources of E. coli O157:H7, whereas others 
are not (Beretti and Stuart, 2008). Because noncrop vegetation encourages the presence of 
birds and rodents around the field (Smith et al., 2005; Salmon et al., 2008), the presence of 
noncrop vegetation is perceived as increasing the risk of crop contamination by wildlife. 
Whether there is an actual link between wildlife and crop contamination has yet to be 
established. On the other hand, edge-of-field vegetated buffer strips have been shown to 
be effective in reducing fecal coliform bacteria in runoff from pastureland amended with 
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manure (Sullivan et al., 2007), suggesting that field margin vegetation may reduce the 
spread of E. coli.

Plant Breeding and Genetic Modification of Crops

Genetic diversity in major crop species is to a large extent a product of plant breeding 
over the millennia. Most crops grown in the United States today have been bred to contain 
desirable genes for higher yields or biomass, resistance to biotic and abiotic stress, greater 
adaptation, and increased shelf life and processing characteristics, as well as other traits 
with market value. In general, these crops have been developed for conventional farming 
systems where environmental constraints are minimized through inputs such as fertilizer, 
irrigation, and pesticides.

Successful beginning of a plant breeding program depends on the identification of 
parental lines that contain traits of interest. Many of the older (or heirloom) varieties of 
crops that were in cultivation prior to the introduction of hybrid varieties and synthetic 
agrochemicals in the 1950s may contain valuable traits for sustainable agricultural systems, 
such as sensory qualities related to taste and smell, enhanced nutritional value, resistance 
to pests and diseases, greater biomass and ability to compete with weeds, and greater nu-
trient and water-use efficiency. Their negative traits may include susceptibility to diseases 
and pests, low yields, lodging, longer maturity dates, and a more limited postharvest shelf 
life. The decision to use older varieties and landraces in a breeding program would need to 
take into account the inherent difficulty of transferring desirable traits into improved vari-
eties and the time needed to carry out this type of breeding program. The identification of 
sources of these traits may require a reevaluation of older varieties and landraces obtained 
from gene banks and seed saver sources for their potential use as parents. For example, 
cereals with long straw were grown worldwide prior to the introduction of modern short 
straw varieties in the 1960s. In certain organic systems, long straw varieties are now grown 
for their ability to compete against weeds and provide more bedding material and fodder 
for livestock in mixed crop–livestock systems. These reintroduced older varieties can serve 
as parental lines to develop new varieties for organic systems (Wolfe et al., 2008). Research 
is needed to understand what specific characteristics are present in older varieties and 
landraces that would be important in sustainable cropping systems and to develop breed-
ing strategies that maximize the performance of those traits.

When desired traits are not available within the germplasm of a particular crop species, 
breeders may use interspecific hybridization (or wide-crossing) to transfer desirable genes 
or alleles from related species and genera. Mutation breeding has also been used with some 
success to create pinpoint mutations and new genes by exposing plants and seed to radia-
tion or chemicals, followed by selection for specific traits (Aholoowalia et al., 2004).

There has been much less research on breeding crops for nonconventional production 
systems than for conventional production systems in the United States. The volume of seed 
sown has been insufficient to provide a financial incentive to private seed companies. Pub-
lic breeding programs that could assume more risk and a longer time frame needed to carry 
out this research depend largely on royalties derived from varieties grown in conventional 
production systems. Consequently, many farmers who have adopted sustainable cropping 
practices continue to use varieties developed for conventional agriculture (Van Bueren 
et al., 2002; Murphy et al., 2005).

Plant breeders are using genotype x farming system interaction studies to gain insight 
into whether plant breeding should be done directly in organic systems, although the 
research in this area is very limited. Using wheat as a model crop, Murphy et al. (2007) 
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found significant genotype x system interactions, significant genotype changes in rank-
ing, and 5 to 31 percent yield gains across sites from direct selection in organic systems 
compared to breeding lines developed through indirect selection in conventional systems. 
They concluded that wheat cultivars developed for conventional farming systems are par-
tially responsible for the lower yields often found in organic farming systems. Ceccarelli 
and Grando (1991) evaluated more than 800 barley breeding lines in 8–10 environments 
classified as low yield (LY) or high yield (HY) and found that the best lines selected in LY 
outperformed the best lines selected in HY when evaluated in LY. Wolfe and others (2008) 
summarized these and other studies and found that the likelihood of obtaining significant 
correlations of variety performance under organic and conventional conditions depends on 
the farming systems under consideration and the environmental conditions that exist dur-
ing the evaluation period. Under less extreme conditions, they found that selection under 
organic condition could reliably be done in a later stage of the breeding process, with the 
early generation selections done under conventional conditions. If the objective of a breed-
ing program is to develop varieties that perform well under both conventional and organic 
systems, the inclusion of organic test sites in the selection process increases the chances of 
selecting broadly adapted genotypes (Burger et al., 2008).

In organic agriculture and other systems with limited input of agrichemicals, the traits 
of importance in a breeding program include improved nitrogen and nutrient-use effi-
ciency, ability to interact with beneficial soil microbes, improved competitiveness against 
weeds, resistance to insects and insects currently controlled with chemical pesticides, high 
yield levels and yield stability, and good product quality. As organic and other sustainable 
farming systems generally require more complex crop management practices, these factors 
(such as crop rotations and cover crops) also need to be taken into account (Van Bueren 
et al., 2002; Murphy et al., 2007; Wolfe et al., 2008).

Breeding methodologies that have been traditionally used to develop varieties for con-
ventional agricultural systems can also be used to develop varieties for nonconventional 
farming systems. The choice of breeding method employed will depend on the crop and on 
the inheritance and heritability of the traits of interest. Evolutionary plant breeding is an al-
ternative breeding method that has been proposed for variety development for organic and 
low-input farming systems. Genetic variation and evolutionary fitness in a crop are maxi-
mized through the creation of heterogeneous composite cross-populations formed through 
hybridization that are subjected to natural and artificial selection in successive generations 
in a natural cropping environment (Phillips and Wolfe, 2005). Evidence suggests that com-
posite cross-populations may be an efficient way of developing heterogeneous crops and 
superior pure lines for low-input systems characterized by unpredictable stress conditions, 
when higher yield is not the primary selection criteria (Soliman and Allard, 1991). However, 
information on effectiveness of this breeding method relative to other methods is sparse. A 
variation on this approach is Evolutionary Participatory Breeding, a combination of evo-
lutionary breeding and farmer participatory plant breeding. This method uses the skills 
and knowledge of both breeders and farmers to develop heterogeneous breeding popula-
tions and has been principally employed in the development of varieties for resource-poor 
farmers in developing countries, but could be an effective breeding method for sustainable 
farming systems throughout the world (Murphy et al., 2005; Dawson et al., 2006).

A current bottleneck for breeding crops adapted to organic agriculture is the limited 
amount of cropland areas available and the need for equipment that meet certified-organic 
standards for breeding trials. Presently, most land-grant universities do not have extensive 
areas of organic land that could be dedicated to plant breeding trials. Similarly, few seed 
companies maintain or lease large acreages of organic testing sites. Participatory breeding 
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programs have been used in Europe to address those issues (Chable et al., 2008; Ghaouti 
et al., 2008; Wolfe et al., 2008).

Molecular Markers and Genetic Engineering in Cultivar Development

Classical or conventional plant breeding, which involves sexual recombination and 
phenotypic selection of plants with superior traits, continues to be the primary mechanism 
to improve crops for both conventional and sustainable farming systems. Field evalua-
tions and selections are a critical component of any breeding program. In recent years, the 
development and use of molecular or DNA markers—sequences of DNA associated with 
particular genes or traits—has become routine in breeding programs for the selection of 
progeny in a number of crops including corn, soybean, rice, wheat, cotton, tomatoes, cas-
sava, and others (Buckler and Thornberry, 2002; McCouch et al., 2002; Frydman et al., 2004; 
Guimaräes et al., 2007). Marker-assisted selection (MAS) and breeding hold great promise 
for revolutionizing plant breeding because they can greatly increase selection efficiency and 
reduce the time and cost needed to develop improved varieties. They can also facilitate the 
exploration and utilization of natural genetic variation in older varieties, landraces, and 
wild relatives to expand the genetic base of crops and provide more flexibility to develop 
crops for the future (McCouch, 2004; Zicheng et al., 2006; Heffner et al., 2009). At present, 
the routine use of MAS in plant breeding is limited to a few crops, primarily for simply 
inherited, monogenic traits. However, with recent developments in gene-based marker 
development, more efficient quantitative trait locus (QTL) mapping procedures, and lower 
cost genotyping systems, MAS use for more complex traits is likely to increase. However, 
before MAS can realize its full potential in public sector breeding programs, some fun-
damental issues remain to be resolved, including the development of high-throughput 
precision phenotyping systems for QTL mapping, improved understanding of genotype 
by environment interaction and epistasis, and development of publicly available compu-
tational tools tailored to the needs of these breeding programs (Guimarães et al., 2007; Xu 
and Crouch, 2008).

When desirable genes are not available, genetic engineering of crop plants can make 
a contribution, even though it is a contentious area of breeding. Genetic engineering is the 
purposeful alteration of a plant’s genome via the use of recombinant DNA technology to 
introduce genetic material into a crop to give it a desirable trait. The introduced gene or 
genes can be from the same species or a different species, including bacteria or animals. 
Once the genes have been successfully introduced into a plant, conventional plant breeding 
methods are then used to incorporate the genes into commercial varieties.

Within a decade, the number of GE crops available to farmers will significantly in-
crease. Many major U.S. universities, in addition to private seed companies, have active 
research programs on the use of GE technologies for crop improvement, especially for spe-
cialty crops where there is less involvement by the private sector. Traits of interest include 
drought and salt tolerance, disease and insect resistance, cold and heat tolerance, nutrient 
use efficiency, improved fruit and nutritional quality, delayed senescence and accelerated 
ripening, and yield. A large number of those GE lines are now in trials (Table 3-4).

A new technology being developed for crop improvement is “gene silencing” or RNA 
interference (RNAi). RNA is the courier that delivers a gene’s instructions to make a pro-
tein. Gene silencing directs a natural mechanism to degrade the RNA instruction of a 
specified gene and prevents the gene from making its protein. Gene silencing switches off 
the activity of only the targeted gene so that the precise function of that gene can be de-
termined. An overview of research on gene silencing for crop improvement was included 
in the NRC report Emerging Technologies to Benefit Farmers in Sub-Saharan Africa and South 
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TABLE �-� Crops on Which Transgenic Research Has Been Conducted

Abyssinian mustard Chrysanthemum Mulberry Ryegrass
Alfalfa Clover Oat Safflower
Anthurium Coffee Onion Sorghum
Apple Collard Orange Soybean
Arabidopsis Cordgrass Orchid Spruce
Aspen Cotton Papaya St. Augustine grass
Avocado Cowpea Pea Strawberry
Bahiagrass Creeping bentgrass Peach Sugarbeet
Banana Cucumber Peanut Sugarcane
Barley Eggplant Pear Sunflower
Bean Elm Pelargonium Sweet potato
Beet Field mustard Peppermint Sweetgum
Begonia Flax Perilla Switchgrass
Bermudagrass Gladiolus Persimmon Tall fescue
Birch Grape Petunia Tobacco
Black nightshade Grapefruit Pine Tomato
Blueberry Guayule Pineapple Triticale
Broccoli Indian mustard Plum Turf grass
Cabbage Jumbay Poplar Walnut
Camelina Kentucky bluegrass Potato Watermelon
Canola/Rape Lettuce Raspberry Wheat
Carrot Maize Rhododendron Wild Mustard
Cassava Marigold Rice
Chestnut Melon Rose
Chickpea Mexican lime Rye

NOTE: Crops listed were identified as being modified transgenically through publications and field trials by J.K. 
Miller and K.J. Bradford, University of California, Davis. Reprinted with permission from K.J. Bradford.

Asia (NRC, 2008a). The research suggests that this technology may have potential to control 
viruses, bacteria, nematodes, and some insect pests in plants, and have applications for 
use against parasitic plants and fungi. It is also being investigated for switching off genes 
involved in the production of undesirable fatty acids in oilseeds. More research is needed 
to understand whether plants can discriminate between RNAi’s that move between plants 
and pests, what size of RNA can be moved, and if an organism can develop resistance to 
RNA. However, if gene silencing techniques are successful, they have the potential to pro-
vide solutions to some of the more difficult pests and diseases in crops (NRC, 2008a).

Impact

Plant breeding has been improving yield through increased productivity, improved 
pest and weed resistance, and improved drought tolerance for decades. The impacts of bio-
technology-derived crops are summarized by Johnson et al. (2008). Adoption of GE crops 
is associated with increased yield and decreased pesticide use in many cases (Fernandez-
Cornejo and Caswell, 2006).

Disadvantages

Although GE crops have been widely adopted since their introduction in 1996 and are 
now grown on millions of acres worldwide, concerns about their effects on human health, 
the environment, and other aspects of sustainability persist. Lemaux (2008) reviewed a 
number of studies and concluded that there are no scientifically valid demonstrations that 
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food safety issues of foods containing GE ingredients are greater than foods that do not 
contain them.

Some of the environmental concerns are not unique to cropping systems using GE. For 
example, the effect of GE crops on nontarget organisms is a concern, just as the effect of pes-
ticides on nontarget organisms is a concern in conventional crop production (Marvier et al., 
2007). Likewise, pests could evolve resistance to synthetic pesticides or transgene-derived 
proteins (Lemaux, 2009). Other issues include the potential of horizontal and vertical gene 
transfer from transgenic organisms to others (Pilson and Prendeville, 2004; O’Callaghan 
et al., 2005).

GE crops are banned in certified organic crop production systems, and there is sig-
nificant resistance to GE crops in European and other countries. Hence, contamination 
of organic crops or crops intended for export to markets that do not accept GE crops is a 
concern.

Adoption

The percentage of acres planted with GE crops has been increasing in the United States 
(Figure 3-5) (USDA-ERS, 2009). Corn varieties with stacked genes (containing both HT and 
Bt genes) were grown on 46 percent of the total corn acreage in 2009 (USDA-ERS, 2009).

WATER-USE MANAGEMENT

To meet sustainability goals of conserving water resources, water management is criti-
cally important. The “drivers” for managing water use are the timing, intensity, and amount 

FIGURE �-� Adoption of GE crops in the United States.
SOURCE: USDA-ERS (2009).
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of water being applied by precipitation, irrigation, or both for all agricultural lands. Those 
parameters in conjunction with evapotranspiration (ET), the amount of water that evapo-
rates from the soil surface and transpires from the crop, determine the amount of excess 
water that drains from a field at any given location and time.

Because irrigation is the dominant form of water use, measures that improve the effi-
ciency of water application and minimize water loss are most effective in conserving water 
and energy in regions facing limited supply (Table 3-5). Water-use efficiency is a complex 
subject, however, with many different definitions (Molden et al., 1998). From a systems per-
spective, comparing the amount of water withdrawn from a river or aquifer to the amount 
actually used beneficially by the crop might be most useful. Factors within the overall ef-
ficiency affecting performance are conveyance from the source to the farm, uniformity of 
application to the crop, and drainage losses following application. Globally, many systems 
perform poorly, resulting in only 30 to 50 percent of the water withdrawn actually being 
taken up by the crop (Faurés et al., 2007). However, water lost in that way from one farm 
might have a beneficial use elsewhere, so it is important to look at basinwide efficiency 
when estimating true water savings. In addition to managing water consumption, precipi-
tation can be captured or water can be reused to improve the long-term sustainability of 
water use in agriculture.

Irrigation Scheduling

Quantitative irrigation scheduling methods rely on one of two approaches: soil or crop 
monitoring or a combination of both; or soil water balance computations. For the monitor-
ing methods, the soil water content or matric potential is measured at several places in the 
field to decide when to irrigate. Methods based on plant measurements generally involve 
monitoring leaf water potential or canopy temperature. Soil water balance calculations 
require estimates of soil storage capacity, rooting depth, allowable depletion, and crop 
evapotranspiration to develop an irrigation schedule (Martin et al., 1990).

If direct monitoring of plant or soil water status is not possible, irrigation volume 
required for the crop could be estimated if evapotranspiration demand is known (Jensen 
et al., 1970).

TABLE �-� Energy Savings and Production Potential from Irrigation Water 
Management.

Conservation Measurement

Resource Savings Energy Costs Reduction

On-farm ($ per acre) Total Million $

Improving pumping system efficiency 
10 percent on 16 million acres

15 80 million gallons 240

Conversion of medium pressure 
sprinkler system to low

40 560 Kwhr/acre 390

Conversion of high pressure sprinkler 
system to low

55 770 Kwhr/acre 120

SOURCE: USDA-NRCS (2006). 
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Impact of Irrigation Scheduling

Irrigation scheduling has been shown to significantly reduce water usage compared 
to traditional methods in a number of studies. For example, Mohammad and Al-Amoud 
(1993) achieved both higher wheat yields and a 25 percent decrease in water use when 
central pivot sprinkler irrigations were scheduled based on a calculation of evapotrans-
piration demand in Saudi Arabia. Clawson and Blad (1982) were able to reduce irrigation 
water additions to corn from 283 mm to 127 mm without significant yield reduction by 
precisely monitoring canopy temperature. An extension project in north central Nebraska 
also showed that irrigation scheduling reduced energy costs, applied less water, and led to 
higher harvested yields for center-pivot irrigated corn. Furthermore, there was in increase 
in annual return by $5.40 per hectare (Kranz et al., 1992).

Adoption of Irrigation Scheduling

A successful example of large-scale use of irrigation scheduling is the California Irri-
gation Management Information System (CIMIS), an integrated network of more than 125 
automated active weather stations located throughout California. Specific weather param-
eters are collected on site and accessed daily by a computer at the Department of Water 
Resources. Reference Evapotranspiration (ETo) is calculated from this data and stored in a 
database along with the collected climatic data, where it can be accessed by Internet users. 
At present, approximately 6,000 registered CIMIS users from diverse backgrounds access 
the CIMIS computer directly (State of California, 2008).

Washington State University has also developed the Washington Irrigation Schedul-
ing Expert (WISE) software and web-based information system to supplement scientific 
irrigation scheduling (SIS) used by farmers in the area. In 2002, half of the acreage being 
scheduled was for potato and fruit trees. Farmers surveyed said that energy savings and 
ensuring the quality of high-value crops were the main reasons for adopting the system 
(Leib et al., 2002).

In New Mexico’s Mesilla Valley, pecan farmers have been slow to adopt new soil-based 
or climate-based irrigation scheduling technologies because these technologies require 
high in-season labor input. Kallestad et al. (2008) developed a simple, practical irrigation 
scheduling tool specifically for flood-irrigated pecan production using 14 years of archived 
climate data and model-simulated consumptive water use. Eventually, the hope is that 
these farmers will convert to using Internet databases as their main resource for climate 
and irrigation information (Kallestad et al., 2008).

Gravity Systems

Improving the uniformity of irrigation water application is one of the most effective 
means by which agriculture can save water. Nonuniform irrigations are wasteful, because 
water has to be added at rates greatly exceeding those needed by the parts of the field re-
ceiving the most water to avoid yield decreases on the parts that are receiving less water. 
Water is not pumped in gravity irrigation, but flows and is distributed by gravity. Gravity-
flow systems distribute water laterally across the entire field or into furrows.

Various land treatments, system improvements, and water management measures 
have been developed to reduce water losses under gravity-flow systems. For example, 
precision laser-leveled irrigation is practiced on 3.7 million acres, mostly in the Southwest, 
Delta, and Northern Rockies regions. Improved gravity systems generally involve on-
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farm water conveyance upgrades that increase uniformity of applied water and reduce 
percolation losses and field runoff. Improved ditch systems, lined with concrete or another 
impervious substance, account for only 20 percent of gravity acres served by open ditches. 
Improved water management practices for gravity irrigation remains an area of significant 
growth potential, with many available technology or management improvements such as 
alternate row irrigation, furrow modification, tailwater reuse, or soil amendments not in 
widespread use (Schaible and Aillery, 2006).

Disadvantages of Gravity Systems

Water losses are comparatively high under traditional gravity-flow systems, with field 
application efficiencies typically ranging from 40 to 65 percent. However, improved gravity 
systems using laser-leveling and proper water management may achieve efficiencies of up 
to 80 to 90 percent (USDA-NRCS, 1997).

Adoption of Gravity Systems

Total acreage in gravity systems has declined by 26 percent since 1979, but still accounts 
for 44 percent of irrigated acreage nationwide, primarily in the Southwest, Central Rock-
ies, Southern Plains, and Delta regions (USDA-NASS, 2010). Furrow application comprises 
about half of the acreage in gravity-flow systems, with border or basin or uncontrolled-
flood application accounting for the remaining. Much of the uncontrolled flooding is used 
for hay and pasture production in the Northern and Central Rockies.

Sprinkler Irrigation

Sprinkler irrigation is a planned system in which water is applied by means of per-
forated pipes or nozzles operated under pressure to form a spray pattern (USGS, 2009b). 
Like gravity systems, pressurized systems improve irrigation uniformity. Pressurized sys-
tems include a variety of sprinkler and low-flow irrigation techniques to distribute water 
across a field. Low-energy precision application (LEPA) irrigation refers to methods by 
which water is delivered directly to the surface at very low pressure through drop tubes 
and orifice-controlled emitters, rather than spraying water into the air at moderate to high 
pressures. The applicators are generally attached to moving center pivot or linear advance 
lines to allow continuous advance over large areas. Lyle and Bordovsky (1981) initiated the 
concept on a lateral move system, although the vast majority of applications today are on 
center-pivot systems.

Impact of Sprinkler Irrigation

Field application efficiencies for properly designed and operated sprinkler systems 
range from 50 to 95 percent, with most systems achieving 75 to 85 percent (USDA-NRCS, 
1997). Coates et al. (2006) have also worked on individual micro-sprinkler systems that 
regulate the amount of water each tree receives, which has promising application for or-
chard management.

The low-pressure center-pivot and linear-move systems combine high application ef-
ficiencies with reduced energy and labor requirements. In addition, center-pivot irrigation 
has been shown to improve the ground water contamination level, although it might not 
be the most economical irrigation system available at present (Kim et al., 2000).
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Adoption of Sprinkler Irrigation

Acreage for all pressurized systems expanded from 19 million acres in 1979 to 30 mil-
lion acres (57 percent of total irrigated acreage) in 2003, of which sprinkler systems alone 
accounted for 27 million acres. Acreage in sprinkler systems has continued to expand in 
recent years, with an increase of about 4 million acres from 2003 to 2008 (USDA-NASS, 
2010). Center-pivot sprinkler systems accounted for roughly 79 percent of sprinkler acreage 
in 2003, increasing by nearly 13 million acres from 1979. Nearly two-thirds of the increase is 
attributable to net increases in irrigated area under sprinkler, while about one-third reflects 
the replacement of other sprinkler types with center-pivot systems. Low-pressure center-
pivot systems account for 46 percent of center-pivot acreage and are especially popular in 
the Southern Plains where irrigation relies heavily on higher-cost groundwater pumping 
(Schaible and Aillery, 2006).

Trickle or Drip Irrigation

Trickle or drip irrigation applies water directly to the root zone of plants using applica-
tors (for example, orifices, emitters, porous tubing, and perforated pipe) operated under 
low pressure. The applicators could be placed on or below the surface of the ground (USGS, 
2009a). Shifting to trickle or drip irrigation has been the greatest strategic improvement in 
water-use efficiency and energy savings over the past three decades. Precision water appli-
cation results in a significant conceptual and process-related change in energy use for those 
crops where it applies. Most orchards and vineyards are converting to these systems, and 
nearly all newly planted ones are using precision water application, as are a broad range 
of annual horticultural crops. The application tubes are placed in close proximity to the 
tree or vine of crop plants, and water is applied as needed, monitored by a host of newly 
engineered moisture and plant stress-sensing devices (Locascio, 2005).

Impact of Trickle or Drip Irrigation

Energy savings for systems changes are region- and crop-specific. In the central coast 
region of California, the better vegetable growers are saving upwards of 25 percent in water 
pumping, fertilizer, and herbicide costs by using subsurface drip irrigation technologies 
(California Energy Commission, 2008). The USDA-NRCS energy estimator (2008b) cal-
culated, based on research reports for the costs of irrigation for orchards in the Michigan 
area, that the energy savings in a 100-acre orchard could be up to 20 percent by adding a 
flow meter, irrigation scheduling, and maintenance and upgrades to a basic diesel-powered 
sprinkler system. Use of a micro-irrigation system (after installation costs), with suggested 
management would reduce pumping costs from $488 per acre/year for a well-managed, 
well-maintained sprinkler system to $390 per acre/year, a 20 percent savings. Those sav-
ings are only for the direct cost of diesel fuel for pumping and do not include additional 
savings for fertilization, pest and disease control, and weed control. When switching from 
sprinkler to micro-systems the capital energy costs should be assigned, with repayment 
over time in a manner similar to payback of financial capital investments.

Adoption of Trickle or Drip Irrigation

Low-flow systems, including drip, trickle, and micro-sprinklers (with application effi-
ciencies of 95 percent or greater) were used on 3 million acres in 2003, mostly for vegetables 
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and perennial crops such as orchards and vineyards, although experimentation and limited 
commercial applications are occurring with some row crops (Schaible and Aillery, 2006).

Regulated Deficit Irrigation

Deficit irrigation refers to applying water below the crop’s full evapotranspiration 
requirements so that it is allowed to withstand mild water stress (J.M. Costa et al., 2007). 
 Studies have shown that deficit irrigation can be applied to various crops including cotton 
and potatoes with little or no negative effects on yield (Henggeler et al., 2002; Shock 
and Feibert, 2002). While deficit irrigation is not controlled, regulated deficit irrigation 
(RDI) subjects crops to moisture deficit during stress-tolerant growth stages to minimize 
negative effects of yield.

Impact of Regulated Deficit Irrigation

Regulated deficit irrigation could be applied to a variety of crops including grapes, 
pistachios, and stone fruits (Cooley et al., 2009). Cooley et al. (2009) estimated that RDI 
can reduce water use by 20 percent for almonds and pistachios and up to 47 percent for 
vineyards, but actual water savings depend on many factors including crop type, climatic 
conditions, and sensitivity of growth stages to stress.

RDI might improve some quality attributes but reduce quality of others. For example, 
Delicious apples from trees grown under RDI had higher levels of soluble solids but were 
smaller than apples from well-watered trees. Pistatchios grown under RDI had significantly 
higher shell splitting at harvest (positive effect), but also lower fruit weight compared to 
pistachios grown without water deprivation (Goldhamer and Beede, 2004).

Disadvantages of Regulated Deficit Irrigation

Only some crops are suitable for regulated deficit irrigation, and growers need to have 
a clear understanding of crops’ responses to water stress during different stages of growth 
and development and under different environmental conditions (Kirda, 2002; Cooley et al., 
2009). For example, pistachios are particularly tolerant of stress during the shell-hardening 
phase, but not while they are in bloom or during the nut-filling stages (Cooley et al., 
2009).

Water Reuse

A variety of sources of water of marginal quality can potentially be used to augment 
the supply of water for agriculture. Domestic waste water, if properly reclaimed, can serve 
a variety of uses beneficial to agriculture, either as a source of irrigation water or to free up 
high-quality water that was being used for an activity (such as landscaping) that can uti-
lize reclaimed water without health risks to the public (Haruvy, 1997). At the present time, 
waste water provides only a small portion of the national water resource for agriculture. 
Saline water has some potential for augmenting water use in agriculture, primarily through 
reuse of drainage water on more salt-tolerant species or using cyclic rotations of good qual-
ity and saline water to grow a range of sensitive and more tolerant crops (Shennan et al., 
1995). Those are especially attractive options for western San Joaquin Valley of California, 
where shallow saline ground water is affecting yields, and offsite disposal of drainage 
 water collected by tile lines is prohibited (Benes et al., 2004).
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Disadvantages of Water Reuse

The greatest concern with reuse is the biological and chemical quality of the reclaimed 
water. Removal of pathogens and anthropogenic chemicals is an important requirement for 
any wastewater treatment system. The reclaimed water would have to be monitored care-
fully to reduce chances of any harmful pollutants entering into an agricultural production 
system (Banin, 1999; Falconer et al., 2006).

Adoption of Water Reuse

In 1995, some 805,000 acre-feet per year of reclaimed water was used in the United 
States for irrigation, primarily in California and Florida (Solley et al., 1998). That amount 
was less than 2 percent of the total water reclaimed in the United States, most of which was 
released to streams or ground water.

Small Dams

The many adverse environmental consequences of large dams have spawned propos-
als for alternative means of water capture. A recent committee of the National Research 
Council recommended that managed underground storage and recovery should be seri-
ously considered as a tool in a water manager’s arsenal besides small surface water storage 
practices used extensively on agricultural lands (NRC, 2008b).

Impact of Small Dams

Small dams and other impoundments also provide temporary water storage of runoff 
from large storms, thereby reducing downstream flooding. Additional benefits include 
water storage for irrigation or livestock supply, municipal or industrial uses, and recreation, 
including fishing, boating, and wildlife habitat. USDA-NRCS estimates that these small 
dams yield an annual benefit of nearly $1.6 billion and prevent more than $700 million in 
damages annually through their control of flooding. These small watershed dams in the 
United States represent a $15 billion national infrastructure investment and beneficially 
impact hundreds of thousands of lives everyday (USDA-NRCS, 2008c).

NRCS has conservatively estimated the cost of rehabilitating small watershed dams to 
be between $500 million and $600 million. While the average rehabilitation cost per dam is 
approximately $242,000, local sponsors typically do not have sufficient resources to com-
plete the necessary repairs to ensure the safety and critical functions of these small dams 
(USDA-NRCS, 2000).

Water quality impacts downstream of these small dams can be slight or significant, 
depending on sediment and nutrient inputs from upstream, water residence time in the 
impoundment, and whether surface (warmer) or deep (colder) water is released down-
stream. Sediments can be flushed or removed from behind these small dams during periods 
of dry-up or drought.

Some of the newer small dam designs have increased the flexibility in water storage 
capabilities, improved dam safety, and enhanced water quality and wildlife habitat benefits 
(Hanson et al., 2007; Hunt et al., 2008). Small dams have been endorsed by many federal 
and state agencies, the National Watershed Coalition, Ducks Unlimited, and many envi-
ronmental groups (USDA-NRCS, 2008c).
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Disadvantages of Small Dams

Excessive nutrients in slow-moving water that is impounded or stored from upstream 
agricultural uses can cause algae blooms, growth of aquatic plants to nuisance levels, 
and oxygen depletion because of organic matter decomposition. However, with proper 
management and maintenance, small dams can provide water storage and environmental 
benefits that outweigh the limitations (Lowrance et al., 2006).

Siltation and minimum storm water storage leading to spillway or dam failures are an-
other concern. More than half of the small dams in the United States are now more than 40 
years old and well beyond their original evaluated life (Hanson et al., 2007). Sediment pools 
have filled, and structural components have deteriorated on some of these dams. Public 
safety and environmental and social concerns will need to be addressed by rehabilitation 
or by using newer design and construction methods (Hanson et al., 2007).

WATER QUALITY MANAGEMENT

Reducing pollution of surface and ground water is a major goal for moving agricul-
ture toward sustainability. As mentioned in Chapter 1, agricultural runoff and leaching 
contaminates ground water with agrichemicals and pollutes surface water as a result of 
sediment and nutrient runoff. Some of the most important landscape features affecting 
nutrient losses are surface drains (for example, waterways and drainage canals), mitigat-
ing features (for example, buffers and vegetative filter strips), or subsurface tile drainage, 
and whether those features are in place because they affect the relative volumes of surface 
runoff and subsurface drainage. On a smaller scale, the most important factors that deter-
mine the volume and timing of surface runoff are the rate of water infiltration in soil and 
rainfall. Factors that affect water infiltration in soil were discussed earlier in the context of 
soil management. Water-soluble pollutants move with water whereas those bound to soil 
particles move with sediment. Nutrient management is also key to protecting water qual-
ity, by ensuring that excess levels of nutrients do not build up in the soil and hence become 
vulnerable to runoff and leaching.

Drainage Water Management Systems

Drainage water management (DWM), often referred to as controlled drainage or water 
table management, is the practice in which the outlet from a conventional drainage system 
is intercepted by a water control structure that effectively functions as an inline weir. The 
drainage outlet’s elevation is then artificially set at levels ranging from the soil surface to 
the bottom of the drains. Drainage water management systems are installed primarily to 
regulate drainage, thereby improve productivity, but they can be designed and managed 
to achieve additional environmental goals simultaneously (Evans et al., 1996). At the field 
scale, the drainage outlet can be set at or close to the soil surface between growing seasons 
to recharge the water table. The recharge temporarily retains soil water containing nitrate-
nitrogen in the soil profile where it might be subjected to attenuating and nitrate transfor-
mation processes, depending on soil temperature and microbiological activity. In addition, 
it is possible to raise the outlet elevation after planting to help increase water availability 
to then-shallow plant roots, and to raise or lower it throughout the growing season in re-
sponse to precipitation conditions. In some soils, water may even be added during very dry 
periods to reduce crop loss from drought, a related practice called subirrigation. Although 
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there have been reported instances where subsurface DWM has resulted in reduced nitrate 
concentrations in the drainage outflow (from denitrification of the soil water within the 
soil profile), the general consensus is that the dominant process leading to reductions in 
nitrate loads is a reduction in drain outflow. With less water leaving the field through the 
tile drain, significantly less nitrate flows out of the drain, even with no change in nitrate 
concentration (Cooke et al., 2008).

Impact of DWM on Productivity and Water Quality

Researchers in North and South Carolina were among the first to recognize the poten-
tial of DWM to reduce nutrient losses from drained lands (Gilliam et al., 1979; Skaggs and 
Gilliam, 1981). They conducted field research and demonstration projects to determine the 
effectiveness of the method (Gilliam et al., 1978; Doty et al., 1985), developed design guide-
lines (Gilliam and Skaggs, 1986; Evans and Skaggs, 1989), and demonstrated the applica-
tion of the method (Evans et al., 1990, 2000). The researchers in North Carolina continued 
to measure water quality effects associated with controlled drainage (Skaggs and Gilliam, 
1981; Gilliam and Skaggs, 1986; Skaggs and Chescheir, 2003; Burchell et al., 2005) and began 
to improve a simulation model, called DRAINMOD or DRAINMOD-N, to predict water 
quality effects (Skaggs and Gilliam, 1981; Breve et al., 1997; Lou et al., 2000). DRAINMOD-
N II was later developed to describe detailed nitrogen cycling, consider all forms of fertil-
izers and manures, and account for the carryover of nitrogen for different soils and plant 
organic matter (Youssef et al., 2004, 2005).

In Iowa, Kalita and Kanwar (1993) examined the effect of outlet control level on crop 
yield and nitrogen concentration. They observed a reduction in nitrate-nitrogen concentra-
tion for all outlet levels and an increase in crop yield for most. They also found, however, 
that it was possible to reduce yields by setting the outlet too close to the soil surface during 
the growing season. In Ohio, Cooper et al. (1991) reported increased soybean yields ranging 
from 23 to 58 percent where the DWM practice was used in combination with a subirriga-
tion system in which additional water was added during most of the growing season. In 
field studies conducted using the DWM practice elsewhere in the United States, researchers 
have reported reductions in nitrate loading, ranging from 14 (Liaghat and Prasher, 1997) to 
87 percent (Gilliam et al., 1997). A conservative estimate by consensus of researchers, exten-
sion specialists, and users is that the DWM practice can lead to a 30 to 40 percent reduction 
in nitrate loading in regions where appreciable drainage occurs in late fall, early spring, 
and winter seasons (ADMS, 2003).

Disadvantages of DWM

DWM has some practical limitations. Some existing drainage systems were not de-
signed or configured in a way that improvements can be easily made; however, subsurface 
drainage systems can be retrofitted with all the equipment needed to efficiently operate 
and manage the DWM practice at a cost of less than $100 per hectare. Illinois farmers have 
made extensive changes that have ranged from $100 to $220 per hectare (Cooke et al., 2008). 
Costs of improvements in an existing surface drainage are often less than $30 per hectare, 
but could be more where additional land leveling, surface drains, buffers, or filter strips are 
being installed. Because DWM systems are typically managed during nongrowing season 
months or between crop rotations, there is little potential for yield loss.
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Adoption of DWM

In 1985, USDA-ERS estimated that there were more than 13 million hectares of sub-
surface drainage in eight Midwestern states (USDA-ERS, 1987). Later, the amount of drained 
land in the entire Mississippi River Basin was estimated to have increased from about 2.5 to 
30 million hectares over the past 100 years (Mitsch et al., 2001). In 1989, about 150,000 acres 
in eastern North Carolina had DWM systems installed (Evans et al., 1996). As more dem-
onstrations and positive experiences are documented, farmers are beginning to combine 
DWM systems with other improved conservation and wetland practices to improve envi-
ronmental quality and lessen some of the consequences of droughts and floods (Box 3-3).

Wetlands

A wetland is an ecosystem that depends on constant or recurrent, shallow inundation 
or saturation at or near the surface of the substrate (NRC, 1995). Because wetlands can be 
an effective method for removing a wide variety of water quality contaminants, includ-
ing sediments, nitrogen, and phosphorus (Howard-Williams, 1985; Nixon and Lee, 1986; 
Kadlec and Knight, 1996; Reddy et al., 2005), the potential for using natural or constructed 
wetlands to clean up agricultural runoff has received considerable attention.

Emergent marshes provide significant potential for denitrification of nitrate and trap-
ping of particular nutrients and can be effective in reducing sediment and other contami-
nant loadings associated with agricultural drainage (Reddy et al., 1999; Kovacic et al., 2000; 
Braskerud et al., 2005; Crumpton, 2005; Mitsch et al., 2005). In general, if wetlands are to 
serve as long-term sinks for nutrients, there has to be net storage in the system through 
accumulation and burial in sediments or net loss from the system, for example through 
denitrification (Crumpton et al., 2008). The processes involved in nitrogen transformation 
in wetlands are comparable to most types of aquatic systems and soils (Howard-Williams, 
1985; Bowden, 1987; Reddy and Graetz, 1988; Crumpton and Goldsborough, 1998). Under 
anaerobic conditions, NO3 can be converted to N2O or nitrogen (N2) by microorganisms via 

BOX �-� 
Nitrate Loading from Agricultural Drainage into the Gulf of Mexico

	 A	number	of	reviews	and	conferences	on	Gulf	of	Mexico	hypoxia	research	and	policies	have	highlighted	
the	importance	of	agricultural	drainage,	the	major	pathway	of	nitrate	loads	in	the	Upper	Midwest.	For	
example,	an	economic	study	on	two	watersheds	that	used	a	constrained-optimization	model	to	evaluate	
the	cost-effectiveness	of	nitrogen-abatement	policies	(with	explicit	focus	on	drainage)	showed	that	drained	
land	dominates	in	nitrogen	abatement	and	has	substantially	lower	abatement	costs	relative	to	nondrained	
land.	However,	policies	that	remove	drainage	were	not	cost-effective.	Furthermore,	it	was	found	that	nutri-
ent	management,	a	policy	strongly	recommended	by	prior	research,	is	relatively	cost-ineffective	as	a	means	
of	abatement	on	nondrained	(Petrolia	and	Gowda,	2006).	Those	two	watersheds	represent	many	of	the	
watersheds	that	exist	in	the	Upper	Mississippi	River	Basin	where	surface	and	subsurface	drainage	enables	
farmers	to	produce	high	yields	of	corn	and	soybean	based	largely	on	proper	drainage.	If	those	farmers	
can	improve	both	drainage	and	nutrient	management,	they	should	be	able	to	improve	their	profitability	
and	at	the	same	time	enhance	the	operation	of	a	wetland	used	for	improving	environmental	quality.
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denitrification (Seitzinger, 1988). When wetlands are subjected to significant external nitrate 
loading, relatively high rates of denitrification are cited as the primary reason of nitrogen 
removal from drainage water (Crumpton et al., 2008).

There are three potential mechanisms by which wetlands reduce phosphorus in drain-
age water: deposition of sediment-bound phosphorus, sorption of dissolved phosphate, 
and accumulation of organic phosphorus in soil (Richardson, 1999). However, deposition of 
sediment-bound phosphorus is not considered long-term storage because future hydrologic 
events can re-suspend the sediment (Bruland and Richardson, 2006). Wetlands can mitigate 
pesticide contamination from agriculture in water by deposition of sediment-bound chemi-
cals, sorption to wetland vegetation, or degradation (Reichenberger et al., 2007).

Impact of Wetlands

Nutrient Loading
In a constructed wetland used to treat dirty water from a dairy farm in Ireland, Mustafa 

et al. (2009) reported removal efficiency of 94 percent for suspended solids, 99 percent for 
ammonia-nitrogen, 74 percent for nitrate-nitrogen, and 92 percent for molybdate reactive 
phosphorus. However, the effectiveness of wetlands in reducing agricultural nutrient loads 
is influenced by a range of climatic and site-specific factors. Important factors related to 
wetland inputs include the timing and magnitude of nutrient and hydrologic loads to the 
wetland, the extent of surface and subsurface drainage, the concentrations of nutrients en-
tering the wetland, and the chemical characteristics of the nutrients entering the wetland 
(for example, dissolved versus particulate fractions, nitrate versus ammonium and organic 
nitrogen, and liable refractory forms of phosphorus). Soil properties of wetlands, such as 
soil organic matter, exchangeable calcium, and oxalate extractable iron, are correlated to 
phosphorus sorption index. Therefore, the variability in the performance of wetlands in 
removing nitrogen and sequestering phosphorous can be expected (Crumpton et al., 2008). 
Research results over the last couple of decades clearly demonstrate that the design, opera-
tion, and maintenance of a wetland could be better understood and improved. Wetland 
restoration can be a promising approach particularly in heavily tile-drained areas like the 
Midwest (Crumpton et al., 2008). A restored wetland in Pennsylvania was shown to remove 
65 percent of the nitrate load on average (Woltemade and Woodward, 2008).

Pesticides
Wetlands have been found to be effective in removing pesticides from water that passes 

through them (Reicherberger et al., 2007). Blankenberg et al. (2006) assessed the retention 
of four herbicides and three fungicides (fenpropimorph, linuron, metalaxyl, metamitron, 
metribuzin, propachlor, and propiconazole) commonly used on arable soil in Norway by 
two constructed wetlands. They observed pesticide retention of 3 to 67 percent. Munoz 
et al. (2009) observed sorption of chlorpyrifos on wetland vegetation, some of which was 
later degraded by sunlight. Similar to nutrient retention, the effectiveness of wetlands as a 
mitigation strategy for pesticides in water depends on several factors, including vegetation, 
properties of the pesticides, and width of the wetlands (Moore et al., 2007; Reicherberger 
et al., 2007).

Disadvantages of Wetlands

Loss of productive land and maintenance costs can be issues with use of wetlands for 
water treatment. Although wetland vegetation can sequester CO2 from the atmosphere 
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through photosynthesis, the CO2 benefit can be offset by methanogenesis under anaerobic 
conditions and denitrification by soil microorganisms in the wetland soil (Crumpton et al., 
2008). The carbon stored in the wetland soil can also be oxidized and emitted as CO2 when 
the soil is drained (Crumpton et al., 2008).

Adoption of Wetlands

The widespread adoption of wetlands for nutrient reduction is not limited by science or 
engineering or by the availability of suitable land for large-scale wetland restoration; rather, 
the main obstacles are related to the scale of effort needed, cost, and policy and regulatory 
issues (Hey et al., 2004). The primary economic constraint associated with adoption of the 
practice is cost associated with wetland restoration and construction and with taking land 
out of production. These costs vary widely depending on the site characteristics and project 
size. Land costs are obviously higher for sites located on prime cropland than those located 
on marginal cropland or pasture, but these costs might be offset by lowering construction 
costs and, at least for nitrate, higher per acre rates of nutrient reduction (Crumpton et al., 
2008).

Buffers

Buffers are small areas of permanent vegetation designed to manage environmental 
concerns (for example, nutrient and sediment runoff and pesticide contamination). Buffers 
can be planted at the edge of arable fields (hence, called edge-of-field buffers) or next to 
water resources to intercept pollutants (called riparian buffer). An edge-of-field buffer typi-
cally is a narrow trip of perennial vegetation. Riparian buffers can be designed to include 
trees, shrubs, native grasses and forbs, nonnative cool-season grasses, or some combina-
tions of those to enhance ecosystem functions (for example, enhance surface and ground 
water quality, provide habitats for fish and wildlife, and reduce sediment transport) in 
specific habitats (Schultz et al., 2004).

Impact of Buffers

Nutrient Loading
Edge-of-field and riparian buffers have been shown to decrease nitrogen contamination 

of ground water (Lowrance et al., 2000; De Cauwer et al., 2006). Riparian forest and grass 
can reduce nitrate in shallow ground water near an upland area planted with row crops by 
up to 90 percent (Osborne and Kovacic, 1993).

The effectiveness of buffers in reducing nonpoint source phosphorus contamination 
is variable. One study showed that riparian zones can effectively limit the movement of 
phosphorus-enriched sediment and reduce dissolved phosphorus in contaminated ground 
water before the water reaches receiving bodies of water (Novak et al., 2002), while another 
showed no demonstrable effect (Snyder et al., 1998). Osborne and Kovacic (1993) observed 
that both forested and grass buffers in their study were less effective in reducing phospho-
rus concentrations in shallow ground water than nitrate concentrations. They also found 
that buffer vegetation could release phosphorus to ground water during dormant season.

Gypsum as a soil amendment for grassy buffer strips has been proposed as a strategy 
for enhancing buffer strips’ effectiveness in reducing soluble phosphorus in surface runoff, 
particularly in land fertilized with manure (Watts and Torbert, 2009). Preliminary results 
show that it could be a useful strategy for reducing soluble phosphorus at the field edge.
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Pesticides
Review of 14 publications revealed that edge-of-field buffer strips reduce pesticide 

load, but the efficiency varies widely (Reichenberger et al., 2007). Buffer strips reduce pes-
ticide load mostly as a result of infiltration and sedimentation in the buffer strips. Grass 
strips were more effective than strips of crops or bare soil in reducing sediment loss and 
sediment-bound pesticides (Reichenberger et al., 2007). The effectiveness of riparian buf-
fers in retaining pesticide has not been studied extensively, but Reichenberger et al. (2007) 
suggested that they are probably less than edge-of-field buffers. Surface runoff typically 
enters riparian vegetation as concentrated flow, which reduces the likelihood of pesticide 
retention by infiltration. Moreover, most riparian vegetation strips is too narrow or too 
sparse to be effective in reducing pesticide runoff.

Fecal Coliform Bacteria
Establishing edge-of-field buffer strips has been shown to be effective in reducing fecal 

coliform bacteria in runoff from pastureland amended with manure (Sullivan et al., 2007).

Disadvantages of Buffers

Although wider buffer strips tend to be more effective in nutrient removal, extending 
the width of the buffer strips takes land away from production (Hickey and Doran, 2004) 
and hence has economic implications. Edge-of-field buffers require active management to 
minimize unintended negative effects. Spontaneously developed plant communities in 
edge-of-field buffers might include weeds or noxious invasive species; therefore, it is bet-
ter to sow the buffer vegetation (De Cauwer et al., 2008). The established buffer vegetation 
could contaminate the edge of the crop fields with weeds (Marshall and Moonen, 2002), and 
mowing and removal of cuttings might be necessary to reduce the risk of weed contamina-
tion (De Cauwer et al., 2008). Similar to edge-of-field buffers, grassy riparian buffers also 
require active management such as mowing (Lyons et al., 2000).

Like wetlands, the effectiveness of buffers in improving water quality depends on a 
number of factors, including hydrology, buffer vegetation, width of buffer, and climatic 
events (Dukes et al., 2002; Herring et al., 2006). For example, buffers are most effective in 
treating surface runoff that has slow, shallow, and diffuse flow (Lee et al., 2003). Flooding as 
a result of hurricanes, for example, can overwhelm a buffer’s capacity to mitigate nutrient 
loading into water resources (Dukes et al., 2002).

NUTRIENT MANAGEMENT

The goals of a good nutrient management program are two fold: to provide sufficient 
nutrients for crop or animal growth throughout their life cycle, and to minimize negative 
impacts of nutrient losses on the environment. This section discusses the development of 
nutrient budgets to help manage fertility to balance inputs and desired outputs (products) 
and to minimize undesirable outputs (losses) into the environment. The different kinds of 
fertility inputs used in crop and pasture production (and issues involved with their use) 
subsequently are described. This section also provides examples of innovative ways of 
managing nutrient application (precision agriculture and nanotechnology) and the dis-
posal and recycling of animal wastes.

A good on-farm nutrient management plan would aim to achieve the following goals 
to improve sustainability:
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• Improve or maintain soil fertility.
• Minimize the use of off-farm nutrient inputs, especially synthetic fertilizer, thereby 

reducing energy used for fertilizer production.
• Ensure efficient use of nutrients, thereby reducing nutrient leaching and runoff and 

improving water quality.
• Ensure effective use and recycling of on-farm sources of nutrients.

In addition to providing the correct amounts of different nutrients for crop growth, it 
is equally important to synchronize the availability of the nutrients in the soil to meet the 
varying crop demands through the growing season. If the nutrient supply is not synchro-
nized with the crop demand, then either the plants suffer nutrient stress (availability too 
low) or excess nutrients accumulate in the soil and are vulnerable to losses via leaching or 
as adsorbed nutrients on sediment lost with surface runoff (Crews and Peoples, 2005).

Use of organic nutrient sources requires their decomposition by soil organisms to 
convert the nutrients into plant-available forms. For example, the conversion of organic 
nitrogen in the soil to plant-available nitrate from fresh residue or existing soil organic 
matter is a two-step process mediated by soil microbes, first producing ammonium (min-
eralization) and then nitrate (nitrification). Environmental conditions such as soil moisture 
and temperature affect the rates of decomposition. The timing and rate of mineralization 
is also affected by the nature of the organic matter, notably its carbon-to-nitrogen ratio. A 
high carbon-to-nitrogen ratio (>20) leads to temporary immobilization of soil nitrate and 
ammonium, whereas a low carbon-to-nitrogen ratio (<20–25) leads to net mineralization. 
Nitrogen conversion is thus influenced by crop sequence, timing, the type and timing of 
nitrogen input, the soil microbial population, and the soil condition (Vigil et al., 2002). 
When nitrogen mineralization is brought into synchrony with crop needs and to minimize 
seasonal loss through nitrate leaching, crop growth and production per unit of nitrogen 
input (and the resultant energy balance) can be optimized (Fortuna et al., 2003). Along with 
the nutrient sequestration and release cycles, the timing and placement of fertilizer inputs 
can enhance cycling and uptake efficiency while reducing losses.

Applying nitrogen fertilizer in excess of that required also increases fertilizer costs, 
thereby reducing profits from crops. Crop quality and price can also suffer as a result of 
overfertilizing, and crops with parabolic yield response to fertilization might have a de-
crease in yield (Sibley et al., 2009).

Production of synthetic fertilizers is an energy-intensive process. In 2002, 490 trillion 
Btu was consumed in U.S. fertilizer production (Heller and Keoleian, 2000). For each kilo-
gram of nitrogen fertilizer manufactured, transported, and stored, about 0.9–1.8 kg of CO2 
is emitted (Lal, 2004a). Use of manure, compost, and green manure can reduce the need for 
synthetic fertilizer and hence reduce the indirect energy use for the fertilizer production.

Mass Balances for Nutrient Management

Estimating nutrient mass balances (most commonly for nitrogen and phosphorus) can 
help producers develop a holistic approach to nutrient management by illustrating patterns 
of excessive or insufficient inputs for different nutrients over crop rotation cycles. Inputs 
can then be adjusted to obtain the correct nutrient balance. Mass balance calculations have 
been made at the field, farm (Haas et al., 2007), watershed (McIsaac and Hu, 2004), and 
national scales (Goodlass et al., 2003) to provide information on nutrient input excess or 
deficiency and implications for water quality. At the field scale, several studies (Drinkwater 
et al., 1998; Karlen et al., 1998; Jaynes et al., 2001; Webb et al., 2004) have shown agricultural 
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practices and systems with higher nitrogen inputs compared to nitrogen outputs. All those 
studies use the conservation of mass to compute the N balance:

Inputs – outputs – ∆ soil residual mineral N = residual

where output refers to nutrients that are removed by harvesting and nutrients lost to the 
environment.

Because of the difficulty in measuring all individual output pathways into the envi-
ronment, and hence calculating the residual term, partial nutrient budgets are often used, 
especially for annual budgets, where the residual is assumed to be zero, and changes in soil 
mineral nitrogen may or may not be considered. The revised equation used commonly to 
estimate potential undesired losses from the field or farm is:

Inputs – harvest outputs = potential loss into the environment

Using nitrogen as an example, inputs of nitrogen consist of any fertilizers (synthetic or 
organic) applied, nitrogen contained in precipitation or irrigation water (wet deposition), 
and in dry deposition from particulate matter. All those components can be measured. If 
a legume is grown, nitrogen from fixation of atmospheric nitrogen will be another input, 
which can be estimated but with some uncertainty (Oenema et al., 2003). Outputs consist 
of harvested product removed from the field (easily measured) and losses into the environ-
ment. With nitrogen, these losses can be via leaching, surface runoff, and gaseous losses 
via denitrification or volatilization of ammonia. Considerable uncertainty is involved in 
measuring each of these pathways of loss (Oenema et al., 2003). Therefore it needs to be rec-
ognized that calculations of nutrient budgets should have uncertainty calculations accom-
pany the numbers generated, although this is not commonly done (Oenema et al., 2003).

Nonetheless, partial budgets have been used as a way of comparing management sys-
tems in terms of potential nitrogen and phosphorus losses into the environment, and hence 
their potential impact on surface and ground water quality (Dechert et al., 2005; Drinkwater 
et al., 2008). In some cases, one or more of the losses to the environment might also be esti-
mated, for example, leaching (Drinkwater et al., 1998), in which case the remaining nitrogen 
that is unaccounted for is assumed to be lost via some combination of denitrification, vola-
tilization, and, over the long term, as additions to soil organic matter. In California, eight 
years of budget calculations illustrated the effects of organic, low-input, and conventional 
management on net balances of different nutrients. In that case, the budget included mea-
sures of changes in soil nutrient levels, thereby enabling an assessment of which systems 
were most efficient at retaining excess nutrients (Clark et al., 1998).

In the European Union, field- and farm-level nitrogen and phosphorus budgets are 
used as an indicator of sustainability as part of efforts to improve water quality (Ondersteijn 
et al., 2002; Ekholm et al., 2005). The main types of budget tools are: farm-gate that considers 
purchased inputs brought onto the farm versus loss of nutrients in products that are sold; 
soil surface budgets that measure inputs into the soil and removals via crop uptake and 
grazing; and soil system budgets that are more complex and take into account all nutrient 
inputs and outputs, including nutrient gains and losses within and from the soil (Oenema 
et al., 2003; Cherry et al., 2008).

In the Netherlands, regulations have required farmers to keep farm-gate nitrogen and 
phosphorus surpluses below a certain amount to meet water quality guidelines. In all, more 
than 50 different nutrient accounting systems are used among the European Union member 
states, with many using some type of farm-gate budgeting. In contrast, the Organisation for 
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Economic Co-operation and Development recognizes the gross soil surface balance as an 
effective agrienvironmental indicator (Goodlass et al., 2003; Cherry et al., 2008). Some argue 
that a standardized unified approach is needed (Oenema et al., 2003; Cherry, 2008), and the 
efficacy of the budget approach without further development and standardization is being 
questioned (Ondersteijn et al., 2002; Halberg et al., 2005). While budgeting using on-farm 
data provides a simple and readily communicable means of assessment, it does not cur-
rently consider the timing and transport aspects of loss and mitigation and assumes a direct 
causal relationship between potential and actual nutrient loss. The relationship between the 
nutrient surplus obtained from a farm-gate budget and actual losses into the environment 
varies with climate, topography, and other factors (Cherry et al., 2008). Nonetheless, in a 
number of examples, reductions in nutrient surplus at the farm-gate correlate well with 
reductions in leached losses or river nitrate levels (Cherry et al., 2008).

A variety of tools have been developed by different state extension systems, which are 
often built around a nutrient-credit system. Those tools are variants on a nutrient budget, 
where the idea is to work out how much fertilizer is needed to reach a predetermined po-
tential yield. The amount of nitrogen required is therefore known. After credit is given for 
all other sources of nitrogen (such as nitrogen released from the soil as estimated by soil 
tests; any manure, compost, and other nutrients added; and nitrogen from incorporation 
of sod), the difference between the amount needed and the total credits indicates the rate 
of fertilizer to be applied. Many of the tools are available on the web and are interactive 
(Cornell University et al., 2009; USDA-ARS, 2009), enabling farmers to plug in information 
such as soil type and manure characteristics to calculate fertilizer needs.

While many management tools are developed for nitrogen, phosphorus is also a press-
ing concern especially for animal systems, where high phosphorus-content manure applied 
to crop fields can lead to excessive build up in the soil and losses not only via erosion and 
runoff, but also by leaching into the ground water (McDowell and Condron, 2004). Budget 
and other phosphorus management tools are also being developed (SERA-17, 2008). Other 
nutrient management tools, such as risk assessment and modeling, are also being devel-
oped, and they might be more effective than methods based on simple budgets (Cherry 
et al., 2008).

Soil and Tissue Sufficiency Tests

A great deal of work has been done over the past 20 years to keep refining soil and plant 
tissue sufficiency tests to help determine the level of fertilizer inputs necessary to support 
good crop growth. Soil tests are often carried out pre-planting or at early growth stages 
such as pre-sidedress, whereas plant tissue tests are often taken at multiple times during 
the season to allow for adjustments in later fertilizer applications. In addition, various crop 
canopy measures, such as leaf chlorophyll and canopy reflectance, are also used. There are 
excellent reviews on the topic that discuss the issues around soil and tissue testing and 
summarize the various tests developed for different crops (Schroder et al., 2000; Olfs et al., 
2005; Zebarth et al., 2009).

The most effective test varies depending on the crop. For example, in one study, the 
best nitrogen test for maize was a pre-plant soil test; for barley, it was the mean stem 
NO3

– content (measured across five phonological stages). Both tests showed strong linear 
relationships with yield (Montemurro and Maiorana, 2007). In the case of sugar beets, a 
petiole NO3

– test was the best predictor of yield (Montemurro et al., 2006).
Soil tests have limitations, however, in that they do not take into account factors that 

affect the risk of actual loss from the field and of impacts on water quality. Those limitations 
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led to the development of more complex measures, such as the phosphorus index, which 
includes some combination of soil test, rate, and application method for phosphorus from 
fertilizers and manure, soil erosion, runoff class, distance from surface water bodies, and 
irrigation erosion as inputs (Sonmez et al., 2009).

Nutrient Management Plans and Best Management Practices

Nutrient management plans are comprehensive plans for managing nutrients for crops 
and animals. Such plans are increasingly required to meet water quality guidelines. Many 
state extension services have developed tools to help farmers develop their plan. Typically, a 
plan incorporates some kind of soil testing, use of a budget or credit approach to determine 
input levels needed for a specified and realistic yield goal, and measurement of nutrient 
contents for all inputs including manure, composts, and use of other best management 
practices (BMPs). BMPs vary by regions but can include recommendations for methods and 
timing of fertility applications, use of specific soil or plant tissue tests, use of conservation 
buffers, use of cover crops, and use of conservation tillage. (See An Introduction to Nutri-
ent Management [CTIC, 2007] for an example of BMPs for nitrogen and phosphorus.) Tools 
that focus on manure management are also available for dairy production (USDA-ARS, 
2009). Furthermore, there are also efforts to coordinate nutrient management planning on a 
regional basis—for example, the Great Lakes Regional Water Program developed through 
partnerships with the USDA Cooperative State, Research, Education, and Extension Service 
and land-grant colleges and universities (The Great Lakes Regional Water Program, 2009).

Nutrient Inputs

The most commonly used fertility inputs in U.S. agriculture today are chemical fertiliz-
ers of different formulations. There is a very extensive literature on determination of recom-
mended fertilizer input levels for different crops, together with various soil and tissue tests 
to help determine nutrient sufficiency during the growing season as discussed earlier. Split 
applications and slow release fertilizers can also help synchronize nutrient availability with 
crop demand (Chien et al., 2009; Sitthaphanit et al., 2009). This section, however, focuses on 
the three sources of nutrient inputs that can be generated on-farm and can enhance nutrient 
cycling—legumes, animal manure, and compost.

Legumes

Legumes form a symbiotic relationship with Rhizobium, root-nodule bacteria that fix 
atmospheric nitrogen to ammonium, and thus acquire nitrogen from the soil and the at-
mosphere. The fixed nitrogen is incorporated into legumes’ biomass in the form of amino 
acids and proteins. Crop rotations that include actively fixing legumes can reduce nitrogen 
fertilizer needs because some of the fixed nitrogen is returned to the soil with incorpora-
tion of crop residue, and by direct release into the soil via root exudation and root death. 
As discussed in the earlier section on cover crops, leguminous cover crops can be used as 
green manures to improve soil fertility.

Impact of Legumes

Yield
Inclusion of legumes into rotation can be beneficial for subsequent crop yields. For 

example, regardless of the amount of fertilizer applied, grain yields following legume 
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rotations are often 10 to 20 percent higher than continuous grain rotations (Heichel, 1987; 
Power, 1987). Similar grain yields have been achieved in studies that compare the use of 
legume or fertilizer as sources of nitrogen (Harris et al., 1994). In another study, a diverse 
rotation that included corn, soybean, wheat, and alfalfa led to higher grain nitrogen and 
sulphur, as compared to corn monoculture or a simple corn and soybean rotation. Further-
more, nitrogen application did not increase corn yield when it was grown in the diverse 
rotation and thus suggested the leguminous crops provided adequate nitrogen for the corn 
crop (Riedell et al., 2009). In some cases, better synchrony of nutrient availability and crop 
need also can be achieved by using a combination of legume residue and chemical fertilizer 
(Kramer et al., 2002).

Nutrient Availability
When legumes are used in rotation, they increase the nitrogen available in the soil 

(P. Smith et al., 2008; Sharifi et al., 2009) and reduce the need for commercial fertilizers. A 
number of studies suggest that legume residues can supply 36 to 266 kg ha–1 of nitrogen 
(as summarized in Christopher and Lal, 2007). The amount of nitrogen supplied depends 
on environmental conditions, the soil microbial biomass, management practices used (for 
example, tillage), and the legume species (Stute and Posner, 1993; Fageria and Baligar, 
2005).

Disadvantages of Legumes

Nitrate leaching increases if leguminous crops or residues are incorporated into the 
soil in autumn (Moller et al., 2008), but leaching losses can be reduced substantially if a 
catch crop is grown during the autumn and winter that follow immediately before sowing 
subsequent spring wheat (Hauggaard-Nielsen et al., 2009). Similarly, if legumes are used 
as a winter cover crop, nitrate released following incorporation in the spring can be vulner-
able to leaching losses (Moller et al., 2008). Such loss can be reduced by planting mixtures 
of legumes and nonlegumes to increase the carbon-to-nitrogen ratio of the residue (Cherr 
et al., 2006).

Animal Manure

Animal wastes in the form of raw manure are often used as a crop fertilizer or soil 
amendment. Substituting animal manure for synthetic fertilizer has the potential to im-
prove carbon sequestration and reduce the fossil energy input required to produce syn-
thetic fertilizer (Ceotto, 2005).

Impact of Animal Manure

Soil Quality
The application of animal manure to crops can provide multiple benefits to soil and 

crops when applied in appropriate quantities. Benefits include improved infiltration capac-
ity (Boyle et al., 1989; Sullivan, 2004; Plaster, 2009) and increased soil carbon and nitrogen 
levels over the long term (Sommerfeldt et al., 1988).

Manure application also affects nutrient cycling in soil by providing carbon and other 
nutrients for microbial populations. For example, the application of chicken litter to Ver-
tisol soil in Texas has been shown to result in higher microbial biomass carbon, nitrogen, 
and enzymatic activities compared to sites with no litter application (Acosta-Martinez and 
Harmel, 2006). Likewise, Larkin et al. (2006) observed that dairy and swine manure gen-
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erally increase soil microbial populations. Dairy sludge in particular is nutrient-rich and 
high in organic matter (Ciecko et al., 2001). It stimulates the soil microbial respiration and 
enzymatic activity when added to soil (Jezierska-Tys and Frac, 2008, 2009).

Energy Use
It is more efficient to recycle nutrients within a farm system than to produce new fertil-

izers from fossil fuels. Fossil fuel energy use can be reduced when animal manure is used to 
fertilize crops instead of industrial nitrogen fertilizers (Ceotto, 2005). Concerns about global 
climate change have stimulated efforts to decrease agriculture’s dependence on chemical 
fertilizers by using animal manure more efficiently.

Disadvantages of Animal Manure

Using animal manure requires more field labor (Karlen et al., 1995) and is more com-
plicated than applying synthetic fertilizer. The nutrient content of manure depends on 
many factors including type and age of livestock, feed management, and manure storage. 
University extension provides guidance on manure sampling (Steinhilber and Salak, 2006; 
Martin and Beegle, 2009). Applying the appropriate amount of manure to meet the crops’ 
nutrient requirements also requires knowledge of the mineralization patterns of the ma-
nure applied. However, nutrient release from applied manure depends on temperature, 
soil moisture, soil properties, manure characteristics, and microbial activity (Eghball et al., 
2002). A common problem with using manure as a nutrient source is that application rates 
are usually based on the nitrogen needs of the crop. Some manure has about as much phos-
phorus as nitrogen, which exceeds the crops’ uptake. The excess phosphorus often leads 
to a build up in the soil and subsequent loss into the environment and even leaching in 
extreme cases (McDowell and Sharpley, 2004). One solution is to adjust the manure rate to 
meet the phosphorus needs of the crop and to supply the additional nitrogen with fertilizer 
or a legume cover crop (Sullivan, 2004).

Manure from animal production operations will contain trace minerals (Petersen et al., 
2007). Recommendations to include trace minerals in animal diets exist to meet metabolic 
needs, improve health, counteract elevated concentrations of interfering substances, and 
promote growth (NRC, 1980). The majority of trace minerals in livestock feed is excreted 
in feces and urine. Bioconcentration of trace elements will occur during manure storage 
as carbon, oxygen, hydrogen, and to some extent nitrogen are volatilized (Petersen et al., 
2007). Another problem with the use of manure is microbial contamination, which will be 
discussed in Chapter 4.

Dietary Modification to Adjust Manure Composition

Animal diet can be adjusted to meet nitrogen and phosphorus requirements without 
much excess so that nutrients excreted in urine and feces are minimized (NRC, 2001). 
 Changing the diet composition of poultry by adding crystalline amino acid supplements, 
adding enzymes such as phytase, an enzyme that improves mineral bioavailability (Lyberg 
et al., 2008), and lowering the protein and phosphorus contents can reduce the nitro-
gen, phosphorus, and other mineral contents in poultry manure and litter (Nahm, 2000; 
 Plumstead et al., 2007). The addition of phytase to the diets of pigs has been found to reduce 
manure pH and lead to a decrease in ammonia losses from swine manure (Smith et al., 2004). 
Adjusting the dietary amino acids balance can reduce nitrogen excretion (Dourmad and 
Jondreville, 2007). Phase-feeding, which is feeding four or more diets to grower or finisher 
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pigs, has also been found to reduce phosphorus excretion (Dourmad and Jondreville, 2007). 
Knowlton et al. (2007) showed that adding an exogenous phytase and cellulase enzyme 
formulation to diets for lactating cows reduced their fecal nitrogen and phosphorus excre-
tion and fecal dry matter.

Dairy and beef cattle carry E. coli asymptomatically and shed it intermittently and sea-
sonally in their feces (Bach et al., 2002). The presence of E. coli O157:H7 in manure could 
result in contamination of produce, soil, and water if the manure is applied as liquid. In 
cattle that are fed a grain ration, some starch could be passed to the hindgut without mi-
crobial degradation. Starch that is not degraded will be fermented in the hindgut where 
E. coli O157:H7 can use the sugars released from starch breakdown. Callaway et al. (2003) 
suggested that switching dairy cattle from a grain ration to forage could decrease E. coli 
O157:H7 populations in cattle. Gilbert et al. (2005) suggested that the type of dietary carbo-
hydrate affects the fecal populations of E. coli in cattle. In experiments with small sample 
sizes of 6 or 30 cows, they observed significantly higher fecal E. coli populations in cattle 
fed with a finishing diet of grains compared to the ones given a finishing diet of roughage 
or roughage and molasses. Dietary manipulation has the potential to reduce nutrient and 
pathogen contamination in livestock manure, which in turn could mitigate some of the 
potential negative effects of using manure as natural fertilizers.

Adoption of Animal Manure Application

In 2006, animal manure was used on 16 million acres of U.S. cropland (about 5 percent) 
(MacDonald et al., 2009). USDA-ERS (Gollehon and Caswell, 2000) estimated that confined 
animals produced 1.23 million tons of recoverable manure nitrogen (collectible for spread-
ing) in 1997, which was about 10 percent of total U.S. nitrogen consumption that year 
(USDA-ERS, 2008). Fertilizing crops with animal manure is not widely adopted because 52 
percent of the harvested acres do not have livestock production at all (MacDonald et al., 
2009). Those farms are not likely to use manure unless livestock or animal production facili-
ties are nearby because transporting manure is costly.

Compost

Compost is a mixture of decaying organic material and can be made from farm ma-
nure, sewage sludge, agricultural residues, or food wastes. Composting has been defined 
as “an aerobic process of decomposition of organic matter into humus-like substances and 
minerals by the action of microorganisms combined with chemical and physical reactions” 
(Peigne and Girardin, 2004, pp. 46–47). Composting farm manure and other organic mate-
rials is a way to stabilize their nutrient content and create a product that is easier to handle 
than raw manure (DeLuca and DeLuca, 1997). Although compost is not as good a source 
of readily available plant nutrients as raw manure, a well-matured compost releases its 
nutrients slowly and thereby can minimize losses (although see also Evanylo et al., 2008). 
The raw materials used to produce compost and the conditions in which composting oc-
cur greatly affects the quality of the compost produced; hence, quality guidelines for com-
mercial compost have been developed (Larney and Hao, 2007; Hargreaves et al., 2008). 
Although there are no U.S. national standards for commercial compost, California, for 
example, has quality criteria based on a series of tests including respiration, temperature, 
carbon-to-nitrogen ratio, visual and olfactory characteristics, seed germination, and a ma-
turity index (California Integrated Waste Management Board, 2009).
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Impact of Compost

Productivity
Composts can have favorable effects on crop productivity even when used alone, 

without chemical fertilizer as a supplement. For example, Delate et al. (2008) showed that 
growth and yields of peppers grown using a compost-based organic fertilizer can surpass 
those of conventionally grown peppers. In another study, yields of maize, wheat, and pep-
pers grown with dairy leaf compost either equaled, and in the case of maize exceeded, 
conventionally grown crops (Hepperly et al., 2009). Furthermore, the compost treatment 
proved superior to both conventional synthetic fertilizer and raw dairy manure in build-
ing soil nitrogen and carbon, providing residual nitrogen for the subsequent unfertilized 
wheat crop, and in reducing nutrient losses via leaching. Olive pomace compost effectively 
replaced half of the mineral nitrogen fertilizer and gave equivalent yields of maize and 
barley to the highest rate of nitrogen fertilizer (Montemurro et al., 2006) and showed a 
similar nitrogen utilization efficiency. In contrast, supplemental fertilizer was needed to 
attain high yields of sweet corn in a vegetable rotation system, despite using high rates of 
compost application (Evanylo et al., 2008). The lower yield was due to mineralization of 
the compost occurring after the period of peak crop demand, and as a result higher levels 
of residual nitrate were left at harvest in the compost versus fertilizer treatments; use of a 
rye catch crop, however, prevented significant leaching losses.

Soil Quality
Use of composts adds carbon to the soil, increases soil organic matter, can increase nu-

trient availability, and improve soil moisture retention and water infiltration. For example, 
in an 18-year study, compost additions increased soil carbon by 16 to 27 percent and soil 
nitrogen by 13 to 16 percent (Hepperly et al., 2009). In another study, use of compost also 
led to higher soil organic carbon, decreased soil bulk density, and improved soil moisture 
retention relative to chemically fertilized plots (Jagadamma et al., 2009). In a field study 
in Spain, Gil et al. (2008) examined whether compost made from cattle manure combined 
with a nitrogen mineral fertilizer could substitute for conventional mineral fertilizer. Grain 
yields were similar across both treatments, but the soil in the field that received compost 
and mineral nitrogen had higher organic matter content, phosphorus, potassium, and so-
dium concentrations than the field that received conventional mineral fertilizer (Gil et al., 
2008). Another study demonstrated that compost use led to both higher soil organic matter 
and higher soil water content than the control (Edwards and Burney, 2008). Evanylo et al. 
(2008) found that compost use affected bulk density, porosity, and water-holding capacity 
of the soil such that losses of nitrogen and phosphorus following a simulated rain event 
were greatly reduced (by over 70 percent relative to the fertilizer treatment), despite higher 
concentration of those nutrients in the runoff.

Disease Suppression
Compost can suppress a number of plant diseases and its contribution to disease 

suppression is discussed in a later section on weeds, pests, and disease management in 
crops.

Energy Use
Using composted manure can reduce energy consumption compared to using synthetic 

fertilizers (DeLuca and DeLuca, 1997), particularly if the organic materials for composting 
are wastes from on-farm sources. Using on-farm resources for composting improves nutri-
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ent recycling and eliminates transport costs of bringing in raw materials or compost from 
commercial suppliers.

Disadvantages of Compost

One major disadvantage is that composting can lead to significant losses of ammonia, 
CH4, and N2O to the atmosphere and contribute to greenhouse-gas emissions if the piles 
are too wet or if the carbon-to-nitrogen ratio is too low for quick retention of nitrogen com-
pounds (IPCC, 2006). All production of well-finished compost depletes the carbon content 
of the starting materials by about 60 percent, with the released carbon going into the atmo-
sphere as CO2. For that reason, there has been a longstanding debate about the desirability 
of composting rather than direct application of manure or residues to the field and having 
decomposition occur in the field. However, Kirchmann and Bernal (1997) demonstrated 
that composting reduces the loss of CO2 compared to a nondecomposed treatment when 
the calculation takes into account the loss during the treatment of the fresh material and the 
loss after its application to fields. Peigne and Girardin (2004, p. 52) concluded that “com-
posting is responsible for a significant quantity of CO2 emitted, but it is not a net source of 
CO2 along the recycling chain of agricultural wastes.” In contrast, compost is a net source 
of CH4 and N2O, but the amounts released depend largely on the raw materials used and 
other characteristics of the pile and how it is managed. Similarly, the magnitude of nitrate 
and phosphate losses by runoff and leaching during the composting process depends on 
the location of the piles, water additions, and whether the pile is covered (Peigne and 
 Girardin, 2004).

Similar to the case of applied manure, nutrient mineralization from applied compost 
depends on the quality of compost, temperature, soil moisture, soil characteristics, and soil 
microbial communities so that the availability of nutrients from compost to plants varies 
(Eghball, 2002; Evanylo et al., 2008). Hence, it could be difficult to determine the appropri-
ate amount of compost to apply to meet crops’ needs. The carbon-to-nitrogen ratio has to 
be about 20:1 to ensure short-term nitrogen mineralization (Gaskell and Smith, 2007).

Some of the sources of material for composting might contain heavy metals (for ex-
ample, sewage sludge and municipal waste). Compost from such materials could result in 
the accumulation of heavy metals in the soil and sometimes in the edible parts of vegetable 
plants. Metals released from composts might be leached out of the root zone and into 
ground water after irrigation or rainfall (Li et al., 2000).

Composting, with periodic heap turning, can inactivate some pathogens, thereby re-
ducing the risk of microbial contamination. If appropriate practices are not followed, com-
post can contain plant and human pathogenic bacteria (Brinton et al., 2009). The time the 
compost pile is at a high temperature is the most important factor for eliminating pathogens 
(Noble et al., 2009). Studies have shown, however, that careful attention to ensure optimal 
time and temperature combinations can be effective at reducing enteric pathogens that pose 
a risk to humans (Heinonen-Tanski et al., 2006). Similarly, composting of biosolids (Class A 
stabilization) significantly reduced human pathogen levels as compared to class B stabiliza-
tion and other treatments (Viau and Peccia, 2009).

Precision Agriculture

Precision agriculture can be broadly defined as “a management strategy that uses in-
formation technologies to bring data from multiple sources to bear on decisions associated 
with crop production” (NRC, 1997, p. 2). Precision agriculture presents farmers with the 
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opportunity to use technologically advanced methods by which they can identify more 
efficient production practices. The pivotal technology in precision agriculture is the global 
positioning system (GPS) so that treatments applied during field operations can be related 
to localized requirements within a field. These technologies include real-time kinematics 
(RTK) GPS guidance that allows better seed and fertilizer placement and automated height 
adjustment for large-scale boom applicators. Yields, weeds, grid soil sampling, chemical 
(herbicide, insecticide, and fertilizer) use, and record keeping also can be monitored. The 
collected data can influence farmer decisions related to seeding, fertilizer and chemical ap-
plications, irrigation scheduling, and other farm input use and lead to economic savings 
on farm and reduced impact on the environment. In addition to large-scale production of 
crops such as corn, soybean, wheat, and barley, precision agriculture also is used in potato, 
onion, tomato, sugar beet, forages, citrus, grape, and sugarcane production systems (Zhang 
et al., 2002; Kach and Khosla, 2003).

One goal of precision agriculture is to reduce the input of nitrogen and phosphorus 
fertilizer into agricultural fields. There are various ways to achieve that goal, including 
monitoring crops’ nutrient needs to determine the timing and amount of fertilizer applica-
tion (Biermacher et al., 2009), using GPS technology to inject fertilizer in a precise location 
as needed instead of spraying an entire field indiscriminately (C. Mitchell, presentation to 
the committee on August 4, 2008; Smith, 2008), and balancing dairy cattle dietary phospho-
rus requirements precisely to reduce phosphorus concentration in manure (Ghebremichael 
et al., 2008).

Impact of Precision Agriculture

Nutrient Use
Geographic information system (GIS), GPS, and modeling technologies can be used to 

identify and simulate the spatial residual soil NO3-N patterns (Delgado and Bausch, 2005). 
Sensor-based technologies have been developed to measure plant nitrogen and provide 
information for in-season nitrogen application (Osborne, 2007; Stroppiana et al., 2009). 
Those tools can provide information on soil nutrient levels much more quickly than soil 
tests. If nitrogen application is made on the basis of nitrogen reflectance index (fertilizer is 
applied when a certain proportion of crops have nitrogen reflectance index below a certain 
level), the in-season nitrogen application can be better synchronized with the crops’ needs 
(Delgado and Bausch, 2005).

Clay Mitchell, an Iowa farmer, tested an RTK guidance system with sub-inch accuracy 
and found that corn planted in the center of the fertilized strip—made possible because of 
RTK autoguidance—yielded 245 bushels per acre. In contrast, corn planted 5 and 10 inches 
off the fertilized strip yielded 236 bushels per acre and 238 bushels per acre, respectively 
(Smith, 2008). Mitchell later used GPS-steering for his planter to eliminate slide slip on 
slopes and to ensure that the seeds were planted over the tilled strip. The precise plant-
ing enabled by GPS saved him up to 7 percent in seed costs. Stahlbush Farm, described in 
Chapter 7’s case studies, also uses RTK-guided tractors. Bill Chambers, owner of Stahlbush 
Farm, said that those tractors improve the ease of operation at night, operate faster than 
nonguided tractors, use less fuel, and take less space to turn.

In addition to using precision agriculture to manage crop nutrients, a precision feed 
management (PFM) program has been proposed as a strategy to reduce phosphorus build 
up in soil by limiting feed and fertilizer purchases and by increasing high-quality home-
grown forage production (Ghebremichael et al., 2007). The PFM program includes strate-
gies that balance dairy cattle dietary phosphorus requirements precisely with actual intake, 
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and strategies that improve on-farm forage production and utilization in the animal diet 
(Ghebremichael et al., 2008). The importance of precision feeding and cropland fertility 
management has improved the phosphorus balance of the dairy sector in New York State 
(Swink et al., 2009).

Water Quality
Water contamination can occur when inorganic or organic manure fertilizers are over-

applied (Spalding and Exner, 1993; Jemison et al., 1994; Dinnes et al., 2002). Variable rate 
technology (VRT) methods of applying nutrients reduce leaching and improve water qual-
ity when compared to uniform application methods (Wang et al., 2003). VRT can be used to 
apply herbicide to areas of severe weed infestation (Thorp and Tian, 2004). Ghebremichael 
et al. (2007) also found that PFM reduces soluble phosphorus lost to the environment by 18 
percent. Furthermore, adoption of the PFM system could result in a decrease of 7.5 kg per 
cow per year feed supplement for dietary mineral phosphorus and by 1.04 and 1.29 tons 
per cow per year for protein concentrates.

Adoption of Precision Agriculture

Adopters of precision agriculture are mostly large-scale farms in the Midwest (Whipker 
and Akridge, 2007) because small to medium-size producers see the initial cost, uncer-
tain economic returns, and technology complexity as limiting factors (USDA-NIFA, 2009). 
Adoption varies from a few percent in some regions of the United States to 40 percent of 
tillable land in other regions, such as the sugar beet growing area of the Red River Valley 
in Minnesota and North Dakota (Robert, 2002). Surveys on precision agriculture have con-
sistently found that age, attitude, and education of producers are correlated with adoption 
of precision agriculture (Robert, 2002; Walton et al., 2008).

Nanotechnology-based Applications

Nanotechnology is the manipulation or self-assembly of individual atoms, molecules, 
or molecular cluster into structures to create materials with unique characteristics. Nano-
technology generally is used when referring to materials with the size of 0.1 to 100 nano-
meters (or 1 billionth of a meter). Because of their ion exchange and reversible dehydration 
properties, nanotechnology-based soil amendments from naturally occurring minerals, 
such as zeolites, could be used as agents for the slow release of nitrogen and phosphorus 
fertilizers and to increase water retention. They could also be used to enhance the avail-
ability of micronutrients to absorb metal cations and reduce local concentrations of toxic 
substances that inhibit plant growth and nitrogen-fixing soil microbes (NRC, 2008a). Nano-
technology can potentially be used to improve herbicide application by providing better 
penetration through cuticles and tissues, allowing slow and constant release of the active 
substances and targeting delivery. However, issues of possible toxicity and scale and cost 
of production of nanoparticles and nanocapsules will have to be addressed before their 
widespread use (Perez-de-Luque and Rubiales, 2009).

Another major role for nanotechnology-enabled devices will be the increased use of 
autonomous sensors linked into GPS for real-time monitoring and precision farming. The 
nanosensors are distributed throughout the field where they monitor soil conditions and 
crop growth. Wireless sensors are being used in certain parts of the United States and Aus-
tralia. Pickberry, a vineyard in California’s Sonoma County, has installed wireless (Wi-Fi) 
systems with the help of the information technology company Accenture. The initial cost 
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of setting up such a system is offset by the benefit of growing improved grape crops, which 
in turn produces improved wines that command a premium price. The use of such wireless 
networks is not restricted to vineyards (Joseph and Morrison, 2006).

Anaerobic Digestion with Biogas Recovery of Animal Manure

Treatment of animal manure with anaerobic digestion coupled with biogas recovery 
and use is one method for animal operators to reduce odors and pathogens in manures and 
generate biogas for energy at the same time. Anaerobic digestion requires the collection of 
fresh manure and lends itself to be a viable practice on larger animal and poultry facilities 
when animals are housed on a surface that can be scraped or flushed. Anaerobic digestion 
is a two-step process that requires microbial populations to digest organic material in the 
absence of oxygen (Balsam, 2006). In the first step, part of the volatile solids in manure is 
converted into fatty acids by acetogens (acid-forming bacteria). In the second step, the acids 
are converted to biogas (CH4 and CO2) by methanogens (CH4-forming bacteria) in covered 
lagoons for liquid manure and plug flow or sequencing batch reactors for slurry manure. 
Biogas is captured from the enclosed area, transferred, and may be scrubbed. Biogas has 
most commonly been used to generate electricity and heat via internal or external com-
bustion engines (EPA, 2002). More recently, it has been scrubbed and successfully injected 
into natural gas lines or pressurized to make compressed natural gas for use in vehicles. 
Research is ongoing in ways to convert biogas to energy in fuel cells. The biogas contains 60 
to 70 percent CH4, 30 to 40 percent CO2, and trace amounts of hydrogen sulfide, ammonia, 
and sulfur-derived mercaptans (Balsam, 2006).

These alternatives for biogas use might reduce or maintain fuel or energy costs at an 
animal operation. New opportunities might be available to market greenhouse-gas emis-
sion reductions. The residual organic material can be dewatered or dried and used as ani-
mal bedding or as a soil amendment. Anaerobic digestion is beneficial for reducing odors 
and pathogens associated with manures.

Impact of Anaerobic Digestion

A few studies have examined the potential of using anaerobic digestion to stabilize 
swine and cattle manure slurry to recover biogas for energy generation. R.D. Costa et al. 
(2007) fed a laboratory-scale digester with 5 percent and 15 percent swine manure slurry and 
observed an average reduction of 58 percent total chemical oxygen demand and 85 percent 
dissolved oxygen demand. The CH4 content of biogas ranged from 55 to 65 percent. The 
authors suggested that the stabilized sludge might be suitable for use as soil amendment for 
crops. Macias-Corral et al. (2005) used dairy manure and cotton gin waste in a two-phase 
anaerobic digestion system to assess the feasibility of producing CH4 and soil amendment 
from mixed agricultural wastes. They obtained biogas that has 72 percent CH4 and con-
ducted nutrient analyses on the residuals to demonstrate that the residuals can be used as 
soil amendments.

Methane generation has received considerable attention, with the USDA, state research 
groups, and many alternative groups providing technology information and promoting its 
use. Methane gas has an energy equivalent of 600 Btu/ft3, compared to 1,000 Btu/ft3 for 
natural gas. The net energy contribution per day for wastes of selected animals, assuming 
35 percent of gross to operate the digester, is swine, 1,500 Btu/day; dairy, 18,000 Btu/d; 
beef, 10,700 Btu/d; and poultry, 110 Btu/d per bird. Small numbers of such units have been 
constructed, although the technology is reasonably well developed and efficient. Biogas 
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generation is attractive especially for larger animal units where waste recycling to the land 
is environmentally and socially sensitive. Ideally, an anaerobic digestion and biogas recov-
ery system can convert manure from animal operations into energy.

Disadvantages of Anaerobic Digestion

The biogas includes some toxic gases (as discussed above) and has to be scrubbed and 
the toxic gases separated. The CH4 produced is highly explosive if it comes into contact 
with atmospheric air at proportions of 6 to 15 percent CH4 (Balsam, 2006). The anaerobic 
digestion and biogas recovery system requires a large capital investment and regular labor 
to maintain the system to ensure proper functioning (MacDonald et al., 2009). Installation 
of digesters historically occurs in the United States when federal or state funds are avail-
able to offset costs. The low adoption rate, coupled with a demolition or decommission 
rate 10 years later, can lead to a lack of the critical mass needed to establish a viable techni-
cal support service industry. The inability of operators to work with others with similar 
problems (lack of farmer-to-farmer interaction) contributes to low adoption rates (Morse 
et al., 1996). In airsheds where NOx emissions are regulated, use of a combustion engine to 
generate electricity requires additional pollution emissions reduction technologies (cata-
lytic converters) as the standard generators used in these systems may not meet regulatory 
mandates.

Adoption of Anaerobic Digestion

Large dairy and hog farms are more likely to adopt anaerobic digestion and biogas 
recovery systems; the economic costs and benefits play a role in adoption of the systems 
(MacDonald et al., 2009). The AgSTAR Program sponsored by the Environmental Protec-
tion Agency (EPA), USDA, and the U.S. Department of Energy is a voluntary program that 
encourages the use of CH4 recovery (biogas) technologies at the confined animal feeding 
operations that manage manure as liquids or slurries. AgSTAR estimated that anaerobic 
digestion of animal wastes to produce CH4 could be cost-effective on about 7,000 U.S. farms 
(National Sustainable Agriculture Information Service [ATTRA], 2006). Since its inception 
in 1994, the AgSTAR Program has been successful in encouraging the development and 
adoption of anaerobic digestion technology. The number of manure-operating digesters 
reached 140 in 2009 (Figure 3-6), and they collectively reduced direct greenhouse-gas emis-
sions by about 800,000 tons of CO2 equivalent in 2009 (Figure 3-7) (EPA, 2009). A few cen-
tralized combustion facilities also collect animal manure from nearby animal production 
facilities.

WEEDS, PESTS, AND DISEASE MANAGEMENT IN CROPS

Chemical herbicides, fungicides, and pesticides are often used to manage weeds, pests, 
and disease. However, societal concerns about pesticide exposure in rural communities and 
pesticide residues on food have increased (Harnly et al., 2005; Tucker et al., 2006; Ward et al., 
2006). As described in Chapter 2, issues of pesticide contamination in the nation’s surface 
and ground water supply are now well documented for major agricultural watersheds 
(Gilliom et al., 2006). Knowledge of the impacts of certain pesticides on wildlife is improv-
ing, and nonlethal effects caused by some pesticides, such as disruption of the endocrine 
systems of different organisms, are better known (Desneux et al., 2007).
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Impacts of pesticide on biodiversity are clear for some organisms but are typically 
compounded with loss of habitat, increased disturbance, and other attributes of intensive 
farming systems. This convergence of factors makes it difficult to determine the extent of 
direct impacts from pesticide use alone. One of the best-documented examples relates to 
the dramatic loss of native bees, representing the loss of a major ecological service (pollina-
tion) that is thought to increase size, quality, or stability of yields for 70 percent of the major 
crops produced globally (Ricketts et al., 2008) and is of paramount importance to the food 
supply (Allen-Wardell et al., 1998). Although difficult to pinpoint, the cause of pollinator 
decline is thought to be in part due to pesticide exposure, habitat loss, expansion of inten-
sive agriculture, diseases, and parasites (Allen-Wardell et al., 1998; NRC, 2007; Rundlof 
et al., 2008; Black et al., 2009).

Continued reductions in pesticide use can reduce the potential of spray drift or leach-
ing into ground water and potentially enhance biodiversity. In many situations, pesticide 
reduction could also result in decreased energy consumption (from reductions in produc-
tion and transportation); however, any savings need to be balanced against any increases 
in tillage or decreases in productivity to determine overall energy use per unit of food or 
fiber produced.

To effectively manage the weed–disease–pest complex with reductions in, or elimina-
tion of, chemical use requires a suite of strategies (Shennan, 2008) that includes: breeding of 
crops that are pest and disease resistant and that are better able to compete with weeds in a 
given environment; use of different soil and crop management strategies; and diversifica-
tion of crop rotations and noncrop vegetation.

3-6.eps
bitmap

FIGURE �-� Number of operating manure digesters across the United States in 2009 and the amount 
of energy produced from the biogas generated. Numbers represent total annual energy production 
in MWh equivalent.
SOURCE: EPA (2009).
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FIGURE �-� Reductions in greenhouse-gas emissions in 2009 as a result of the 140 operating manure 
digesters.
SOURCE: EPA (2009).

Managing the Crop–Weed–Disease–Pest Complex

For many decades the fields of weed, disease, and pest management focused primarily 
on chemical pest control materials targeted for the particular types of organisms in ques-
tion, with little integration across the disciplines. Efforts to reduce chemical usage and de-
velop more ecologically based approaches has called into question the value of this single 
disciplinary approach, as evidence of important interrelationships among each component 
of the crop–weed–disease–pest complex has emerged. Multitrophic interactions are known 
to occur in natural systems with important consequences, so it is not unexpected that they 
could play important roles in agroecosystems as well (Shennan, 2008). For example, foliar 
herbivory in grasslands has major consequences for the functioning of soil food webs 
(Wardle, 2006), and similarly, changes in soil food webs and nutrient dynamics also af-
fect plant quality and attractiveness to herbivores (Awmack and Leather, 2002; Beanland 
et al., 2003). As a result, farm practices such as tillage, crop rotation, fertility inputs, and 
pesticides not only have direct effects on weed populations, disease incidence, and pest 
populations individually, but also important indirect effects mediated by other elements 
of the crop–weed–disease–pest complex. For example, changes in weed populations can 
provide new hosts for pests or pathogens increasing their severity; alternatively, they can 
provide refugia for beneficial arthropods and enhance soil suppressiveness to soil-borne 
pathogens, thus aiding biological control (Norris, 2005; Thomas et al., 2005; Wisler and 
Norris, 2005). Further, as in nature, crop plants are subjected to attack by more than one or-
ganism such that below-ground attack can influence responses to above-ground attack and 
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vice versa, because of systemic induction of defense metabolism (Bruce et al., 2007). Finally, 
similar management techniques can be used to control more than one kind of pest, again 
arguing for interdisciplinary collaborations. Use of organic amendments to enhance soil 
suppressiveness is advocated to help manage fungal, bacterial, and nematode pest species 
(Alabouvette et al., 2006). Similarly, biofumigation through the incorporation of residues 
that are high in biocidal compounds, such as Brassica species, has the potential to control a 
range of soil pests (for example, nematodes) and pathogens (Matthiessen and Kirkegaard, 
2006). The nature and outcomes of management interventions on the weed–disease–pest 
complex will be site- and organism-specific, making their study complex and challenging 
in terms of research design and statistical analysis (Kranz, 2005). Because the bulk of the 
literature is disciplinary studies, significant advances in each component of the complex 
are discussed, followed by a more holistic view of the impacts of different farming practices 
and systems.

The Evolution of Integrated Pest Management

Recently, the Food and Agriculture Organization (FAO) further revised its definition 
of integrated pest management (IPM) to reflect a continuing shift toward greater emphasis 
on ecologically based management, with application of pesticides seen as a last resort (W. 
Settle, presentation to the committee on January 14, 2009). However, others continue to 
use a narrower definition that implies a more primary role for improved pesticide use. The 
spectrum of definition is also reflected on the ground according to surveys of IPM practices 
among different farms in the United States and elsewhere. For some farmers, IPM means 
simply scheduling pesticide applications based on monitoring and established economic 
thresholds; others use more integrated IPM that combines a mix of cultural and biological 
control practices with or without pesticide use as a last resort (Shennan et al., 2001). The 
latter is sometimes referred to as ecological pest management (Shennan, et al., 2008) to 
distinguish it from improved management of pesticides. While IPM is most commonly as-
sociated with above-ground arthropod pest management, terms such as “integrated weed 
and disease management” are becoming more common, reflecting a similar increased at-
tention to a diversified set of management approaches for these organisms. However, there 
are unique challenges for integrated management of soil pests and pathogens, and concepts 
of monitoring and use of thresholds are difficult to apply (Matthiessen and Kirkegaard, 
2006).

While pesticides remain the primary method of pest control currently, increasing pub-
lic and regulatory pressures for additional pesticide reductions are shifting the focus of 
research to development and implementation of nonchemical alternatives. The following 
section highlights promising new developments toward this goal.

Use of Disease and Insect Resistant Cultivars in IPM

Plant breeding has a crucial role in protecting crops against diseases and insect pests. 
For example, wheat cultivars are now grown with resistance to one or more of the fol-
lowing: stem rust, leaf rust, stripe rust, powdery mildew, soilborne mosaic, pseudocerco-
sporella foot rot, Hessian fly, and greenbug (Cook, 2000). The transgenic Rainbow variety 
of papaya was engineered to resist papaya ringspot virus, which devastated the papaya 
industry in Hawai’i in the 1990s (Gonsalves et al., 2007). The use of resistant varieties is an 
important component of any IPM program. Development of resistant varieties depends 
on the availability of useful genes and the methods of selection, as discussed in the earlier 
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section on Plant Breeding and the Genetic Modification of Crops. Yet, relying completely 
on resistant varieties to manage diseases and insect pests is usually inadequate because 
resistance can break down, new pest and diseases can emerge, or previously minor pests 
can become major pests under favorable environments and selection pressure.

Arthropod Pest Management

A sustainability goal for arthropod pest management is to reduce pesticide use. Achiev-
ing that goal requires a suite of approaches, including cultural control techniques (not 
discussed here), use of resistant varieties, and biological control. This section focuses on 
biological control. Three types of biological control of arthropods are recognized: classical, 
which refers to the release of exotic organisms to control pests that are not effectively con-
trolled by native natural enemies; augmentative, the periodic release of natural enemies to 
augment native populations; and conservation biological control, where habitat diversifi-
cation is used to provide the resources necessary to support higher populations of natural 
enemies.

Classical biological control has a long history, and numerous reviews of the successes 
and failures of classical biological control efforts can be found (Bale et al., 2008, and refer-
ences therein). In general the technique has been most successful with perennial crops 
where lack of disturbance allows for populations of the introduced natural enemy to be-
come established. A recent success of classical biological control has been the introduction 
of a parasitoid (Epidinocarsis lopezi) to control a mealy bug (Phenacoccus manihoti) that 
attacks cassava in Africa. First introduced into Nigeria in 1981, E. lopezi has now spread 
to neighboring countries resulting in major economic benefits (Neuenschwander et al., 
2003).

In contrast, augmentative biological control is better suited for highly disturbed annual 
cropping systems where populations are less likely to become established and multiple 
releases are often required for adequate control (Bale et al., 2008). Yet given the expense 
involved with multiple releases of commercially produced organisms, they are only used 
primarily on high-value crops such as fruits and vegetables. In 1995 augmentative releases 
were used on 19 percent of fruit and nut and 7 percent of vegetable acreage (U.S. Congress, 
Office of Technology Assessment, 1995); in California, however, predatory mites are re-
leased on 50 to 70 percent of the strawberry acreage to control the two-spotted spider mite 
(Hoffman et al., 1998). Effectiveness of augmentative releases is highly variable, and they 
are often less effective and more expensive than pesticides, limiting their widespread use. 
It is estimated that in only 15 percent of cases studied did natural enemy populations reach 
desired levels, and they failed to provide control in 64 percent of the cases due to some 
combination of problems such as poor environmental conditions, mortality, inadequate 
dispersion, or predation of the released organisms (Collier and Van Steenwyk, 2004).

There is also increasing concern about the effect of biological control releases on non-
target species, as discussed in Wajnberg et al. (2001). Conservation biological control, in 
contrast, avoids these problems by enhancing indigenous populations of natural enemies 
by provision of desirable habitat and resources. Desirable habitat can be created at multiple 
scales; within the field, as in the case of trap cropping and insectary plantings, or along field 
margins as for hedgerows, and by the presence of different habitat patches within the wider 
landscape (Shennan, 2008). Within-field examples include planting rows of sweet alyssum 
(Lobularia maritima) as insectaries in lettuce fields. This led to consistently higher natural 
enemy-to-pest ratios and significant biological control of aphids (Chaney, 1998; Collins 
et al., 2002). Planting strips of alfalfa as a trap crop in strawberry fields effectively attracted 
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large numbers of lygus bugs, such that vacuuming only the alfalfa rows achieved equiva-
lent control to either vacuuming the entire field or applying recommended pesticides with 
greatly reduced energy and labor costs (Swezey et al., 2007).

Intercropping is also a method of diversification within the field and has been shown 
in many cases to reduce herbivore levels. For example, intercropping alfalfa with forage 
grasses has been shown to reduce damage to alfalfa by alfalfa weevils compared to alfalfa 
monocrops (Roda et al., 1996). Another meta-analysis of intercrop studies found that on 
average 52 percent of herbivore species studied had lower population levels in intercrops 
versus monocrops, whereas 21 percent had variable responses. Ten percent showed no 
response, and the remaining 18 percent had higher herbivore levels in intercrops than in 
monocrops. The variable outcome of intercropping illustrates that the effect is species-
specific and system-specific (Andow, 1991).

Alternatively, habitat can be created along field margins by planting hedgerows or by 
conserving fragments of native habitat in the agricultural landscape. Considerable evi-
dence has shown the ability of managed hedgerows to increase populations of natural 
enemies (Letourneau, 1998; Nicholls et al., 2001; Letourneau and Bothwell, 2008). In some 
studies, dispersal of natural enemies from the hedgerow into the field was monitored, 
showing that dispersal distances differed greatly among various types of natural enemies, 
but the distances can be large for highly mobile species. Less well documented, however, 
is whether the presence of the hedgerows actually results in significant levels of biological 
control within the crop field (English-Loeb et al., 2003; Letourneau and Bothwell, 2008). 
Also the method of biological control differs among pests, with some controlled by in-
creases in generalist natural enemies, while others require development of desirable habitat 
for specific antagonists (Bugg et al., 1991; Wang et al., 2003).

Studying cucurbit crops (Cucurbita spp.) with buckwheat refuges, Platt et al. (1999) 
found numbers of insect predators and parasitoids caught on sticky traps increased by 
2 to 19 times as one moved toward buckwheat refuges from 20 to 35 m away. However, 
striped cucumber beetle (Acalymma vittatum F.) populations increased beyond the eco-
nomic threshold at distances 10 m from buckwheat refuges and when buckwheat stopped 
flowering. Such spatially and temporally explicit information regarding the effects of veg-
etation management on both pest and beneficial arthropods remains rare, especially for 
field-scale studies that also quantify economic crop yields and have control treatments with 
standard chemical pest suppression. Indeed, the combination of field margin hedgerows 
and in-field insectaries may improve natural enemy movement and biocontrol because of 
greater habitat connectivity, especially for species that do not disperse long distances from 
perennial field margins into fields (Nicholls et al., 2001).

Other studies have investigated whether greater landscape diversity surrounding farm 
fields leads to higher levels of biological control. Structurally complex landscapes have been 
found to lead to higher levels of parasitism and lower crop damage (Thies and Tscharntke, 
1999; Pullaro et al., 2006), but this is not always the case if parasitism or predation rates 
depend upon the presence of particular species or plant communities (Menalled et al., 
1999; Landis et al., 2005). It is well known that the size of habitat patches in the landscape, 
the degree of connectivity between patches, and the structure of the “matrix” between the 
habitat patches greatly affect the survival and mobility of natural enemies (Donald and 
Evans, 2006). In a recent review of the effects of landscape diversity on conservation biologi-
cal control, Tscharntke et al. (2008) concluded that “Complex landscapes characterized by 
highly connected crop-noncrop mosaics may be best for long-term conservation biological 
control and sustainable crop production, but experimental evidence for detailed recom-
mendations to design the composition and configuration of agricultural landscapes that 
maintain a diversity of generalist and specialist natural enemies is still needed.”
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Finally, there is renewed interest in better understanding the roles of insectivorous birds 
on biological control of arthropod pests and how to provide nesting habitat to enhance 
their populations. The most extensive work has been done in the tropics, notably in shade 
coffee systems (Perfecto et al., 2004). However, some investigations are being undertaken 
in Mediterranean and temperate agricultural systems. For example, Great Tits are able to 
reduce caterpillar damage in some apple orchards (Mols and Visser, 2002). In Australia, 
native bird species commonly found in shelter belts were found to prey on common pests 
of crops and pastures, although direct suppression of pest populations was not measured 
(Gamez-Virues et al., 2007).

Thus, there are many compelling reasons for promoting habitat diversification if, on 
balance, it leads to more effective pest management and is economically feasible. Not only 
does habitat diversification avoid the need to release control agents and hence eliminate 
concerns about nontarget effects, but also it can provide other important ecological services 
to meet sustainability goals such as conservation of native biodiversity, reduced erosion, 
reduced runoff, and protection of vulnerable fresh water habitats, as well as enhanced qual-
ity of life and aesthetic value.

Pathogen Management

Nonchemical approaches to disease management are built around a combination of 
use of resistant varieties (discussed earlier), and cultural and biological control practices. 
Cultural approaches include soil organic matter management, irrigation, fertility manage-
ment, microclimate modification via planting arrangements, choice of irrigation methods 
and scheduling, crop rotation, and biofumigation methods (Shennan, 2008). Considerable 
advances have been made in understanding the mechanisms that underlie many of these 
practices, some of which enhance intrinsic biological control of pathogens and can obviate 
the need for applications of fungicides or external biological control agents.

The ability to manage soil-borne pathogens has advanced considerably with improved 
understanding of what gives certain soils the capacity to suppress disease development. 
Two forms of suppressiveness are found: general and specific. The former is because of 
competition for resources by the overall microbial community (Schneider, 1982), and hence 
is associated with high levels of microbial activity. The latter is because of characteristics of 
specific organisms, or groups of organisms that suppress a specific pathogen (Weller et al., 
2002). An example of general suppression is the suppression of corky root of tomato in or-
ganic fields caused by a combination of high microbial activity and low soil nitrate levels 
(Workneh et al., 1993). Take-all disease caused by Gaeumannomyces graminis var. tritici was 
suppressed in organic soils relative to conventional soils in wheat and barley production 
because of a combination of both general and specific suppression (Hiddink et al., 2005).

Examples of specific suppression include the ability of nonpathogenic strains of 
disease-causing fungi and arbuscular mycorrhizal (AM) fungi to act as biocontrol agents. 
Nonpathogenic strains of Fusarium oxysporum can reduce the incidence of Fusarium wilt 
due to a combination of increased competition for resources, competition for infection sites, 
and the ability of the nonpathogenic strains to induce plant resistance (Bao et al., 2004). 
Further, colonization of strawberry plant roots by AM fungi can induce resistance to Phy-
tophthora fragariae in strawberry, but the effect is variety specific. AM fungi have also been 
found to suppress Phytophthora nicotianae var. parasitica (Cordier et al., 1996) and to reduce 
root rot in woody perennials (Traquair, 1995).

Advances have been made in the identification of the soil microorganisms responsible 
for specific types of suppressiveness, aided by the development of molecular genetic isola-
tion and fingerprinting techniques (Benitez et al., 2007). For example, in the case of take-all 
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disease, suppression is caused by a build up of antagonistic fluorescent Pseudomonas spp. 
in the wheat root rhizosphere that produces antibiotic compounds and induces plant re-
sistance (Weller et al., 2002). However, other organisms may be involved in addition, since 
take-all suppression was not affected by the presence of fluorescent Pseudomonas spp. in 
one study (Hiddink et al., 2005).

Induced resistance, a rapidly growing research focus, refers to the phenomenon 
whereby attack by one organism stimulates plant defense mechanisms conferring some 
degree of resistance to other pests and diseases. For example, infection of black mustard 
plants (Brassica nigra) by a root-feeding nematode (Pratylenchus penetrans) led to reduced 
growth and pupae production of the butterfly Pieris rapae (Bruce and Pickett, 2007). Interest-
ingly, nonpathogenic soil microorganisms have also been found to induce plant resistance 
responses to foliar pathogens and represent a promising avenue for nonchemical manage-
ment of these diseases, for which few other alternatives currently exist. For example, spe-
cific strains of Bacillus spp. have been found to induce resistance in 11 different host plants 
and cause reductions in a spectrum of diseases (foliar, stem, and soil-borne fungal diseases), 
viruses, and root-knot nematodes, as well as reducing populations of three insect vectors of 
 viral diseases (Kloepper et al., 2004). A commercial formulation of these bacteria has been 
produced for controlling diseases of soybean (Kloepper et al., 2004). It should be noted, 
however, that use of such formulations is currently limited in part due to variability in ef-
fectiveness and cost. Variable results in the field could be because of application problems 
(physiological state of the bacteria, timing, and dosage) or differences in microclimate, crop 
genotypes, weed communities, and soil ecology (Fravel, 1999; Sabaratnam and Traquair, 
2002). Problems related to poor establishment in soils may be circumvented if ways are 
found to manipulate levels of specific endophytic (that is, live within the plant tissue) 
microorganisms that can induce resistance (Sturz et al., 2000). Recent reviews describe the 
rapid advances being made in the field of induced resistance, both in terms of an improved 
understanding of different signaling metabolic pathways leading to resistance elicitors 
such as jasmonic and salicylic acids, and the potential applications of this knowledge in 
field management (Bruce et al., 2007; Karban and Chen, 2007).

An emerging focus of plant breeding is to breed plants with enhanced capacity for 
induced resistance. Understanding of the physiology and biochemistry underlying this 
phenomenon has increased greatly in recent years, and many of the genes responsible have 
been mapped for some major crops, notably rice (Karban and Chen, 2007). Efforts are now 
underway to develop techniques for incorporating these genes into cultivated rice varieties 
(Karban and Chen, 2007) and in other crops (Vallad and Goodman, 2004). Some organisms 
involved in induced resistance are microorganisms found in the rhizosphere, where a 
complex of different bacteria and fungi (such as AM species) are found that also contribute 
to the ability of soils to suppress diseases, as discussed above. Selecting for an increased 
ability to support beneficial rhizosphere microorganisms, as well as beneficial endophytic 
and phylloplane (leaf surface) microorganisms, is an emerging area of plant improvement 
(Karban and Chen, 2007).

Biofumigation, Organic Amendments, and Anaerobic Disinfestation Techniques

Biofumigation refers to incorporation of plant residues that contain biocidal com-
pounds, some of which are toxic to soil pathogens, and others that are allelopathic to weeds. 
Brassica species in particular have been widely studied for use as disease-suppressive cover 
crops (Snapp et al., 2005; Matthiessen and Kirkegaard, 2006) that can also help control 
plant parasitic nematodes (Zasada and Ferris, 2004). While in some cases biofumigation 
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with Brassica species can provide effective control of diseases, it is not always effective 
(Hartz et al., 2005) and this lack of consistency is seen as a barrier to widespread adoption 
(Matthiessen and Kirkegaard, 2006). There are many possible explanations for such incon-
sistency: different growing conditions, varietal differences in isothiocyanate levels, varia-
tion in release of isothiocyanates into the soil, differential sensitivity of the target pathogens, 
and variation in the ability of soil microorganisms to rapidly break down the active biocidal 
compounds. The latter (referred to as enhanced microbial biodegradation) is of particular 
concern, because it seems that once soil has developed a high capacity for degrading spe-
cific biocidal compounds (a desirable feature when more persistent pesticides are used, but 
not for biofumigation), it is apparently difficult to reverse (Matthiessen and Kirkegaard, 
2006). It is clearly also important to know the levels of biocidal compounds in the residue 
being incorporated and their activity in the soil environment to select appropriate species 
and varieties to use. Some have found consistent results for biofumigation with Brassicas 
when appropriately selected varieties are used (Zasada and Ferris, 2004). Some species 
that provide biofumigation benefits against pathogens can also suppress plant parasitic 
 nematodes and suppress weed germination and growth, as discussed below.

Compost additions and cover crop residues have been found to reduce fungal, bacte-
rial, and nematode pathogens in a number of systems, although the effect can be highly 
variable depending on the specific crop–pathogen–amendment combination (Abawi and 
Widmer, 2000). For example, compost reduced certain fruit diseases of tomato but not 
 others, increased foliar disease levels, and had differential effects depending on the tomato 
cultivar and whether the plants were grown organically or not (Abbasi et al., 2002). In a re-
cent review of 250 papers, the authors found that compost application effectively controlled 
root diseases in more than 50 percent of the studies and was conducive to disease in only 12 
percent of cases. Crop residues, however, had more variable effects, showing suppression in 
45 percent of the cases but an increase in plant disease in 28 percent of the cases. Suppres-
sion also varied greatly with different pathogens; for example, Verticillium, Fusarium, and 
Phytophthora were suppressed in more than 50 percent of the cases as opposed to only 26 
percent for Rhizoctonia solani (Bonanomi et al., 2007). The authors called for more research 
on mechanisms of suppression under different conditions to enable better prediction of the 
effects of organic amendments.

Finally, anaerobic residue decomposition techniques have been developed indepen-
dently in Japan and the Netherlands to control a range of soil pathogens that attack a 
variety of crops ranging from vegetables to trees (Blok et al., 2000; Messiha et al., 2007). 
This involves adding some kind of carbon source and water to saturate the soil, then cov-
ering the soil with an oxygen-impermeable tarp to stimulate anaerobic decomposition of 
organic carbon sources. It is thought that products of anaerobic decomposition (possibly 
organic acids) combined with low oxygen levels might be responsible for the reductions 
in disease, but the exact mechanisms are not understood (Blok et al., 2000; Momma, 2008). 
This technique offers promise as an alternative to use of the fumigants such as methyl bro-
mide, chloropicrin, and others for high-value vegetable and strawberry production and a 
variant of the approach. It is already used extensively in greenhouse production in Japan 
(Momma, 2008).

Advances in Nematode Management

Biologically based nematode management can be achieved through a number of ap-
proaches; many utilize the same mechanisms as described for soil-borne disease manage-
ment. Again, both general and specific types of soil suppressiveness to plant parasitic 
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nematodes have been observed (Westphal, 2005). For example, combinations of plant-
growth-promoting rhizobacteria, organic amendments, and phytochemicals can suppress 
root-knot nematodes in tomato transplants (Kokalis-Burelle et al., 2002). In addition, certain 
soil fungi are known to attack nematodes and can be effective biological control agents 
(Wang et al., 2001).

Nematode communities are known to shift in response to organic matter level and 
quality, with species diversity increasing with organic matter inputs (Mikola and Sulkava, 
2001; Wardle, 2006). Changes in organic matter level and quality can result in higher popu-
lations of predatory nematodes that attack other nematodes and suppress populations of 
plant parasitic nematode species. However, shifts in nematode community composition 
can occur over relatively short time frames. For example, the effects of long-term reduced 
tillage on nematode species, other than plant feeders, disappeared within one year of dis-
ruptive soil management (Berkelmans et al., 2003).

As noted previously, biofumigation and the use of certain cover crop species can also 
be used to control some nematode species (Cherr et al., 2006), yet it is clear that variety, site, 
and crop-specific testing is needed to determine efficacy. In one location, a cowpea variety 
effectively suppressed root-knot nematode, but in another location, cowpea increased root-
knot nematode populations (variety not noted). Similarly the effectiveness of buckwheat 
and mustard species for nematode suppression varies with location (Cherr et al., 2006).

Crop rotations can be an effective nematode management tool when built around use 
of nematode-suppressive cover crops and residues, nonhost crops, or varieties, as well as 
appropriate tillage and organic matter to stimulate desired changes in soil communities 
(Caamal-Maldonado et al., 2001; Vargas-Ayala and Rodriguez-Kabana, 2001; Pyrowolakis 
et al., 2002; Zasada and Ferris, 2004; Snapp et al., 2005; Westphal, 2005). Crop rotation in 
combination with the use of an annual cover crop of sorghum-sudangrass effectively con-
trolled southern root-knot nematodes and lesion nematodes in another study (Kratochvil 
et al., 2004). Interestingly, the species composition of fallows in shifting cultivation and bush-
fallow systems can be manipulated to suppress key plant parasitic nematodes (Adediran 
et al., 2005).

Advances in Weed Management

The basis of ecological weed management is to employ an integrated suite of techniques 
to shift the competitive balance in favor of the crop plant over weedy species (Shennan, 
2008). Crop competitiveness can be increased by use of more competitive varieties (see 
below) and optimizing conditions for crop growth (fertility and water management, plant-
ing arrangements, tillage, and so on), and weed growth and reproductive success of weedy 
species can be reduced. The latter can be achieved by a combination of mechanical weeding; 
use of physical barriers such as plastic, plant residue, or living, mulches; incorporation of 
allelopathic residues or release of allelopathic chemicals from the crop itself; and manag-
ing soil ecology to increase rates of predation and infection by pathogens on weed seeds 
in the soil seed bank. When designing an integrated approach to weed management, it is 
important to employ both immediate and long-term strategies in order to reduce both the 
annual input of new seeds and preexisting seed bank numbers.

One aspect of plant breeding that has grown in recent years is the development of crop 
cultivars that can better compete against weeds. Given the widespread use of herbicides 
and the priority for improved weed management in organic production, this is an impor-
tant research area. Current efforts focus primarily on selection for phenological and growth 
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rate characteristics associated with increased competitiveness, such as rapid early canopy 
growth (Gibson et al., 2003) and development of crops containing increased levels of al-
lelopathic compounds (Bhowmik and Inderjit, 2003).

Until recently, little work had been done to select for phenological and growth rate 
characteristics—partly because of the challenge of conducting large screenings in the pres-
ence or absence of weed competition. There also is the perception that negative tradeoffs 
will occur between resource allocation to growth traits that confer competitiveness and 
resource allocation to seed or fruit production. However, a number of studies show that 
this tradeoff does not always occur. The ability of rice cultivars to suppress watergrass 
(Echinochloa oryzoides) was not inversely related to yields even though some cultivars were 
able to reduce watergrass biomass by as much as 40 to 80 percent (Gibson et al., 2003). Traits 
correlated with higher competitiveness related to early season vigor as measured by height 
growth rates, tiller production, and specific leaf area (Caton et al., 1999; Gibson et al., 2003). 
Similar relationships between early vigor (plant height, tiller number, and light intercep-
tion) and competitiveness against weeds have been identified in wheat by comparing taller, 
near identical isolines with various semi-dwarf cultivars (Zerner et al., 2008). Selecting for 
early vigor can thus be used to screen large numbers of varieties such that only the most 
promising would need to be tested in the presence or absence of weeds.

To date, most of the work identifying germplasm for increased production of alle-
lopathic compounds has been done with rice. Cultivars that combine high allelopathic 
potential without yield loss have been identified (Ni and Zhang, 2005; Labrada, 2008). The 
application of biotechnology to the development of weed-suppressive crops is in its infancy 
and is thought to have considerable potential (Rector, 2008; Weih et al., 2008). However, the 
allelopathic compounds would have to be evaluated for their nontarget effects.

A well-adapted crop variety for ecologically based production systems needs to exhibit 
a combination of complex characteristics that are each based on multiple mechanisms to 
provide improved competitiveness against weeds, disease, and pest resistance and to en-
hance nutrient uptake ability. Some argue for the use of cultivar mixtures as one mechanism 
for improving overall crop performance (Sarandon and Sarandon, 1995) and disease man-
agement (Mundt, 2002). There is evidence that relative cultivar performance differs when 
cultivars are grown in organically managed soils as opposed to chemically fertilized soils 
(Murphy et al., 2007; Wolfe et al., 2008), and a number of research groups are now selecting 
for competitiveness specifically for organic systems (Mason and Spaner, 2006; Hoad et al., 
2008). Further, characteristics other than early vigor may be important for competitiveness 
in low-fertility conditions as found in the developing world. Results from India suggest 
improving lentil root systems to increase nutrient uptake ability in low-fertility soils im-
proved competitiveness against weeds (Gahoonia et al., 2005, 2006). Selecting for such a 
complex mix of characteristics is challenging and involves large numbers of individual 
genes, so approaches such as building diverse composite cross-populations that are then 
subjected to natural and artificial selections in varied environments (Phillips and Wolfe, 
2005) are being used.

Allelopathic chemicals released by specific cash crop or green manure species has been 
shown to inhibit weed growth, although the effect is known to be highly specific to species 
and variety and is dependent upon the combination of microclimate, residue management, 
soil conditions, and target organism (Blackshaw et al., 2001; Caamal-Maldonado et al., 2001; 
Inderjit et al., 2001). Notably, small-seeded weeds tend to be particularly susceptible to 
growth-reducing stresses following the incorporation of residues. Growth reduction could 
be a result of the release of chemicals, increased susceptibility to soil-borne pathogens, and 
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nutritional stress because of delay in the release of nitrogen from decomposing organic 
matter. In contrast, larger seeded crops have an early season growth advantage (Dyck et al., 
1995; Davis and Leibman, 2001; Petersen et al., 2001).

Mulches control weed growth by providing a physical barrier and (in the case of dark 
plastics, residue mulches, and living mulches) reducing light transmission. If clear plastics 
are used, solarization occurs where ambient temperatures are sufficiently high to raise soil 
temperatures under the plastic to levels lethal to weed seeds. For environmental (to elimi-
nate the need for plastics) and soil health reasons, interest in use of residue mulches and 
living mulches has increased over the past 20 years. There are numerous examples of sup-
pressive residue mulches effectively controlling weeds. In cherry orchards, a suppressive 
mulch inhibited weed growth and increased fruit yield by 20 percent (Landis et al., 2002), 
and use of clover residue in wheat effectively controlled ragweed (Mutch et al., 2003). The 
use of living mulches can be effective in some systems, but the effects are highly variable 
(Hartwig and Ammon, 2002) and competition from the mulch can cause significant yield 
reductions (Chase and Mbuya, 2008). However, use of legumes, particularly velvetleaf 
(Mucuna deeringiana (Bort) Merr) as a living mulch in corn fields in Mexico effectively sup-
pressed weed growth and increased corn yields (Caamal-Maldonado et al., 2001). Specific 
practices, such as the timing of sowing the living mulch (Vanek et al., 2005) and mowing 
timing and frequency, can greatly affect the outcome of mulch crop competition (Hartwig 
and Ammon, 2002). Further, the use of residues for mulches that also have allelopathic 
properties can be effective at weed suppression, but there is debate as to whether they can 
be as effective as herbicides currently in use (Bhowmik and Inderjit, 2003; Khanh et al., 
2005). For example, use of black oats or rye mulch in cotton could effectively replace the 
postemergence herbicide used, but not the preemergence application (Reeves et al., 2005).

The use of intercropping also has the potential to suppress weeds, although most 
studies have been of short duration and long-term impacts on weed populations are not 
well understood (Shennan, 2008). Nonetheless, some studies have shown effective weed 
suppression in intercrops as compared to the equivalent monocrops. In India, a chick-
pea–wheat intercrop provided sufficient weed suppression that, when combined with 
some hand weeding, led to a higher net income for the farmers relative to growing the 
two crops separately (Banik et al., 2006). In a barley–pea intercrop, weeds were greatly 
suppressed relative to the pea monocrop, but populations were similar, but more stable, 
compared to the barley monocrop (Poggio, 2005). Studies in Europe have also found that 
pea–barley (Hauggaard-Nielsen et al., 2001) and leek–celery (Baumann et al., 2000) inter-
crops can reduce weeds. Other intercrops do not suppress weeds effectively (for example, 
vetch–cabbage; Brainard and Bellinder, 2004) or benefit from addition of some herbicides 
(Szumigalski and Van Acker, 2005). With the development of ecophysiological models for 
many crops, both mechanistic and descriptive models are now being used to design inter-
crops for yield, crop quality, and weed suppression (Baumann et al., 2002).

Other cultural practices can also affect crop competitiveness and weed suppression; 
they include crop rotation, nitrogen fertility management, planting density, and planting 
arrangements. Manipulation of crop rotations and inclusion of cover crops at key points 
can suppress weeds, and lifecycle models for weeds can be used to design appropriate 
sequences (Anderson, 2004). Nitrogen fertility affects the competitive balance between 
weeds and crops in a very crop-specific manner (Liebman and Davis, 2000), with increasing 
nitrogen benefiting highly nitrogen-responsive crops such as corn (Evans, 2003). Planting 
density and arrangement affect weed suppression in spring wheat, with a grid arrangement 
being the most effective (Baumann et al., 2001); however, the more easily achieved random 
arrangement was almost as effective (Olsen et al., 2005b). While random planting is not 
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an option for many row crops due to tillage and harvest requirements, it has potential for 
small grains and cover crops.

Weed seed bank dynamics are affected by tillage, residue management, and crop rota-
tion, by reductions in annual seed input by weed suppression during the crop cycle, and by 
increasing seed predation in the soil (Menalled et al., 2001; Murphy et al., 2006). Reduced 
tillage and crop rotation were found to increase seed diversity, but reduce seed density 
in the soil by 80 percent over a six-year period (Murphy et al., 2006). Seed density also 
declined significantly in organic and reduced input systems relative to conventional and 
no-till systems in another study (Menalled et al., 2001), yet reductions in seed density do not 
always lead to reduced weed pressure during the crop cycle (Liebman and Davis, 2000).

Considerable progress has been made in understanding different mechanisms of weed 
suppression, and the ability to control weeds and reduce herbicide use will continue to im-
prove as better combinations of approaches are developed and more competitive crop vari-
eties become available. Linking weed and crop lifecycle models with models of seed bank 
dynamics could help design weed-suppressive rotations and management practices.

Designing Systems for Holistic Management of the Crop–Weed–Disease–Pest Complex

The preceding discussion lays out the elements necessary for effective management of 
the crop–weed–disease–pest complex. At the heart of any preventive management system 
is the maintenance of soil conditions that support the desired microbial, fungal, and nema-
tode community assemblages that will suppress pathogenic fungi and nematodes, induce 
crop resistance responses, and reduce viable weed seed populations. Soil fertility needs to 
be managed for good crop growth, while at the same time ensuring that nutrient levels in 
the soil and plant tissue are not high enough to increase susceptibility to pathogens or at-
tract higher levels of herbivory. In addition to good soil management, other key elements 
are the use of competitive and disease- or pest-resistant varieties, diversification of crop 
rotations to break pest cycles, and the inclusion of noncrop vegetation to provide habitat 
for natural enemies. Taken together, these strategies enable ecological interactions to occur 
that can greatly decrease the severity of pest, weed, and disease impacts, and potentially 
increase resilience of the production system to fluctuating conditions (Shennan, 2008).

The tools available to farmers to prevent outbreaks of pests, weeds, and disease are: 
varietal selection, crop rotation, tillage, fertility inputs, organic amendments, water man-
agement, and the provision of habitat diversity. Sufficient knowledge is now available to 
begin designing integrated management systems tailored to specific production systems 
using thoughtful combination of the practices discussed above.

Several factors and practices and their interactions are relevant to managing the weed–
disease–pest complex. For example, crop rotation and organic matter management can 
enhance the populations of beneficial rhizobacteria and thus increase soil suppressiveness 
to diseases and nematodes (Welbaum et al., 2004). The effectiveness, however, can vary 
with soil types (Messiha et al., 2007). The effects of biological amendments (for example, 
biocontrol agents, microbial inoculants, mycorrhizae, and an aerobic compost tea) on dis-
ease suppressiveness appear to vary with crop rotations. It is possible that some crop rota-
tions are better able than others to support populations of added beneficial organisms from 
amendments and enable more effective biological control (Larkin, 2008). Crop rotations can 
also be designed for improved weed control by using models of weed life cycles (Anderson, 
2004) and can address other pest problems as highlighted by the following examples. Intro-
duction of such tropical crops as American jointvetch (Aeschynomene americana) or castor 
(Ricinus communis) into the rotation with peanut and soybean was found to provide nema-
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tode control and increased peanut and soybean yields in Alabama (Rodríguez-kábana and 
Canullo, 1992). When corn is rotated with soybeans, it can reduce the need for insecticide by 
reducing the number of western corn rootworm larvae in the soil. The effectiveness of this 
management practice, however, has diminished over time because of a shift in the oviposi-
tional behavior of the western corn rootworm (O’Neal et al., 1999; Schroeder et al., 2005).

Use of cover crops in rotations can similarly have multiple effects, and the choice of 
crop depends on which functions are seen as primary. For example, in addition to providing 
soil cover and cycling nutrients, cover crops can also suppress weed populations if appro-
priate species are chosen that shade and outcompete weeds or are allelopathic (Teasdale, 
1998); provide habitats for beneficial insects and pests (Costello and Daane, 1998); or sup-
press certain diseases (Griffin et al., 2009).

Changing management practices, such as planting density and nitrogen fertility, can 
similarly have multiple effects. For example, the incidence of powdery mildew in no-till 
wheat depends upon a complex combination of nitrogen application rates, row spacing 
and seeding rates, and crop phenology (Tompkins et al., 1992). However, nitrogen fertility 
level and crop spacing also affect weed suppression (Liebman and Davis, 2000; Evans, 2003; 
Olsen et al., 2005a,b), and high nitrogen fertility can reduce soil suppressiveness to disease 
(Workneh et al., 1993) and increase crop palatability to arthropod herbivores (Staley et al., 
2009).

Although information and management tools that can contribute to integrated man-
agement of specific pests or the whole weed–disease–pest complex are available, the chal-
lenge is determining which combination of tools to use to create the synergies necessary 
for effective control and to minimize negative interactions. Each system will need to be 
carefully tailored to the specifics of the location and context. Negative interactions might 
occur in some circumstances and need to be taken into account. For example, a cover crop 
that is desirable for one purpose, such as nitrogen fixation, may result in increased disease 
problems if the species is susceptible to key diseases in the area. Similarly, reduced tillage 
may have multiple benefits but still increase specific problems. Effects of reduced tillage on 
soil biota are somewhat predictable, favoring fungal food webs that are readily disrupted 
with soil disturbance, as well as higher AM fungal populations and increased seed preda-
tion (Shennan, 2008). This can be beneficial for disease suppressiveness and reductions in 
weed seed banks through increased seed predation and disease. Reduced tillage, however, 
also can reduce crop growth through poorer seed bed structure, cooler soil temperatures, 
and other factors (Triplett and Dick, 2008).

The complexity and unpredictability of the biotic interactions described above further 
reinforce the need to test ecological pest management tactics in systems-level field con-
texts (Shennan, 2008), as has been argued for biological control tactics for plant diseases 
(Alabouvette et al., 2006; Matthiessen and Kirkegaard, 2006) and use of green manures 
(Cherr et al., 2006). Further, monitoring outcomes when farmers adapt techniques for their 
individual contexts could provide important information on systems-level interactions. 
Putting a greater emphasis on participatory research approaches would combine farmer 
knowledge and experience with a generation of research information for subsequent meta-
analysis and could increase the ability to predict when synergies or negative interactions 
are likely to occur in the field and adjust management accordingly.

Evaluation of Adoption, Effectiveness, and Future Challenges 
of IPM and Ecological Pest Management

While considerable research has been done to investigate more ecological approaches 
to pest management, little information is available on levels of adoption and effectiveness, 
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even for arthropod IPM, which has a relatively long history. Indeed, few assessments are 
available. Comments range from the assertion that IPM has enjoyed significant success in 
the developed world (Way and van Emden, 2000) to a commentary (Devine and Furlong, 
2007, p. 295) on its perceived failure: “It is worth noting that, despite the popularity of the 
IPM concept (reviewed by Kogan, 1998) there has been no decrease in overall insecticide us-
age, even in areas where that concept is very favorably viewed (for example, in the United 
Kingdom and California). If the success of the IPM concept is judged by reductions in the 
area of land sprayed by insecticides, then it has clearly failed.”

It appears that inadequate datasets and lack of agreement on how to evaluate success 
explains such disparate views. Reductions in amounts used or acreage where pesticides 
are applied will be difficult to discern if highly aggregated data are used (for example, by 
country or region, across all types of pesticides, or across all crop types), because these 
data obscure any changes in pesticide use for a particular crop and pesticide combination 
for which an IPM system has been developed. Further, trends in application rates are also 
complicated by shifts in individual pesticides used, with replacement compounds often 
requiring lower application rates. In the absence of more nuanced analysis and adequate 
long-term data, it is inappropriate to draw broad conclusions about the impacts of IPM 
programs in the United States.

High levels of IPM use have clearly been documented for certain systems in the United 
States where growers are part of a network or organization that promotes sustainability 
as a goal (Warner, 2008). Likewise, there is evidence for use of IPM leading to reduction 
in pesticide use in developing countries, particularly where emphasis has been placed on 
farmer education through the Farmer Field School programs of organizations like the FAO. 
In their review, Van Den Berg and Jiggins (2007) looked at 14 studies that showed significant 
reductions of pesticide use (35 to 95 percent) in 13 of the studies and no effect in 1 study 
(although the design of the latter has been questioned). Many of the studies only measured 
immediate effects, however, and more long-term studies are needed.

Considerable progress has been made in development and commercialization of differ-
ent kinds of augmentative biological control agents, yet sales of biocontrol products only 
account for 1 percent of total agricultural chemical sales (Fravel, 2005). A major barrier to 
use of biocontrol organisms is a lack of consistent and predictable levels of control under 
field situations. For example, in the case of antagonistic soil bacteria, variable results can 
be due to application problems (physiological state of the bacteria, timing, and dosage), 
or microclimate variation, differences in soil ecology, crop genotype, or weed community 
(Fravel, 1999, 2005; Sabaratnam and Traquair, 2002). Product registration can be a barrier, 
as in the case of AM fungal biocontrol agents (Whipps, 2004), and costs of formulating and 
producing mixtures may still be too high relative to chemical control options (Fravel, 2005). 
In addition, concerns about nontarget effects and ecological risks of microbial and other 
biocontrol agents are increasingly being voiced, particularly for those that are genetically 
modified (Wajnberg et al., 2001; Timms-Wilson et al., 2004). However, some argue that there 
is remarkable little evidence of negative side effects of biocontrol organisms, but this might 
be because of the lack of effort made to assess nontarget effects (Wajnberg et al., 2001).

Future Role of Pesticides in IPM

The future role for pesticides as part of integrated management of the pest complex 
was discussed in detail in the report The Future Role of Pesticides in U.S. Agriculture (NRC, 
2000a). It is widely agreed that pesticides will continue to play an important role in many 
production systems, with continued attention to reducing nontarget effects by develop-
ment of improved chemicals that have greater specificity, break down rapidly in the envi-
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ronment, and are less toxic to humans and other animals. That report (NRC, 2000a, p. 254) 
concluded that “the most promising opportunity for increasing benefits and reducing risks 
is to invest time, money, and effort into developing a diverse toolbox of pest-management 
strategies that include safe products and practices that integrate chemical approaches into 
an overall, ecologically based framework to optimize sustainable production, environ-
mental quality, and human health.” Pesticide use as part of an IPM system that combines 
cultural, physical, and biological strategies likely will continue, but there could be a shift 
to reduced pesticide use or using it as a last resort.

A number of priorities for future work emerge from the preceding discussion if a truly 
integrated pest, disease, and weed management system is to be developed. These involve 
more coordinated monitoring and data collection on the effectiveness and adoption of dif-
ferent strategies, as well as a shift to more integrated systems research on the crop–weed–
disease–pest complex. Some suggested actions are:

• A coordinated effort to evaluate on-farm adoption and effectiveness of IPM and 
ecological pest management strategies, and track corresponding changes in pesti-
cide use for specific cropping systems.

• Collection of field-based data to better understand the causes of variability in effec-
tiveness of biocontrol organisms under different conditions; without this, adoption 
is unlikely to increase significantly.

• On-farm work to assess the ability of different kinds of vegetation diversification 
to increase indigenous biological control. If biological control advantages are well 
documented, growers will be more likely to diversify habitats within and around 
the farm, which will also provide other important ecological benefits.

• Field-based interdisciplinary work to increase the understanding of the effects of 
management practices and systems on dynamics among the whole weed–disease–
pest complex.

Taken together those efforts will improve the ability to determine the adaptability and 
resilience of ecologically based management of the pest complex as compared to pesticide-
based management.

MANAGING EFFICIENCY OF ANIMAL PRODUCTION SYSTEMS

Improvements in animal genetics, herd or flock management, and nutrition have re-
sulted in increased conversion of animal feed to human-edible food and fiber of animal ori-
gin (Bull et al., 2008). Animals require nutrients for maintenance, growth, production, and 
reproduction. When nutrient intake is insufficient, the body prioritizes how nutrients are 
used with maintenance needs met first, followed by the other three categories in differing 
orders based on specific metabolic conditions. As an example, a female of reproductive age 
must meet maintenance requirements for regular estrus cycles, ovulation, and conception. 
Once pregnancy is established, the female requires additional nutrients for the developing 
fetus. After parturition, further nutritional needs exist to provide nutrients for the female 
to maintain herself, as well as sufficient nutrients to produce milk for her offspring. Im-
provements in genetics, management, and nutrition that allow for more closely targeted 
nutrient flow (inputs) to meet animal metabolic requirements will improve efficiency of 
feed conversion to animal product.

Feed conversion is the amount of feed required to produce one unit of product, where 
product can be eggs, meat, wool, or milk. As feed conversion efficiency improves, less 
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feed is required per unit output, translating into a reduced need for farmland to grow feed 
inputs as well as reduced nutrient excretion (manure). Three key opportunities exist on 
livestock and poultry farms to improve feed conversion: genetics, nutrition, and manage-
ment. This section discusses genetics and nutrition as approaches to improving efficiency 
of animal production systems.

Animal Breeding

Efforts in animal breeding have focused on traits that influence output, such as weight 
gain, feed efficiency, reproductive efficiency (Grosshans et al., 1994; Kelm et al., 2000), or 
meat quality (Bishop and Woolliams, 2004). Genetic improvement can contribute to im-
proving sustainability by increasing feed utilization efficiency (Ward, 1999), by selecting 
traits to improve animal health and welfare (Star et al., 2008), and by reducing livestock’s 
carriage of food-borne pathogens (Doyle and Erickson, 2006).

Quantitative genetics has been used in animal breeding for decades to select animals 
displaying desirable production traits. Broilers are used as an example in this section to 
discuss improvements associated with genetic versus nutrition alterations over time. Poul-
try breeders have developed broiler lines that exhibit increased growth rate and improved 
feed conversion efficiency, thereby reducing the time necessary for animals to reach market 
weight (with less feed inputs and less manure outputs). The challenge for scientists was 
to determine what fraction of the improvement resulted from improved genetics versus 
improved diet formulation. The Athens-Canadian random bred control (ACRBC) was es-
tablished in 1957 by scientists at Agriculture Canada. That broiler line has been maintained 
genetically at the Southern Regional Poultry Breeding Laboratory (University of Georgia 
Department of Poultry Science, Athens, Georgia). The production traits of the ACRBC 
strain were evaluated in 1991 and found to have similar feed conversion as in 1957, which 
allowed comparison between old genetic lines (1957) and new genetic lines (2001) to evalu-
ate feed conversion and growth weight (Havenstein et al., 2003a), carcass composition 
and yield (Havenstein et al., 2003b), and immune response (Cheema et al., 2003). Male or 
female birds were assigned from “old” (ACRBD) or “new” (Ross 208 broiler) genetic lines 
and on “old” (1957) or “new” (2001) feeding regimen. The Ross 308 broiler on the 2001 
feed was estimated to have reached a body weight of 1,815 grams at 32 days of age with a 
feed conversion of 1.47, whereas the ACRBC on the 1957 feed would not have reached that 
body weight until 101 days of age with a feed conversion of 4.42. The shorter age to market 
as a result of improved feed conversion would require far less feed input (and associated 
land to grow the feed) to achieve similar product and have markedly less manure output. 
Comparisons of carcass weights of the Ross 308 on the 2001 diet versus the ACRBC on the 
1957 diet showed they were 6.0, 5.9, 5.2, and 4.6 times heavier than the ACRBC at 43, 57, 
71, and 85 days of age, respectively. Yields of hot carcass without giblets (fat pad included) 
were 12.3, 13.6, 12.2, and 11.1 percentage points higher for the Ross 308 than for the ACRBC 
at those ages. The yields of total breast meat and yields of saddle and legs for the Ross 308 
were higher than for the ACRBC. The Ross 308 averaged more whole carcass fat than the 
ACRBC. Genetic selection for improved broiler performance has resulted in a decrease in 
the adaptive arm of the immune response but an increase in the cell-mediated and inflam-
matory responses (Cheema et al., 2003). The authors attributed 85 percent of the improve-
ment in feed conversion and growth to genetics and 15 percent to nutrition.

Other tools in genetic improvement of livestock include genomics and transgenics. The 
development of the chicken, swine, and bovine genomic toolboxes provide “the needed 
platforms for developing whole-genome selection programs based on linkage disequilib-
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rium for a wide spectrum of traits” (Green, 2009, p. 793). “Transgenic technology allows for 
the stable introduction of exogenous genetic information into livestock genomes” (Laible, 
2009). USDA researchers have developed a transgenic dairy cattle that resist Staphylococcus 
aureus, a major mastitis pathogen (Donovan et al., 2005). The ability to identify genes that 
influence livestock production traits from genomic information complemented with trans-
genic technology could transform genetic improvement of livestock. Transgenic technology 
has not been applied in agricultural practices in the United States. As with genetic modifica-
tion of crops, the use of transgenic livestock is a controversial topic and the potential risks, 
consumer acceptance, and the value of the product could be barriers to its development 
(Blasco, 2008; Laible, 2009).

As in the case with crops, the maintenance and use of genetic diversity in livestock will 
help manage the risks of animal production and improve resilience of animal production 
systems (Bishop and Woolliams, 2004). USDA established the National Animal Germplasm 
Program in 1999 to conserve livestock genetic resources (Blackburn, 2009), which is critical 
to future animal breeding efforts in the United States.

Disadvantages of Animal Breeding

Breeding animals for a specific trait could have unintended effects on animal health 
and welfare. Rauw et al. (1998) reviewed the undesirable behavioral, physiological, and 
immunological effects correlated to selection for high production efficiency in broilers, pigs, 
and dairy cattle. Star et al. (2008) suggested the concept of robustness in animal breeding, 
which emphasizes selection for individual traits of an animal that are relevant for health 
and welfare.

Animal Nutrition

To produce 1 lb of consumable meat takes about 4–18 lbs of meat (Rasby, 2007; Wulf, 
2010). Research has increased efficiencies of converting food inputs to animal products. 
Incorporating research findings associated with basic chemistry and biochemistry has re-
sulted in reduced needs for inputs and reduced nutrient excretion per unit animal product 
produced. The National Research Council has been releasing and updating reports on 
nutritional requirements of dairy cattle (NRC, 2001), beef cattle (NRC, 2000b), swine (NRC, 
1998), poultry (NRC, 1994), and other animals since 1917. With improved understanding 
of nutrient requirements, animal diets can be managed to ensure that animals are pro-
vided adequate nutrients to meet the needs of maintenance, growth, reproduction, and 
lactation.

Animal and poultry science literature is rich in detailed studies conducted to improve 
production with less emphasis on determining output per unit product produced (meat 
animals) or per productive life of the animal (in the case of milk). Diets are often formulated 
with least-cost formulations where minimum constraints represent the NRC recommenda-
tions and maximum constraints identified (for select nutrients) identify caps for biochemi-
cal, palatability, or toxicity reasons. Those formulation programs typically do not include 
constraints associated with local environmental issues. As such, inclusion of byproduct 
feeds in diets to achieve least-cost formulation can be done and can reduce land require-
ments below those of grazing animals (Vandehaar and St. Pierre, 2006). However, the use of 
the byproducts might well exceed nutrient concentrations for sensitive nutrients. A recent 
review (CAST, 2002) identified advances through dietary modification to reduce excretion 
of nitrogen and phosphorus in food-producing animals. Formulation of diets to specific 
amino acid requirements (poultry and swine), inclusion of additives to improve bioavail-
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ability of nutrients (particularly phosphorus), and chemical modifications can result in no-
loss in production or production gains, while reducing total amounts of specific nutrients 
excreted by animals per given unit of product produced. (See the earlier section on dietary 
modification for adjusting manure composition in this chapter.)

Impact of Nutritional Strategies

The improvements in feed conversion through genetics, nutrition, and management 
have significantly reduced manure and nutrient excretion per unit animal product pro-
duced and reduced land required for production. For example, the improvements in dairy 
cattle feed conversion is summarized by Bull et al. (2008). Broiler research identified that the 
time to reach market weight for a broiler in 1957 was 101 days with a feed requirement of 
8.0 kg per broiler (Havenstein et al., 2003a; Havenstein, 2006). With improved genetics and 
feed, the same market weight was achieved in 2001 in 32 days with 2.68 kg of feed. In 2007, 
dairy cattle waste solids production was estimated to be less than half of the amount pro-
duced in 1950 (123 million lbs/day in 2000 versus 250 million lbs/day in 1950). Vandehaar 
and St. Pierre (2006) compared three types of dairy cattle (grazing, confined with no by-
products, confined with byproducts) producing 5,000 kg/cow per year. Required land was 
0.54, 0.66, and 0.30 ha/cow per year. Efficiency of land use improved within animal type 
(for example, confined and fed byproducts 76, 88, and 93 percent) as animal production 
increased (5,000; 10,000; 15,000 kg/herd per year). This efficiency was calculated as protein 
and energy yield per ha from dairy farming relative to the protein and energy yield from 
soybean and corn grown for direct human consumption. The comparative value for the 
grazing type cattle (5,000 kg/herd per year milk yield) was 43 percent.

Disadvantages of Nutritional Strategies

Improved genetics can be accomplished through incorporation of genetically improved 
lines (either through purchases or artificial insemination). Operations maintaining closed 
herds (that do not import live animals) rely on selection processes that might require longer 
time intervals for genetic improvement. Improvements in management can require costly 
infrastructure improvements or retraining of operators to achieve greater genetic potential. 
One great challenge associated with management and infrastructure improvements is the 
difficult nature of conducting controlled experiments to identify cost-effective alternatives 
to existing practices.

Nutritional strategies focus on more closely matching feed nutrient inputs to require-
ments of animals. The use of supplemental amino acids in poultry is based primarily on 
simple production economics (for example, least-cost, most-profitable production of meat 
and eggs) and is not specifically intended to decrease nitrogen excretion (reduce environ-
mental costs). Least-cost diet formulation does not usually include decreasing nitrogen 
excretion because there has been little or no economic incentive to do so (CAST, 2002). In 
dairy cattle, the economic risk of underfeeding protein is greater than the risk of overfeed-
ing protein (Vandehaar and St. Pierre, 2006) when environmental costs are not reviewed. 
As such, analysis of protein efficiency has not become an industry standard.

Adoption of Nutritional Strategies

The adoption of mitigation practices varies by species and herd or flock size. Animal 
operators often produce a product for a specific market. Often, broilers, turkeys, and swine 
are contracted out to meet a specified range of weights in a specified number of days. This 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

��� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

provides the purchaser with a relatively uniform product for slaughter and further process-
ing and delivers a more uniform and consistent product to the consumer. In some cases, 
specified diets are prescribed for specific production stages from the purchaser of the ani-
mal product. Adoption of nutritional strategies often results in a cost-savings or break-even 
situation (Powers and Angel, 2008). Most of the poultry industry routinely adds methionine 
and, in some cases, lysine to the diet so that lower concentrations of total protein and amino 
acids can be fed. Most of the industry also implements phase-feeding, but the number of 
diet changes may be less than optimal. A substantial part of the industry uses ideal protein 
to estimate more closely the amino acids requirements of older birds (CAST, 2002).

Increased attention and scrutiny on whole farm nutrient balance would provide ad-
ditional opportunities for livestock and poultry nutrition consultants to focus on reducing 
nutrient excretion and potential sequestration of nutrients within facilities. For dairy ani-
mals, the key contributing factor responsible for excessive phosphorus supplementation 
is the prevailing belief that addition of phosphorus to diets will improve reproductive 
performance. Aggressive marketing of phosphorus supplements has contributed to unre-
alistic margins of safety in diet formulation programs. The emphasis in feeding is on maxi-
mizing animal production and profits, rather than on minimizing excretion of nutrients. 
Once animal producers understand the ramifications of nutrient accumulation (especially 
beyond regulatory thresholds), attention to dietary modification will increase. Nutritional 
strategies have achieved success in providing a partial solution for several of the prominent 
environmental issues (nitrogen, phosphorus, sulfur). Nutritional strategies can play an 
important role in reducing the environmental impact of animal production.

ANIMAL WELFARE

A recent report (Mench, 2008) summarized the scientific and social issues surrounding 
animal welfare. Research activities include areas of behavior (for example, natural behav-
iors, abnormal behaviors, and animal preferences, such as by Wemelsfeder and Farish, 2004; 
Smulders et al., 2006); physiology (for example, hormonal changes characteristic of stress, 
such as by Mormede et al., 2007); health (for example, pain, injury, and disease, such as by 
Webster and Cardina, 2004): and productivity (for example, growth rates and reproduc-
tion). Each of those measures has strengths and limitations, and it is generally agreed that 
there is no single indicator of good welfare and that multiple measures should therefore 
be evaluated. Animal-based outcome measures such as lameness, animal body condition 
score, sickness, and death losses are increasingly used to assess animal welfare (Grandin, 
2010). The interpretation of the importance of those measures, however, is ultimately based 
on values and attitudes toward animals rather than on science. This section has a different 
format than the others in this chapter because animal welfare research is relatively new 
compared to research discussed earlier. Moreover, the impact of different practices aimed 
to improve animal welfare depends on the criteria used to measure welfare. Therefore, this 
section provides a brief overview of animal welfare, a few examples of research activities 
on animal welfare, and discussion of some of the controversies or tradeoffs. In a landmark 
report commissioned in the United Kingdom, the Brambell Committee (1965) identified 
five tenets of animal welfare:

• Freedom from hunger and thirst.
• Freedom from discomfort.
• Freedom from pain, injury, or disease.
• Freedom to express normal behavior.
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• Freedom from fear and distress.

The Brambell report encouraged an entirely new area of science to address the evaluation 
of the physical and mental well-being of animals. The Brambell Committee stressed the 
need to include scientific evidence when evaluations of welfare are conducted. However, 
the measurement of animal welfare, both quantitative and qualitative, remains contro-
versial because animal welfare research involves consideration of bodies (health, growth, 
reproduction, mortality; Gonyou, 1994), natures (behavior, evolution; Mench et al., 1998), 
and minds (fear, frustration, pain, boredom, and contentment; Duncan, 1981; Duncan and 
Dawkins, 1983). As society’s attitudes toward animal care and treatment have changed 
considerably over time, careful analyses of animal welfare are needed. A thorough analysis 
of the welfare of a single animal or group of animals requires a multidisciplinary approach 
that acknowledges the effects of human treatment of animals (for example, provision of 
housing, feed and water, and handling) on animal welfare. Housing, handling, diet and 
health issues are specific to animal species. Cattle, sheep, dairy animals, swine and poultry 
have different needs, and the requirements and options for meeting their needs differ mark-
edly. Nonetheless, all production options benefit from enhanced genetics, and improved 
knowledge of diet, of diseases and pests, and of options for controlling them.

Achieving the five freedoms requires balancing priorities and understanding tradeoffs. 
Examples of practices aimed at improving animal health or welfare are discussed in the 
sections below.

Housing

The average number of animals at livestock and poultry operations has increased while 
the number of operations has decreased in the United States for the past many decades 
(McBride, 1997; MacDonald and McBride, 2009). Farms have become more specialized, 
resulting in increased productivity. Most livestock in the United States, except for beef 
cattle, are kept in confinement (NRC, 2003). Animal housing has contributed to improved 
biosecurity and reduced predation. Delivering feed to confined animals provides the ad-
vantages of the ability to control the animals’ diet and to reduce the energy that animals 
exert in foraging. Housing restrictions, however, might minimize or prohibit animals from 
expressing all normal behaviors depending on the housing design. Housing design could 
have a positive or negative effect on the welfare of animals (Keeling, 2005). Improving ani-
mal health and welfare is an objective of the sustainability goal of enhancing environmental 
quality and the resource base (see Box 2-5 in Chapter 2). Many production systems have 
both advantages and disadvantages for animal welfare. Of more potential importance is to 
understand how well a particular system is operated than to judge the welfare merely by 
the presence or absence of a system (Mench, 2008).

Numerous scientific studies examine animal welfare issues in poultry. During the 
1950s, commercial egg layer operators began the separation of animals from their feces to 
reduce or prevent spread of soil-borne parasites and reduce pathogen impact. Over time, 
the battery cage was developed and husbandry practices were implemented to provide 
sufficient animal health conditions to lead to production improvements (reduced sickness 
and mortality; increased production of eggs). Some 50 years later, the European Union and 
Australia established practices that require birds be reared in noncaged systems (on the 
premise of improved animal welfare) by 2012. The concerns are that cage systems lack suit-
able nest sites for birds and opportunities for birds to forage and scratch in litter. Two basic 
approaches to redesign housing are underway. One approach was to identify the normal 
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behavioral practices prevented by the current housing and change the physical housing 
environment to allow those needs to be met. Another approach was to study the welfare of 
the laying hens and quantify what the hens must do to adjust to their environment (for ex-
ample, monitor physiology, behavior, and immunology) to meet their behavioral needs.

Two basic alternative systems exist to battery cages: barns or free range. Barn structures 
house animals in relatively large populations where animals have access to ground and 
nesting boxes. Free range is a method of husbandry that allows the animals to roam within 
an area. A detailed comparison of the benefits and detriments of each housing system is 
available (SCARM, 2000). The unstable social group (anomaly of the population size) in 
barn housing situations can result in pecking and cannibalism. Knowledge of genetic strain, 
rearing management, and layer house design and management can be used to minimize 
these animal welfare problems associated with barn housing. However, approaches to im-
proving animal welfare have to consider the animals’ overall welfare (Millet et al., 2005), 
and not just address one concern at a time because of possible tradeoffs. It has been docu-
mented that when animals of genetic strains selected for cage-rearing systems are relocated 
outdoors, there is a greater incidence of health problems, such as parasites, debilitating foot 
problems, and increased mortality.

A recent Swedish study (Fossum et al., 2009) reported on changes in animal health 
associated with the implementation of the 1988 Swedish Animal Welfare Act, which man-
dated use of alternative housing systems in lieu of conventional battery cages. The study 
identified increases in submissions of animals for necropsy between 2001 and 2004 from 
litter-based systems and free-range production, compared to hens in cages. The study 
showed increased occurrence of bacterial and parasitic diseases and cannibalism from 
animals in the noncaged systems and an elevated occurrence of viral diseases in indoor 
litter-based housing systems when compared with animals in cages. The time period cov-
ered by the report was consistent with the peak change from conventional to alternative 
housing. Litter-based and outdoor-housing systems result in direct contact of animals with 
soil (soil-harboring diseases) and provide a social structure conducive to cannibalism. The 
authors indicated that knowledge and experience of keeping large flocks of hens in those 
systems was limited.

Alternative housing for pigs aims to improve their welfare by providing such things 
as an outdoor environment, increased floor space allowance to allow them to turn around, 
and bedding (Millet et al., 2005). Pigs that are kept outdoors in paddocks or pasture can 
engage in extended locomotion. However, they might be subject to higher risks of contract-
ing ectoparasites and endoparasites, which could be counteracted with good management 
practices (Millet et al., 2005). Pigs tend to make fewer and longer visits to an automated 
feeder as space allowance decreases so that they can avoid the crowded situation (Hyun 
et al., 1998). Pigs in deep-litter, large-group housing spent more time (P < 0.05) standing, 
walking around, and interacting with their environment and exhibited more exploratory 
behavior than their conventionally housed counterparts (Morrison et al., 2007). A low-
confinement hog system is discussed in further detail in Chapter 5.

Qualitative Diet Restriction

Animals tend to consume excess energy when they are exposed to unlimited amounts 
of high-quality feed (D’Eath et al., 2009). Consumption of excess energy can result in re-
productive disorders and other health problems in some farm animals (West and York, 
1998; D’Eath et al., 2009). Therefore, livestock operations might restrict the quantity of food 
provided to the animals (also known as quantitative feed restriction) to prevent excessive 
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body weight gain and reproductive disorders (Sandilands et al., 2005; Renema et al., 2007). 
However, quantitative feed restriction can result in hunger, which in turn leads to physi-
ological stress and abnormal behavior of the animals (Mench, 2002). Qualitative diet restric-
tion, in which feed is reduced in quality but animals are given ad libitum access, has been 
proposed as an alternative approach that would result in animals’ freedom from hunger. 
Whether qualitative diet restriction improves animal welfare compared to quantitative 
diet restriction remains controversial. Some argue qualitative restriction results in more 
normal feeding behavior and promotes satiety, while others argue that the alternative diet 
does not meet nutrient or metabolic needs. In their review, D’Eath et al. (2009) explained 
that the controversy is a result of the diverse and indirect indicators used to evaluate the 
animal’s underlying subjective state. As with animal housing, the effect of dietary restric-
tion on animal welfare requires further research to understand its impact on the animal’s 
overall welfare.

Environmental Enrichment

Environmental enrichment is a term used to describe efforts to improve the living 
conditions of captive animals, including farm animals. Environmental enrichment might 
include providing toys or bedding, or improving human-animal interactions. Producers 
have been providing toys to pigs to prevent boredom and aggressive behavior. Providing 
pigs with an additional stimulus also makes them calmer and less excitable (Livestock 
Conservation Institute, 1988). A study shows that providing broilers with a cereal-based 
environmental enrichment device, known as Peckablock, reduces the proportion of obser-
vation time spent in feather-pecking (Guy, 2001).

Providing cover panels to broiler breeders has been shown to improve their reproduc-
tive performance. Leone and Estevez (2008) assessed the potential benefits of cover pan-
els as environmental enrichment to broiler breeders in five commercial farms and found 
broiler breeders with access to cover panels produced more eggs and maintained better 
hatchability and fertility throughout the breeding cycle than birds without access to cover 
panels. The birds in the enriched environment produced 4.5 more chicks per female than 
their counterparts in the unenriched environment. Providing environmental enrichment in 
the form of cover panels most likely increased opportunities for males to mate and reduced 
stress in females.

Some types of interactions between animal caretakers and livestock that induce fear in 
livestock can affect their productivity and welfare, and identification of aversive handling 
is important to improve animal welfare (Hemsworth, 2003). A pilot study showed that 
positive treatment by humans, such as brushing and stroking, is rewarding to heifers and 
constitutes environmental enrichment (Bertenshaw and Rowlinson, 2008). Therefore, if re-
warding elements of human-animal interactions are identified, they can be used to alleviate 
the stress to the animals incurred by the aversive interactions that are sometimes necessary 
in livestock operations (Hemsworth, 2003).

Research Needs

Because the assessment of animal welfare requires human interpretation of animals’ 
emotional and behavioral states and observational changes in behavior and physiology, 
there is not a set of agreed-upon measures. Despite the general consensus that animals 
feel pain, experience fear and distress, have emotions, and that animals’ appearance and 
behavior can be used by farmers to recognize both the “normality” and deviations from 
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normality of their animals, those variables are difficult to measure or define (Barnett, 2007). 
Challenges in animal welfare research include defining and assessing hunger in animals 
(D’Eath et al., 2009), defining and recognizing pain and distress in animals (Underwood, 
2002), and defining normal behavior. Studies on assessment methodologies and indicators 
of animal welfare are important research priorities that can provide the scientific underpin-
ning for future welfare standards (Barnett, 2007).

ANIMAL HEALTH

Successful management of farm animal health has to address prevention and treatment 
of internal and external parasites, and infectious diseases (transferred within species, be-
tween species, and to humans, including foreign animal diseases). It also has to minimize 
damage by flies, lameness, predators, and inadvertent importation of disease. Multiple 
approaches—for example, age-segregation, all-in all-out management, sanitation, vacci-
nations, biosecurity (for example, closed herd, sanitation for visitors, access of animals 
in particular sequence), pest control (such as flies, rodents), and use of antibiotics—are 
used to prevent and control infectious diseases (McEwen, 2006). Livestock producers have 
established and implemented programs that incorporate many of these practices. This 
section focuses on alternatives to subtherapeutic antibiotics and animal identification and 
discusses their effects on animal health.

Alternatives to Subtherapeutic Antibiotics

As mentioned in Chapter 2, overuse of antibiotics, in particular the use of different 
classes of antibiotics in animal feed has raised concerns. However, eliminating on-farm 
antibiotic use entirely will be unlikely because of its effectiveness for treating diseases. For 
example, prohibition of antibiotic use in meat and dairy animals that are certified organic 
has negatively affected animal health and hence welfare in some cases, particularly in pig 
production. A study on 84 organic pig farms in Austria reported endoparasites found in 75 
percent of the herds. Milk spots were observed in 50 percent and pneumonic lesions were 
observed in 24 percent of slaughter pigs (Baumgartner et al., 2003). In dairy cows, several 
studies did not find significant differences in herd health between conventionally and 
organically raised animals (Sato et al., 2005; Fall et al., 2008a,b). Proper herd management 
promotes animal health irrespective of whether the animals are conventionally or organi-
cally raised. To ensure their health and welfare, organically raised animals could be treated 
with antibiotics if homeopathy or phytotherapy prove ineffective and the animal would 
be removed from the organic herd. (See Radiance Dairy in Chapter 7 for an example.) The 
judicious use of antibiotics is critical to maximizing therapeutic efficacy while minimizing 
the development of antibiotic resistance in microorganisms (McEwen, 2006).

This section focuses on a practice that has raised long-term health concerns for animals 
and humans—subtherapeutic use of antibiotics as growth promoters—and discusses alter-
natives to in-feed antibiotics. Yang et al. (2009) reviewed alternatives to in-feed antibiotics 
that have growth-promoting effects. They include the following:

• Fiber-degrading enzymes2. Exogenous enzymes can be included in the diets of 
nonruminant animals to improve digestibility of such feed components as fiber, 

2 Enzymes are naturally occurring compounds that catalyze chemical reactions.
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phytate, and protein (Yang et al., 2009). Fiber-degrading enzymes break down 
nonstarch polysaccharides, such as cellulose, to sugars.

• Prebiotics. A prebiotic is a nondigestible food ingredient that beneficially affects 
the host by selectively stimulating the growth or activity of one or a limited 
number of bacteria in the gut (Gibson and Roberfroid, 1995). Prebiotics include 
fructo-oligosaccharides, mannan-oligosaccarhides, gluco-oligosaccharides, malto-
oligosaccharides, stachyose, and oligochitosan. They can inhibit the growth of 
pathogens, promote digestion, and enhance immune response (Huang et al., 2007; 
Yang et al., 2009).

• Probiotics. A probiotic is “a preparation of or a product containing viable, defined 
microorganisms in sufficient numbers, which alter the microflora (by implantation 
or colonization) in a compartment of the host and by that exert beneficial health 
effects in this host” (Schrezenmeir and de Vrese, 2001, p. 362S). Probiotics maintain 
a beneficial population of microflora by competition exclusion—competing for 
substrate and attachment sites and producing antimicrobial metabolites to inhibit 
pathogens—and immune modulation. Microorganisms that have been used as 
probiotics include bacterial species, such as Bacillus, Bifidobacterium, Enterococcus, 
Escherichia, Lactobacillus, Lactococcus, and Streptococcus, yeast species, and mixed 
cultures (Yang et al., 2009).

• Immune modulators. Immune modulators are compounds that affect the work-
ing of the immune system and enhance resistance to disease. Those compounds 
include cytokines and unidentified components of spray-dried plasma.

• Organic acids. Organic acids have been widely used as food additives and preser-
vatives for preventing food spoilage and prolonging shelf-life of perishable foods 
(Ricke, 2003). Organic acids have been suggested as a growth-promoter for live-
stock, but the mechanisms through which organic acids promote growth are not 
clear (Ricke, 2003). One potential mechanism is that organic acids reduce gastric pH 
and thus improve nutrient digestion (Doyle, 2001). The antimicrobial effects of the 
organic acids lead to beneficial effects, possibly by controlling bacterial populations 
in the intestinal tract of livestock (Doyle, 2001).

The search for antibiotic replacement has gained attention, likely because some coun-
tries banned the use of antibiotics in feed (Dibner and Richards, 2005). Data on adoption of 
those alternatives are not available to the committee’s knowledge. None of the alternatives 
seem to be able to replace all the potential benefits of in-feed antibiotics and certainly cannot 
provide the same benefits as therapeutic antibiotics (Pettigrew, 2006).

Impact of Alternatives to Antibiotics

The alternatives to antibiotics discussed above have been shown to promote growth in 
livestock. Dietary enzymes can improve feed conversion and increase weight gain in pigs 
(Doyle, 2001). Supplementation of exogenous enzymes can improve growth rate in poultry 
by 2 to 3 percent, reduce incidence of sticky excreta, and improve litter conditions (Broz and 
Beardsworth, 2002; Yang et al., 2009).

Increased growth was observed in broilers treated with either an antibiotic growth 
promoter or a prebiotic compared to those that did not receive any supplement (Catala-
Gregori et al., 2008). Yang et al. (2009) summarized the effects of different prebiotics on 
growth performance of broilers and they reported weight change ranging from –3 percent 
to 8 percent. The effect of prebiotics on feed conversion ratio of broilers ranges from –1 
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percent response to 6 percent. Some prebiotics resulted in growth-promoting effects similar 
to those of antibiotics (Huang et al., 2007; Li et al., 2008).

Probiotics added to feed for piglets protect them from intestinal pathogens and en-
hance nutrient uptake in their guts (Doyle, 2001). Doyle (2001) summarized research on the 
positive effects of probiotics, which include increased weight gain, reduced mortality, and 
improved feed efficiency in pigs, and improved growth and decreased incidence of diar-
rhea in piglets. In broilers, probiotics have been shown to reduce Salmonella colonization in 
broilers by 9 to 60 percent and enhance growth and reduce mortality (Yang et al., 2009).

Spray-dried porcine plasma protein could reduce mortality and diarrhea in piglets 
(Doyle, 2001). Another meta-analysis (van Dijk et al., 2001; Pettigrew, 2006) and a review of 
literature reported more than a 20 percent mean increase in growth rate of young pigs. In 
chickens, some cytokines can act as growth promoters by stimulating the immune system 
to ward off pathogens (Lowenthal et al., 2001). Cytokines can potentially be used as thera-
peutics and vaccine adjuvants (Hilton et al., 2002).

Organic acids have been shown to improve performance of weaned piglets, but the 
magnitude of performance depends on the acid used (Patanen and Mroz, 1999). Lactic 
acid seems to reduce gastric pH and coliforms in pigs consistently (Jensen, 1998). Other 
researchers showed evidence that organic acids improve the digestibility of proteins, min-
erals, and other nutrients (Doyle, 2001).

Disadvantages of Alternatives to Antibiotics

The response of poultry to alternatives to in-feed antibiotics depends on multiple fac-
tors including quality and quantity of feed, microbial status in the animal’s gut, and the 
animal’s age (Bedford, 2001; Doyle, 2001; Yang et al., 2009), so that improvements in feed ef-
ficiency and growth are not always observed. The benefits of prebiotics and probiotics also 
depend on the hygienic conditions of the farm, with benefits more readily observed under 
poor hygienic conditions (Doyle, 2001). The optimal dosage of prebiotics and probiotics 
could be difficult to determine because it depends on multiple factors including diet, spe-
cies, age, stage of production of the animals, and hygiene status of the farm (Verdonk et al., 
2005; Yang et al., 2009). Dosages that are too high could have negative effects on the gut 
flora and slow growth of the birds (Yang et al., 2009). Bacteria can develop acid resistance 
over time, similar to antibiotic resistance (Ricke, 2003), so that the benefits of in-feed organic 
acids likely will decrease over time.

Animal Identification

Most livestock on farm have some form of individual identification (USDA-APHIS, 
2007, 2009). Livestock owners have different motives for establishing an identification 
system for their animals including evaluating product quality and genetic improvements, 
protecting their livestocks from loss or theft, and evaluating animal health and tracing back 
diseases (Golan et al., 2004; USDA-APHIS, 2007). Methods of identification include brand-
ing, tattooing, retina scanning, iris imaging, and tagging. Tags might have simple printed 
numbers, imbedded microchips, or machine-readable codes such as radio frequency identi-
fication. Increasingly, the animals are given individual identification that is linked to docu-
mentation of an individual’s vaccination records, health history, breeding characteristics, 
and other process attributes. Some operations implement an animal identification system 
that allows traceability (Golan et al., 2004). Identification and recordkeeping systems used 
in the United States are summarized by Disney et al. (2001).
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An animal identification system helps owners evaluate animal health, track disease 
in their own herds, and evaluate genetic improvements (USDA-APHIS, 2007). Beyond the 
farm scale, an animal identification and traceability system can help ensure that unhealthy 
animals will not contaminate healthy herds, and hence could prevent spread of animal 
diseases. An animal identification and traceability system would be useful for the control 
and eradication of animal products (Disney et al., 2001). For example, animal identifica-
tion was an important element of the brucellosis eradication program in the United States 
(Golan et al., 2004).

SUMMARY

Chapter 3 summarizes how specific agricultural management practices and approaches 
can contribute to crop and livestock productivity and reduce some of the detrimental im-
pacts on the environment. Because the practices are components of “agricultural systems,” 
their interconnectivity and interactions are complex; a practice that by itself might improve 
sustainability in one aspect could have a negative effect in another. Hence, advantages and 
disadvantages of certain practices are discussed.

Soil Management

Proper soil management is a key component of sustainable agricultural production 
practices because it produces crops that are healthier and less susceptible to pests and dis-
eases, and important ecosystem services, such as reduced nitrogen runoff and better water-
holding capacity. Soil quality is a basic and critical starting point for robustness (including 
productivity) and resilience of all of agriculture. It is influenced by many factors, with one 
of the most critical being mechanical management and tillage.

• Conservation (reduced) tillage practices have been adopted on millions of acres of 
U.S. farmland during the past two decades, covering more than half of the acreage 
of corn, soybean, and cotton, with use in a wide range of agronomic and horticul-
tural crops. Significant increases in soil quality have been nearly universal, and 
environmental loading has been markedly reduced. Research is needed to broaden 
crop coverage, solve problems in low-moisture areas, and increase the diversity of 
herbicides used while focusing on developing conservation tillage systems that 
would work with low-or-zero herbicide use, such as in organic agriculture.

• Cover crop use has seen a resurgence of interest and use in the past two decades, 
adding to landscape-level diversity, more effective nutrient containment, and im-
proved soil quality, often in combination with conservation tillage. Enhanced re-
search efforts are needed to identify improved varieties and to identify species for 
application in a wide range of crop production (both horticultural and agronomic) 
and biophysical conditions. Improved understanding of site specificity of cover 
crop performance is also needed, as noted by farmers in this report’s case studies 
(see Chapter 7).

Crop and Vegetation Diversity Management

Biodiversity of both crops and animals at field, farm, and landscape scales is critical to 
soil quality, ecosystem function, pest and disease management, efficient nutrient flow at 
high rates with farm-and-field containment, and for farm and landscape-level productivity, 
robustness, and resilience. The following issues impact that diversity:
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• Noncrop vegetation (including grassed waterways, buffer strips, and riparian veg-
etation) for protection of waterways and other environmentally sensitive areas, 
and for wildlife habitat is highly beneficial to ecosystem functioning.

• Ongoing genetic improvement of crop varieties through conventional and 
molecular-assisted technologies is critical for sustainability.

Water Use and Quality Management

Agricultural irrigation is the dominant form of water use; therefore, practices and ap-
plications that improve water application efficiency and minimize water loss are the most 
effective in conserving water and energy. Significant increases in population, expansion of 
housing, and a wide range of competing demands for water and land resources demand 
that agriculture responds to those pressures. Increasing efficiency and reducing major ar-
eas of hypoxia and other adverse environmental impacts are ways in which agriculture is 
meeting those challenges:

• Water-use efficiency has been increasing, driven both by increasing water scarcity 
and costs, through the use of farmer-assist models, and careful metering and low-
pressure application technologies. Such savings are not nearly as widespread as 
they could be.

• Water reuse has been increasing, but with significant concern for maintaining qual-
ity. There will be a growing demand for recycling of tile drain water, both for water 
savings, but most importantly for reduction of loss of soluble nutrients and crop 
and animal residues.

• Small-scale dams and mini-watershed management approaches have considerable 
scope for improvement in some areas.

• Several regional and increasingly national-scale hypoxic zones could be more ad-
equately addressed through reduction in nutrient and pesticide loading via more 
widespread and effective application of many of the technologies and practices 
mentioned in this chapter. Improved wetland management will be critical.

Nutrient Management

Nutrient loading at landscape and regional scales is increasingly critical as cropping 
intensity and animal densities increase at the same time that agriculture’s share of environ-
mental loading is reduced through social and regulatory pressures.

• Mass balances of nutrient flow at farm and landscape levels are highly relevant, 
particularly to large animal operations and regions of high animal census, regard-
less of the management systems used. Well-designed nutrient management plans 
would be useful for all production systems.

• Use of manure and of all nutrient inputs can enhance nutrient recycling on farms, 
but their use would have to be monitored carefully to ensure high nutrient uptake 
by plants and minimal nutrient loss to the environment. Compost use can have an 
important role in the recycling of plant and animal wastes and residues. Anaerobic 
digestion with biogas recovery can play a more important role in sensitive locations 
with many animal operations of various scales. Precision agriculture is another tool 
for nutrient management.
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Weed, Pest, and Disease Management in Crops

Weed, pest, and disease management in crops has undergone significant improve-
ment in the last two decades. Nowadays, information is available to better inform the use 
of ecological approaches that can bring about less environmental loading from pesticides. 
Most of the ecological approaches are based on use of multiple integrated practices that 
directly and indirectly affect pest population shifts and management, rather than enabling 
complete “control” of a particular organism. Because of the complex interactions among 
different components, holistic management of the crop–weed–disease–pest complex is 
needed. Although knowledge of interactions between soil and crop management and their 
effects on the crop–weed–disease–pest complex is improving, field-based research to ad-
dress the applicability of manipulating those interactions in operating farming systems is 
sparse, but needed.

• The paucity of information in the United States on adoption of IPM practices and 
effects on pesticide use by crops has made it difficult to determine how effective 
IPM methods are in the fields, and by how much those methods can reduce pesti-
cide use. Increased efforts are also needed to better understand how biodiversity 
in the farm landscape can enhance biological control.

• A number of promising avenues for pest and pathogen management are being 
pursued. They include the ongoing development of pest-resistant varieties, efforts 
to manipulate induced resistance responses, develop disease and pest-suppressive 
soils, and biofumigate through the use of plant residues to manage pathogens 
and nematodes. Those approaches deserve additional research attention with an 
emphasis on field testing under different conditions. Weed management requires 
a suite of approaches to reduce annual seed production and the preexisting seed 
bank. Methods such as crop rotations, soil tillage, and organic matter management; 
use of cover crops and other crops with allelopathic properties; plant spacing; and 
water management all can affect weed populations. The use of weed and crop 
lifecycle models in conjunction with seed bank models would inform the design 
of weed-suppressive cropping systems.

Animal Housing, Nutrition, Health, and Breeding

Most livestock in the United States, with the exception of beef cattle, are raised in large 
confinement facilities. There is major controversy over several aspects of those animal sys-
tems as the demands for animal products grow and the environmental and social dimen-
sions of animal production come under increasing scrutiny.

• Animal housing and space allocation is one of the critical elements. Requirements 
and options differ widely with animal species. The issues are especially critical 
around pigs, cattle, and dairy animals where research on alternative housing and 
management systems highlight the interactions among space, animal health, envi-
ronmental impacts, labor requirements, and worker safety. Research that character-
izes and quantifies those interactions within the context of the increasing demands 
for air and water quality in animal-raising landscapes and changing global econo-
mies could be expanded.

• Interactions of the environmental variability and feed sources on the nutrition 
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of animals in mixed crop–animal and other alternative systems are not well 
understood.

• Animal health, diet, housing, and exercise interactions with animal immune levels 
and robustness leave significant areas for further research. Studies on how to re-
duce or eliminate routine use of antibiotics to maintain health without compromis-
ing productivity would be useful.

• If animals are to be raised with more rather than less space, greater exposure 
to environmental fluctuations, and fewer medications for disease and parasite 
control, then the breeding and selection criteria would change for many systems. 
Hence, continuous research on animal breeding is critical to improving agricultural 
sustainability.
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4

Economic and Social Dimensions 
of the Sustainability of Farming 

Practices and Approaches

T he ability of different farming practices or farming systems to further sustainability 
can be evaluated across a wide range of potential dimensions, including food security, 
environmental, economic, and social outcomes, as noted in Chapter 1. In this chapter, 

the committee examines the concepts and science of agricultural sustainability in terms of 
the impacts of farming practices and approaches on economic security, food security, and 
community and social well-being. This chapter will summarize evidence concerning social 
and economic sustainability outcomes of various production and marketing practices at 
the farm level and at broader scales. It also will reflect on additional socioeconomic com-
plexities tied to agricultural sustainability, including contribution of farming to community 
well-being, and food adequacy, food quality, and distributional equity issues. Following 
this overview, Chapter 5 uses a few system types to illustrate how various farming practices 
and approaches can be combined in a farming system to produce different sustainability 
outcomes. Social, cultural, institutional, and policy contexts surrounding agriculture often 
influence the sustainability of farming systems, and these factors are considered in more 
detail in Chapter 6.

Scientific evidence related to sustainable farming practices or farming systems in ac-
complishing the main socioeconomic goals associated with sustainability are presented 
here in three main sections. The first covers economic security at the farm level related to 
different production, marketing, and diversification strategies. Next the socioeconomic out-
comes at the community level, including farm labor issues, community economic security, 
food quality, and access to food by different segments of U.S. society are presented. Last, 
food security and socioeconomic sustainability at a broader scale, are addressed, including 
issues such as food adequacy, quality, and safety.

ECONOMIC SECURITY OF SUSTAINABLE FARMING SYSTEMS

The viability of any farming system depends largely on its ability to contribute to the 
economic security of the key actors in the farm and food system. At the farm level, economic 
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security includes at least three important objectives that are addressed in this part of this 
chapter:

• Ensure individual farm business viability.
• Maintain farm household economic security.
• Maintain or increase the quality of life for farm families and workers.

Ensuring that farm workers have economic security and fair labor conditions is another 
important goal at the farm level; however, labor issues (and farms’ contributions to com-
munity well-being) are discussed in the second part of the chapter.

At face value, most people would equate economic security with conventional mea-
sures of financial profitability, efficiency, and returns to various assets. Although those 
aspects are indeed critical components of the economic security of farm businesses, house-
holds, and communities, broader outcomes—such as having sufficient income to meet 
household needs, ensuring an adequate quality of life, minimizing risk, and treating people 
fairly—need to be considered. There are complex and varying linkages between economic 
performance of farming practices and systems, and broader economic well-being or secu-
rity. The assessment of any individual farm’s economic performance might differ depend-
ing on the treatment of short-term versus long-term time horizons, acceptable levels of 
volatility and risk, and perceptions about different forms of economic rewards and trade-
offs between outcomes. There is often considerable variability in economic performance 
among farms that use similar technical and managerial production practices. Variations in 
economic performance could be a result of differences in biophysical conditions (such as 
soil type and weather), resource endowments, management ability, or local market condi-
tions, rather than the types of farming practices themselves.

Financial returns to farming businesses reflect prices for farm inputs and outputs that 
are determined not only by market forces of supply and demand, but also by policy con-
text. For example, national farm commodity support programs, public subsidies for cer-
tain types of conservation practices, and international trade rules all influence the costs of 
production and market prices for most important farm commodities. The development 
(or absence) of local institutions to facilitate direct producer-consumer markets is another 
example of the influence of collective institutions on the success of individual farm mar-
keting strategies. Regional variability and short-term or long-term changes in policies, 
programs, or institutions affect farmers’ management decisions and influence the economic 
performance of many farming systems. Many of those broader contextual influences are 
discussed in Chapter 6.

The social context of farm production influences the economic viability of farming en-
terprises and farm households. The level of economic performance required to sustain the 
farm business depends, in part, on the personal goals and values, and on the consumption, 
life style, and level of income that is acceptable to the farmer or the household members 
(Gasson et al., 1988; Gasson and Errington, 1993). Access to nonfarming sources of income 
is another important factor (Mishra et al., 2002). The persistence of family-scale farming 
enterprises over the last 100 years has been attributed by many scholars to a willingness 
of such producers to accept levels of economic return that are below normal market rates 
(Friedmann, 1978; Bennett, 1982; Reinhardt and Barlett, 1989; Barlett, 1993). The organiza-
tion and production practices adopted by individual farm businesses also can affect the 
economic security of hired farm workers, and conversely, the availability of labor can affect 
the economic outcomes and sustainability of the farm operation, as will be discussed in a 
later part of this chapter.
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Recognizing those complexities, this chapter’s overview will focus on the objectives 
associated with economic security as noted above: that is, farm business security, including 
production, marketing, and other diversification strategies, and quality-of-life issues that 
pertain to the sustainability of the operations (Figure 4-1).

Economic Security at the Farm Level

Strategies to improve economic security at the farm level include reducing production 
costs, increasing the value of farm products, and diversifying income streams. This section 
first addresses economic viability of different practices and systems associated with im-
proving environmental performance of agriculture. It then discusses strategies for market-
ing and diversification that can improve economic security. The committee recognizes that 
those economic aspects are often interrelated with nonfinancial dimensions, which can also 
affect the sustainability of the farm business and are explored in later sections.

When the report Alternative Agriculture (NRC, 1989) was written, there was consider-
able skepticism that emerging alternative production systems—for example, organic farm-
ing, integrated pest management, or nonconfinement livestock farming—could be econom-
ically competitive with the dominant conventional farming practices. Since then, numerous 
case studies, enterprise-level and farm-level models, and farm accounting datasets have 
demonstrated that it is possible to realize economic gains and sometimes gain competitive 
advantages from the use of those alternative systems and other related practices. However, 
such gains and advantages are not guaranteed. (See the Sustainable Agriculture Research 
and Education website at www.sare.org for examples.) Rather than presenting a compre-
hensive summary of all of the relevant studies, illustrative examples are provided in this 
chapter to highlight key factors that influence economic outcomes for farm businesses.

4-1.eps
bitmap

FIGURE �-� Levels of analysis for understanding economic security.
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Economics of Production Practices That Can Improve Sustainability

This section highlights evidence related to the financial performance of some of the 
practices described in Chapter 3 for improving environmental sustainability—reduced-
tillage systems, crop rotations, crop nutrient management strategies, and other conserva-
tion best management practices (BMPs). The committee notes that the financial perfor-
mance of those practices depends not only on production costs, but also on the prices 
at which the products are sold. Production costs and prices are dynamic and depend on 
multiple factors including policies, market demand, and geographic location. Therefore, 
the illustrations of financial performance used by the committee are context dependent.

Conservation Tillage
As noted in Chapter 3, conservation tillage practices (including no-till and minimum 

tillage that disturbs 30 percent or less of the soil) have proven to be effective ways to reduce 
soil erosion. Conservation tillage has proven to be amenable to various scales of production, 
ranging from small to large operations, in a variety of crops. Huggins and Reganold (2008) 
noted the benefits and tradeoffs of no-till systems. The benefits include reduction of soil ero-
sion, conservation of water, improvement of soil health, reduction in fuel and labor costs, 
reduction of sediment and fertilizer pollution in waterways, and sequestration of carbon. 
The tradeoffs are that transition to no-till from conventional tillage systems can be difficult, 
necessary equipment such as no-till seeders are expensive, no-till often increases reliance 
on herbicides, plants pests can shift in unexpected ways, more nitrogen fertilizer might be 
required initially, and increased ground cover might slow germination and reduce yields.

One of the main economic questions concerning no-till versus conventional tillage is 
whether the gains from reducing labor and fuel outweigh any reduction in yield. The eco-
nomic results seem to vary by crop, region, and cropping system. Triplett and Dick (2008) 
surveyed several studies. In Iowa, conventional tillage had higher returns than no-till with 
continuous corn, but no-till systems were more profitable with a corn–soybean rotation. 
Yield stability was similar for the two systems. Similar results were obtained in another 
study conducted in Indiana and Ohio. In Mississippi, Martin and Hanks (2009) evaluated 
different types of tillage with crop rotations. Increasingly, farmers in that region are rotating 
cotton with corn. The highest net returns were found when cotton and corn rotations were 
combined with minimum tillage

In Washington State, under dryland conditions with low rainfall, a study noted the 
environmental advantages of the annual no-till rotation of winter wheat over the conven-
tional tillage system with winter wheat and summer fallow in terms of the reduction in 
wind erosion and improvement in soil health (Schillinger et al., 2007). However, that study 
also found that the conventional tillage system was more profitable because of the lower 
yields associated with the no-till system. In terms of other small grains, Lankoski et al. 
(2006) found in Finland that no-till production of barley was more profitable than conven-
tional tillage, but that conventional tillage systems were more profitable with wheat and 
oats. In Canada, Mohr et al. (2007) found that the highest returns for wheat–pea cropping 
systems were found on the “high soil disturbance seeding system” in the clay loam soil, 
but that the highest returns were found with the “low soil disturbance seeding system” in 
the loam soil.

There are other aspects to the economic decision to use no-till systems. Huggins and 
Reganold (2008) found that with the reduced labor associated with no-till systems, some 
farmers can almost double the acreage they farm with the same machinery complement. 
Others might pursue a better quality of life with their labor savings. Although yields might 
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be reduced with no-till systems in the short term, the Food and Agriculture Organization 
(FAO) concluded that yields over time with the no-till systems are likely be higher because 
of the improved soil health (FAO, 2008).

Another important question is whether non-herbicide-based no-till or minimum tillage 
methods can be effective and economical in organic systems. Because the majority of no-till 
farming systems in the United States depend on herbicide inputs as a means of controlling 
weeds, some sustainability analysts (and organic advocates) perceive this dependence as 
both an ecological and economic concern. The use of organic methods and no-till agricul-
ture is an emerging area of research. Both researchers and farmers in the United States and 
in other countries have developed organic methods for conservation tillage that do not 
incorporate the use of herbicides. Using mulches (such as straw or crop residues), putting 
a transparent plastic cover over soil to solarize it (Law et al., 2008), crimping, rolling or 
mowing weeds to reduce competition, and growing particular varieties of cover crops that 
can outcompete weeds are a few examples (Chase and Mbuya, 2008). The committee is not 
aware of any economic analyses on those practices.

Crop Rotations
Corn–soybean rotations have been shown repeatedly to have higher net returns than 

continuous corn rotations as a result of reduced production costs (less fertilizer and herbi-
cide input), although tillage practices and management inputs can affect comparative net 
returns (Katsvairo and Cox, 2000). Moreover, corn–soybean rotations exhibited significantly 
less risk of serious income declines over a 14-year study period; part of the risk reduction 
was the result of diversification inherent in any rotation, although some came from posi-
tive yield interactions between the two crops. Olmstead and Brummer (2008) found that 
adding alfalfa to Iowa farmers’ corn–soybean rotations can produce significant economic 
gains. They found that a simulated five-year rotation that included corn–soybean–oats/
alfalfa–alfalfa–alfalfa would result in a 24 percent net income increase compared to a five-
year rotation of corn–soybean–corn–soybean–corn, even if the row crops received farm 
support payments. However, they pointed out that commodity program incentives have 
served as a disincentive for producers to move toward forage crops in rotations. Zentner 
et al. (2002) found that including oilseed and pulse crops in rotations with grains contrib-
uted to higher and more stable net farm income in Canada.

Other studies have reported comparative economic disadvantages associated with 
some diversified crop rotations under current market conditions. For example, Kelly et al. 
(1996) simulated a range of tillage and crop rotation options in the Upper Midwest and 
estimated their economic and environmental impacts over a 30-year period. They found 
that no-till rotations provided the greatest estimated net economic returns, followed by a 
conventional corn–soybean rotation; net returns on the two cover crop rotations were low-
est, although they generated significant environmental benefits. Jatoe et al. (2008) simulated 
the impact of introducing environmentally beneficial crop rotations into potato production 
systems in Canada and found that the most environmentally protective rotations required 
substantial reduction in gross margins to producers.

Cover Cropping
As with many farming practices for improving sustainability, the economic perfor-

mance of cover cropping is difficult to quantify. A holistic assessment of the economic 
performance of cover cropping would include estimates of direct and indirect costs, cost 
savings provided by the practice, and increased income as a result of improved yield. Snapp 
et al. (2005) reviewed economic costs of cover cropping internal to farms. A direct cost of 
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cover cropping is establishment. The establishment cost is particularly high for leguminous 
cover crops—up to 10 times higher than that for grasses—because of the high seed costs and 
the large amount of seed necessary for establishment. Indirect on-farm costs of cover crops 
include hindering establishment of the succeeding cash crop as a result of slow warming 
of soil or delayed nutrient mineralization and unanticipated cover crop management prob-
lems that reduce the expected benefits. Another cost of cover cropping is the opportunity 
cost of income foregone from cash crops (Snapp et al., 2005).

Despite the aforementioned direct, indirect, and opportunity costs, cover cropping can 
provide many benefits that often lead to cost savings and improved productivity, includ-
ing weed suppression and improved pest control. Indirect cost savings—as a result of im-
proved soil fertility and overall improved health of the cropping system—accumulate over 
time and are difficult to quantify. Long-term economic analyses of the benefits and costs of 
cover cropping might provide valuable information to farmers and encourage adoption of 
such practices (Snapp et al., 2005).

Crop Nutrient Management Strategies
Nutrient input for crops usually accounts for 30 percent or more of total variable costs 

of production (Lu et al., 2000). Using on-farm nutrient sources such as green manure and 
animal manure could reduce input costs, but crop productivity might be compromised to 
some extent. Gareau (2004) conducted a meta-analysis of 120 studies to examine the eco-
nomic profitability of using synthetic fertilizer versus cover crop-based or animal manure-
based fertility treatments. The analysis suggests that conventional systems using commer-
cial fertilizers had higher profits than organic systems using cover crop-based or animal 
manure-based nutrient management for most grain crops. Nonetheless, cover crop-based 
and animal manure-based nutrient management systems hold promise if they are used in 
an organic system, partly because of the price premium (Gareau, 2004).

Conservation Best Management Practices
A nutrient management plan is designed to balance plant nutrient requirements with 

purchased and on-farm nutrient inputs. A plan provides several benefits, including creat-
ing an optimum nutrient climate for plant growth, improving water quality, and improving 
farm profits by reducing inorganic fertilizer purchases (Maryland Cooperative Extension, 
2009). Steinhilber (1996) noted that by giving nutrient credits to a preceding alfalfa crop, 
a farmer can save about $15–$30/acre in fertilizer costs from carryover nitrogen. A farmer 
can save $15–$30/acre in reduced inorganic fertilizer costs by giving credit to manure either 
applied in the previous year or in the current year.

However, not all farmers benefit equally from nutrient management planning. A crop 
farmer without any previous legume crops or application of organic sources of nutrients and 
who is already conducting soil testing and following accepted fertilizer recommendations 
might not save any fertilizer costs from a nutrient management plan (Steinhilber, 1996). A 
survey of 487 Maryland farmers showed that there can be biases in nutrient management 
planning (Lawley et al., 2009). Nutrient management plans were adopted more frequently 
by larger farm operations with grain and livestock and less on environmentally sensitive 
land. Biases also depended on who wrote the plan. Independent crop consultants tended 
to recommend increases in fertilizer uses. By comparison, farmers who were educated and 
certified to write their own plans recommended decreases in their own fertilizer use.

Poultry and dairy farmers in Virginia who are implementing nutrient management 
plans based on nitrogen and phosphorus can experience significant reductions in financial 
returns (Yang et al., 2000). Poultry litter (manure), in particular, is high in phosphorus. Re-
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peated applications of poultry litter or dairy manure to the soil can raise the phosphorus 
levels of soil and cause runoff of phosphorus and reduction in water quality. A nutrient 
management plan based on nitrogen and phosphorus will limit the applications of manure 
or litter to the land because the phosphorus levels are too high. A farmer can incur signifi-
cant costs in either reducing the herd or flock size, transporting excess manure or litter to 
different locations, or purchasing inorganic fertilizer to meet nitrogen requirements that 
could have been supplied by the manure that was shipped elsewhere.

The precision of fertilizer recommendations associated with nutrient management 
plans is also affected by weather and other variables during the growing season. Rajsic and 
Weersink (2008) compared ex ante recommendations of nutrient management plans with 
ex post analyses of optimal nitrogen application rates (based on actual field and weather 
conditions), and found that nutrient plans often recommend nitrogen application rates that 
are below optimum in Minnesota.

Precision Agriculture for Nutrient Management
Advances in technology have facilitated the development of farming equipment and 

management systems designed to apply agricultural inputs with greater precision, depend-
ing on site-specific soil and crop plant conditions (Zilberman et al., 2002). Most precision 
agriculture technology is based on Global Positioning Systems (GPS) that are used to map 
soil fertility levels, crop yields, and other indicators with a great deal of spatial accuracy 
(often within a few feet). That information can then be used to operate variable-rate ap-
plication equipment that applies different amounts of agricultural inputs to specific parts 
of a crop field. Theoretically, precision agriculture systems can reduce use of unnecessary 
agricultural fertilizers, pesticides, water, or labor and thus minimize loss of nutrients and 
chemicals to the environment and improve farmers’ net economic returns (Batte, 2000). A 
number of experimental studies have reported gains in productivity, input use efficiency, 
and economic returns from the use of precision agriculture systems across a range of pro-
duction environments (Khosla et al., 2008). While enthusiasm about the promise of preci-
sion agriculture remains high, adoption by farmers has not met with initial expectations. 
Explanations for low adoption include farmer uncertainty about economic benefits, risk 
aversion (which contributes to continued overapplication of inputs as insurance against 
crop failure), and the fact that some of the social benefits of the technology (for example, 
reduced losses to the environment) do not accrue as economic gains for producers (Napier 
et al., 2000; Zilberman et al., 2002).

A growing number of experimental and long-term field studies suggest that impacts 
and economic benefits of precision farming practices can be variable across time and space 
(Koch et al., 2004; Rider et al., 2006; Tozer and Isbister, 2007; Bachmaier and Gandorfer, 2009; 
Biermacher et al., 2009). The net present value of nitrogen and phosphorus management 
can be affected by spatial and temporal variability in carryover nutrient levels from previ-
ous crops, water availability, weed or pest pressure, and weather conditions, all of which 
lead to volatility in crop yields and economic returns (Bullock and Lowenberg-DeBoer, 
2007; Lambert et al., 2007). Economic returns tend to be greatest when variability in soil con-
ditions at the subfield level are high and the relative gains from site-specific management is 
increased relative to uniform application of farm inputs (Swinton and Lowenberg-DeBoer, 
1998; Isik and Khanna, 2002; Robertson et al., 2008). Precision agriculture approaches that 
require investments in expensive machinery and equipment are more profitable on larger 
farming operations that can spread the fixed costs of precision agriculture technology 
across more acres (Fernandez-Cornejo et al., 2001; Godwin et al., 2003). Economic returns 
are also sensitive to market conditions for farm inputs and commodities. In general, the 
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higher the cost of farm inputs or farm commodity, the more likely precision agriculture will 
produce net economic gains (Khosla et al., 2008).

The profitability of many precision agriculture systems can be overestimated if uncer-
tainties such as variable operating costs and other uncertainties inherent in cropping systems 
are not incorporated into economic models (Tozer, 2009). Several researchers have called for 
more long-term fundamental scientific research across a wider range of production envi-
ronments to establish a more solid foundation for the design and management of precision 
agriculture systems (Isik and Khanna., 2003; Bullock and Lowenberg-DeBoer, 2007).

Integrated Pest Management
Field studies have shown that integrated pest management (IPM) can improve finan-

cial performance by reducing the cost of pesticide input, pest populations, and crop dam-
age by pests. Trumble et al. (1997) compared two treatments of experimental celery plant-
ings. The chemical standard treatment of nine applications of methomyl and permethrin 
were compared to an IPM program that included three or four applications of Bacillus 
thuringiensis, the need for which was determined by sampling insect populations for estab-
lished thresholds. Both treatments resulted in less crop damage and better yields than 
the untreated control, but IPM had better economic returns than chemical treatment be-
cause of reduced input costs. Reitz et al. (1999) found similar results in field station trials 
and also conducted a commercial trial in collaboration with a celery producer in Ventura 
County, California. The IPM program that relied on biological control agents and rotations 
of selective, environmentally safe biorational insecticides (Bacillus thuringiensis, spinosad, 
tebufenozide)—applied only when pests exceeded threshold levels—resulted in 25 percent 
fewer pesticides used compared to the grower’s program. The cost savings from reduced 
pesticide use were more than $250/hectare (Reitz et al., 1999).

Burkness and Hutchison (2008) compared the efficacy and economics of an IPM pro-
gram that uses reduced-risk pesticides (that is, pesticides with minimal negative effects on 
beneficial insects) on basis of need determined by established threshold with a conventional 
grower-based program in cabbage production. They found that the IPM program was more 
effective in reducing pests and resulted in an average of 10.5 percent higher marketable 
yields than the conventional program. Although the IPM program did not reduce pesticide 
use in all years, the average pesticide use over four years was 24 percent lower in the IPM 
program than the conventional program. The lower pesticide expense and higher market-
able yield on average resulted in higher average net returns (Burkness and Hutchison, 
2008).

Few other articles examine the economics of pest management. A survey of articles on 
the topic from 1972 to 2008 shows that less than 1 percent of the articles include economic 
evaluations. Moreover, the economic analyses in at least 85 percent of the papers that in-
cluded them were conducted by entomologists and not economists (Onstad and Knolhoff, 
2009). Because economic performance can influence the rate of adoption of farming prac-
tices that improve sustainability, research on economic evaluations are important to the 
future of agricultural sustainability.

Business and Marketing Diversification Strategies

Diversification of crop and livestock enterprises represents an important component of 
many modern sustainable agricultural systems. However, there has been growing attention 
to efforts of some farmers to diversify their income by developing alternative agriculturally 
related enterprises and marketing strategies (Barbieri et al., 2008). Four types of farm busi-
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ness and marketing diversification strategies that pertain to sustainability are discussed in 
this section: value-trait or niche marketing, direct marketing, agritourism and recreation, 
and diversification of income through value-added processing and off-farm income. Re-
search suggests that all those types of diversification (and others such as contract service 
work) are increasing in importance in the United States (Hinrichs and Lyson, 1995; Barbieri 
et al., 2008), Canada (Smithers et al., 2008), Europe (van der Ploeg et al., 2000; McNally, 
2001; Ilbery and Maye, 2007), Australia, and New Zealand (Guthrie et al., 2006). Broader di-
versification strategies are typically motivated by dissatisfaction with economic pressures 
and returns from conventional markets (Renting et al., 2003). Generally, such strategies 
can offer economic benefits to the extent that they employ underutilized farm assets, are 
complementary to existing farming practices, increase the farmer share of income from con-
sumer spending on retail food products, or reduce reliance on generic farm commodities 
as a source of farm business income (McInerney, 1991; McNally, 2001; Barbieri et al., 2008). 
The attractiveness of various business and marketing diversification strategies to farmers 
also depends on such nonfinancial reasons as impacts on leisure time, pleasurable work, 
compatibility with farm and nonfarm work commitments of household members (Anosike 
and Coughenour, 1990; Barlas et al., 2001), and farm type, size, and location.

Value-Trait Marketing
Consumer concerns about the safety and quality of modern farming and food systems 

have led to the rapid growth of markets for “value-trait” food products that offer particular 
traits that these consumers value. Most notable has been the increase in the organic market, 
which has grown at a rate of approximately 20 percent per year since 1990. Other value-
traits that have established niche markets include sale of “local,” “natural,” and “fair-trade” 
foods, as well as “free-range,” “pasture-raised,” and “hormone-free” livestock products 
(Pollan, 2006). Factors that contribute to the growth of the organic market and other niche 
markets include consumers’ preference and sustainability initiatives of large retailers. (See 
Chapter 6.)

Many farmers have recognized that emerging niche markets offer unique opportunities 
for diversifying farm business income and for differentiation in the market. The economic 
competitiveness of organic farming practices often depends on payment of price premi-
ums by consumers seeking certified organic products. Farmers’ ability to tap into those 
niche markets can be an obvious way to improve the economic sustainability of the farm 
enterprise.

While higher prices for products are possible, participation in niche and value-trait 
markets can generate new costs and challenges for the producer, including learning and 
adopting new production practices, as well as spending more management time to under-
stand and establish new market channels and to interact with consumers, transport prod-
ucts to market outlets, and ensure consistency in the quality and supply of their value-trait 
farm products (Lyson et al., 2008).

In many situations, the development of successful value-trait food chains requires col-
lective action by larger groups of producers and consumers (Conner, 2004), or development 
of institutional mechanisms to establish standards and certification systems or to maintain 
the integrity of product labels in the marketplace (Hatanaka et al., 2006), as discussed fur-
ther in Chapter 5.

Relatively small niche markets also have challenges in balancing supply and demand. 
When price premiums are high and entry into the market is easy, markets are at risk of 
becoming oversaturated, and competition among producers can erode price premiums, 
which has happened for some organic products. Similarly, economic downturns can result 
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in dramatic decreases in consumer demand for value-trait products if they are sensitive 
to price or income (Box 4-1). Moreover, producers who participate successfully in niche 
or value-trait markets generally need to be located relatively proximate to their consumer 
base, or at least close to a central processing or distribution facility that assists with market-
ing. Producers in more remote locations are likely to have fewer options to participate in 
value-trait food chains (Selfa and Qazi, 2005). In spite of the challenges, increasing numbers 
of producers are participating in the previously mentioned types of niche markets, in part 
because they prefer the market options over the intense competitive pressures and consoli-
dation trends associated with mainstream market channels.

Direct Marketing
For various reasons, operators of small- and medium-sized farms have difficulty com-

peting with large farms in the mainstream food marketing system. For example, they might 
be unable to provide sufficient quantities needed to fulfill the supply requirements of large 
corporate buyers, they might not be able to take advantage of economies of scale to reduce 
their production costs, and they are not likely to have the manpower or capital to meet cri-
teria imposed by buyers to monitor compliance with increasingly complex food safety and 
quality standards (Hendrickson et al., 2001; Reardon et al., 2001). These difficulties motivate 
farmers to seek other venue for sales.

Many direct marketing approaches have been developed to meet the demand for value-
trait products. Approaches to direct sales including the following:

• Farmers’ markets.
• Farm stands or “U-Pick” operations.
• Community Supported Agriculture programs (CSAs).
• Sales to institutional food service, such as “farm-to-school” programs.
• Sales to local restaurants.
• Sales to local grocery or specialty stores.

For many reasons, direct marketing can be a viable strategy to increase the economic 
sustainability of a farming system (Hinrichs and Lyson, 1995; Feenstra, 2002). Initially, 

BOX �-� 
Impacts of Economic Recession on Organic and Local Food Markets

	 Food	products	produced	with	organic	practices	or	other	farming	practices	for	sale	to	niche	markets	
have	typically	captured	price	premiums	in	the	marketplace	(Greene	et	al.,	2009).	Although	those	products	
are	perceived	by	consumers	to	offer	important	traits,	emerging	niche	markets	might	be	particularly	suscep-
tible	to	changes	in	consumer	disposable	income	associated	with	the	spike	in	energy	costs,	credit	crunch,	
and	declining	personal	income	levels	associated	with	the	economic	recession	that	began	in	2008	(Hills,	
2008).	Various	sources	provide	mixed	evidence	about	the	impact	of	recent	economic	downturns	on	these	
markets.	For	example,	analysis	by	the	Nielsen	Corporation	in	early	2009	suggested	that	growth	in	organic	
sales	had	stagnated	(Nielsen	News,	2009),	and	news	reports	suggested	that	organic	dairy	markets	were	
negatively	affected	(Martin	and	Severson,	2008;	Zezima,	2009).	However,	analysis	by	the	Organic	Trade	
Association	suggests	that	organic	sales	continued	to	increase	at	double-digit	rates	in	2008	(OTA,	2009).	
Aside	from	the	impacts	of	economic	stress,	the	rise	of	private-label	organic	products	provided	by	some	
grocery	chains	has	reduced	demand	for	some	branded-label	products,	leading	to	lower	market	prices	and	
reduced	total	dollar	value	of	organic	sales	(Hills,	2008).
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direct marketing allows a farmer to build social ties with the people who consume their 
food (Hinrichs, 2000; Lamine, 2005). The farmer-consumer relationship is built on trust and 
mutual exchange that can be more secure and long-lasting than anonymous market transac-
tions in the mainstream food system (Granovetter, 1985; Kirwan, 2004). As such, producers 
might gain more control over the prices they receive for their products and reduce annual 
price volatility. By cutting out the role of food processors and retailers, direct marketing al-
lows farmers to capture a larger share of the end consumer’s food dollar. Farmers engaged 
in direct marketing also report satisfaction in knowing the people who consume their food 
and feel that they are contributing to the well-being of their local community (Hinrichs, 
2000; Smithers et al., 2008). In turn, consumers might benefit by knowing more about 
where their food comes from, might have access to food that is perceived as fresher and 
more healthful, and are able to better appreciate the contributions of farming to their local 
landscape and community (Sharp and Smith, 2003; Smithers et al., 2008).

Two of the most common forms of direct marketing used by U.S. farmers are sales to 
local consumers through farmers markets and CSA arrangements. The majority of farm-
ers’ market vendors sell their products as organic, natural, or other value-trait products 
(Gillespie et al., 2007).

Although farmers’ markets and CSAs have grown dramatically in number and size 
over the past 10–20 years, those market approaches cannot always provide a sustained 
income to participating farm households (Feenstra et al., 2003; Varner and Otto, 2008). 
Many surveys consistently find that the vast majority of producers at farmers’ markets are 
relatively small-scale businesses that do not rely principally on farmers’ markets income 
to support their household, either because they rely on off-farm income or because they 
have other commercial farming ventures that generate more net income (Brown and Miller, 
2008). Although the scale of economic opportunities for farmers might be limited at farm-
ers’ markets, they have been an important opportunity for producers to develop business 
and marketing skills, and they play a major role in the creation of more localized food 
systems (Gillespie et al., 2007).

According to the U.S. Department of Agriculture (USDA-NAL, 2009), Community Sup-
ported Agriculture consists of:

[a] community of individuals who pledge support to a farm operation so that the farm-
land becomes . . . the community’s farm, with the growers and consumers providing mu-
tual support and sharing the risks and benefits of food production. Typically, members or 
“share-holders” of the farm or garden pledge in advance to cover the anticipated costs of 
the farm operation and farmer’s salary. In return, they receive shares in the farm’s produce 
throughout the growing season, as well as satisfaction gained from reconnecting to the land 
and participating directly in food production. Members also share in the risks of farming, 
including poor harvests due to unfavorable weather or pests.

The CSA concept was brought to the United States by Jan VanderTuin from Switzerland 
in 1984. CSA projects in Europe date to the 1960s, when women’s neighborhood groups 
approached farmers to develop direct, cooperative relationships between producers and 
consumers (Allen et al., 2006a). Two distinct types of CSAs have developed: (1) farmer-
managed, subscription-based operations, which constitute 75 percent of all CSAs and 
(2) shareholder CSAs organized by a group of consumers, sometimes organized as not-
for-profit organizations, who “hire” a farmer. The success of any CSA depends heavily 
on highly developed organizational and communication skills (Brown and Miller, 2008). 
Money raised by the sale of CSA shares is used as operating capital to finance farm pro-
duction activities, and consumers typically receive weekly deliveries of fresh produce (and 
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occasionally meat and eggs) from the farmers. CSAs allow producers to lock in their prices 
and receive their income up front, and consumers share in the risks of variability in output 
due to weather or pest conditions.

CSA customers report numerous social, economic, and nutritional benefits from par-
ticipation in the arrangement (Farnsworth et al., 1996; Ostrom, 2007). In several studies 
reported by Brown and Miller (2008), most CSA farmers mainly depend on income from 
their CSA shares and reported gross farm incomes that ranged from $15,000–$35,000 per 
year. However, financial analyses have found that CSA farmers often fail to cover their full 
economic costs and suggest that typical share prices would need to double or triple to be 
competitive with market rates of return (Sabih and Baker, 2000; Oberholtzer, 2004; Lizio and 
Lass, 2005). This result is supported by surveys in which the majority of CSA producers 
were not satisfied with their ability to cover their operating costs or provide sufficient com-
pensation for their work on the farm, although most were still very satisfied overall with 
their decision to have CSAs (Lass et al., 2003; Tegtmeier and Duffy, 2005; Ostrom, 2007).

For many farmers, participation in farmers’ markets and CSAs is not well suited to their 
commodity mix or location, and there has been growing attention to intermediate-scale 
marketing mechanisms that allow farmers to sell their products directly to institutional 
consumers in local and regional markets (Lyson et al., 2008). Common approaches include 
direct sales to restaurants, schools, hospitals, and universities (Center for Integrated Ag-
ricultural Systems, 2001; Beery and Markley, 2007). Case study reports suggest that direct 
sales can be a significant source of income for small numbers of local farms, but that many 
logistical barriers must be overcome to expand the markets to larger groups of local farm-
ers and institutions (Lawless et al., 1999; Kloppenburg and Wubben, 2001; Gregoire et al., 
2005).

Some producers who are successfully engaged in market alternatives choose to di-
versify their marketing strategies, just as they often diversify their production strategies. 
Diversity in marketing enables them to take advantage of various market opportunities 
and avoid the risk of relying on one strategy alone—which can contribute to longer-term 
stability.

Agritourism and Fee Hunting
Agritourism is another strategy to diversify farm income (Nickerson et al., 2001; 

 McGehee and Kim, 2004) and reduce economic risks (Che et al., 2005). Agritourism pro-
vides tourists with “genuine” rural products and experiences from farms while also sup-
porting the agricultural enterprise. Weaver and Fennell (1997, p. 357) defined agritourism 
as “rural enterprises, which incorporate both a working farm environment and a commer-
cial tourism component.” Data collected by USDA suggest that 2–3 percent of U.S. farms 
reported direct farm income from agritourism activities in 2002 (Brown and Reeder, 2007). 
Agritourism is more popular in Europe, where a third or more of farms engage in this type 
of activity (Evans and Ilbery, 1992; Bernardo et al., 2004) than in the United States. Most 
income from agritourism in the United States is generated from on-farm sales and activities 
(NEASS, 2002; Allen et al., 2006).

The potential benefits of agritourism include increasing farm profitability, keeping 
farmers on the land, enhancing environmental conservation and management, promoting 
rural artisanal products, supporting rural traditions and cultural initiatives, and enhanc-
ing rural and urban relations (Sonnino, 2004). It can potentially promote socioeconomic 
development of rural areas and illustrate the multifunctionality of farming. Agritourism 
has proven to be a viable income-generating strategy when the appropriate investments 
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are made and networks are formed, particularly when it is organized on a regional level 
(Whatmore and Thorne, 1998; Bender and Davis, 2000; Sonnino, 2004).

Fee hunting offers another potential source of farm income. In Texas, about 28 percent 
of farmland is leased for recreational hunting (USDA-ERS, 2005). Fee hunting could be 
an economic incentive for landowners to improve habitats for wildlife species, but not all 
landowners who offer fee hunting are actively managing their lands to provide habitats for 
wildlife (Ribaudo et al., 2008).

Off-Farm Income
Although most farms in the United States (and around the world) are essentially fam-

ily businesses that rely mainly on farm family members for their labor force (Gasson and 
Errington, 1993; Hoppe et al., 2007), the majority of farm families also gain income from off-
farm work. Nonfarm work or transfer payments are commonly used to supplement income 
from the farm business. USDA estimates that on 71 percent of U.S. farms, either the farm 
operator or his or her spouse works at an off-farm job. More than 90 percent of aggregate 
farm household income is from nonfarm sources, including off-farm wages and salaries, as 
well as transfer payments and investment income (Hoppe et al., 2007).

Some farm household members might enter into off-farm employment reluctantly, 
but positive benefits can be associated with the diversification of farm household income 
from nonfarm sources. For many farms, off-farm work is the only way to access affordable 
health care and retirement benefit plans (Bharadwaj and Findeis, 2007; Kennedy, 2009). 
Similarly, off-farm work experiences have been shown to increase exposure to new ideas 
and receptivity to innovative opportunities for emerging production and marketing prac-
tices in agriculture. Overall, having off-farm income sources can contribute significantly to 
the long-term stability of many farming households.

Quality of Life and Sustainable Farming System

Studies of the adoption of many farming practices and systems aimed to improve sus-
tainability often emphasize the importance of qualitative impacts on the farm labor process 
and the farm family. Some farming practices and systems can provide opportunities to 
reduce unpleasant farm chores, and allow farmers to engage in diverse and varied types 
of work. For example, no-till farming practices are often preferred by farmers as much be-
cause of reductions in labor time and fuel use as for their conservation or economic benefits 
(Lithourgidis et al., 2005).

Although some practices or systems for improving sustainability require more time 
than conventional agriculture, it is not clear that the time investment in increasing labor and 
management decreases quality of life for farm households. Boerngen and Bullock (2004) 
found conventional farmers reported spending just over 3 hours/week “keeping up” with 
information about their production practices, while reduced-chemical and organic farmers 
reported a time investment of nearly 4 hours/week. The difference was found to be statis-
tically significant, suggesting that chemical inputs and human capital might be economic 
substitutes. Farmers who adopted reduced-chemical practices reported a transition period 
of 1±2 years; during the transition period, they spent around 3 hours/week learning about 
reduced-chemical technology. Adopters of organic practices also reported a transition pe-
riod of 1–2 years; during that period, they invested 5 hours/week learning about organic 
technology.

A pilot study in the United Kingdom also suggests that work on organic farms requires 
higher levels of human energy (or caloric) and effort expenditure—which might result in 
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physical stress in workers—than work on conventional farms (Loake, 2001). In a study that 
compares the self-reported well-being and welfare of migrant farm workers in the United 
Kingdom, the workers of organic horticultural farms reported the same level of health as 
their counterparts of conventional farm. Organic farm workers, however, were reported to 
be happier than conventional farm workers. Statistical analyses suggested that the workers’ 
happiness is correlated with the number and range of tasks performed each day (Cross 
et al., 2008). Practices that increase and contribute to wildlife habitat conservation—for 
example, buffer strips—have also been shown to increase quality of life of people who 
are working and living on or near farms, partly related to improved aesthetic attributes 
(Meares, 1997; Chiappe and Flora, 1998).

SOCIOECONOMIC ASPECTS OF SUSTAINABILITY AT THE COMMUNITY LEVEL

Farm Labor Conditions and Security

Labor conditions on the farm have rarely been the focus of analysis or attention even 
though social equity has always been considered one of the goals of sustainability. Few 
analysts have done systematic research or surveys to document labor benefits, practices, 
and trends of many farms in this sector. Despite the fact that many consumers are con-
cerned about social justice in the agrifood system, such concrete social justice goals as the 
welfare of the farm labor force have rarely been considered and included (Allen, 2008). 
Among the farmers who expressed a deep desire to improve workers’ labor conditions, 
many of them expressed that they do not know how and cannot afford to do so (Strochlic 
and Hamerschlag, 2006). Many employers of farm workers perceive that they cannot afford 
to provide living wages, health insurance, and other benefits to employees (Shreck et al., 
2006; Kandel, 2008).

The California Institute of Rural Studies conducted a study of 12 farms in California 
that are reputed for offering good labor conditions to create a road map on best practices 
on labor management (Strochlic and Hamerschlag, 2006). The study reported a range of 
no-cost or low-cost practices that can improve farm labor conditions. Other practices such 
as year-round employment, compensation, and fringe benefits have monetary costs to the 
farmers, but also yield benefits to them. Some of the best practices in the study are high-
lighted below. They are divided into practices that incur no or little costs and practices with 
not-so-trivial costs.

Practices that incur no or little costs:

• Respectful treatment. Respectful treatment includes a broad range of issues such 
as a humane pace of work, respectful communication styles, direct communica-
tions between growers and workers, a healthy work environment, and a decision-
making structure that recognizes the contribution of the workers.

• Nontraditional benefits. Nontraditional benefits include personal loans and access 
to food on the farm.

• Labor relations, communications, and decision making. Practices that foster good 
communications, such as employee orientation, regular meetings, and informal so-
licitation of advice, provide ways for workers’ representation and ways for them to 
participate in decision making. Good communications can also improve personal 
relations between growers and workers.
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• Health and safety issues. A healthy and safe work environment is among the fac-
tors that farm workers most appreciate. Farmers could limit the time spent on 
repetitive work that can incur physical ailment (for example, hand weeding).

• Diversity of tasks. Workers appreciate the ability to switch between tasks several 
times a day. Diversity of tasks not only relieves workers from the boredom of doing 
the same task all day, but also reduces potential health problems associated with 
stoop labor or repetitive stress.

Practices that have nontrivial costs:

• Compensation. Compensation includes, but is not limited, to wages. Other forms of 
compensation include pay increases, profit-sharing, over-time pay, and bonuses.

• Year-round work. Because farm work is highly seasonal, there is a high rate of 
seasonal unemployment. Farm workers appreciate year-round employment that 
provides job security and a steady income.

• Traditional benefits. Examples of traditional benefits include health insurance, 
holiday pay, vacation pay, and retirement plans.

 As the researchers noted, “workers who are treated well and made to feel an integral 
part of the farm operation are more satisfied, more motivated and ultimately, more produc-
tive” (Strochlic and Hamerschlag, 2006, p. 2). Satisfied workers are more likely to stay on 
the job than dissatisfied ones, so that farmers who provide socially just labor conditions 
are likely to have high labor retention, reduced recruitment, and hence reduced training 
and supervision costs and high-quality work from farm workers. The committee is not 
aware of any study on whether some types of farms are more likely to adopt the best labor 
management practices than other types. Nonetheless, many of the best labor management 
practices listed above are not directly linked to any farming practices or approaches (with 
few exceptions such as year-round work, as some farming practices spread the work year-
round so that the farmer is more likely to hire year-round labor than seasonal labor). In 
Schreck et al.’s (2006) survey, some organic farmers argue that fair and healthy labor condi-
tions should be required by state or federal law for all farms.

Community Economic Security

One of the standards for evaluating the sustainability of a farming system is to examine 
the positive and negative impacts of farms on the economic security of their local com-
munity. This section summarizes scientific evidence for the community economic linkages 
associated with different types of farming systems.

Farming Practices for Improving Sustainability and Community Economic Security

Few empirical studies have been conducted on the social and economic impacts of 
improving farms’ sustainability on their local communities. In much of the public dis-
course on agricultural sustainability, farms that have improving sustainability as one of 
their specific goals have been assumed to be predominantly smaller (or family-labor scale) 
operations with a strong ethic of responsibility toward the local community and greater 
commitment to purchasing inputs locally (Lasley et al., 1993; Horne and McDermott, 2001; 
Earles and Williams, 2005; CAFF, 2009; Sustainable Table, 2009). As such, a shift away from 
conventional farming to farming systems that improve sustainability is assumed by some 
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analysts to reverse some of the local community economic declines linked to the growth 
of larger farms and more industrialized agriculture (Strange, 1988; Campbell, 1997). The 
counterargument is that reducing the use of commercial farm inputs and lower levels of 
output or productivity will create reduced economic spinoffs or net activity in the local or 
regional agribusiness economy.

The few empirical studies that consider whether farmers aiming to improve sustain-
ability typically have different purchasing behaviors than conventional farmers have 
shown mixed results. Lockeretz (1989) found that lower-input systems contributed less per 
acre to the local economy than higher-input systems. Dobbs and Cole (1992) compared hy-
pothetical net farm income and the effect on the local economy (including such backward 
linkage as economic impact on input supply firms and such forward linkages as economic 
impact on transportation, processing, and marketing firms) of five conventional farms in 
South Dakota if they were to convert to farms with improved sustainability (that is low-
input or organic). They found that total net farm income would be higher on three out of 
five sustainable farms, but dropped to one out of five if organic commodity premiums were 
ignored. Meanwhile, sustainable farms generated notably smaller backward and forward 
linkages.

In their summary of a four-state study, Goreham et al. (1995) found that farmers who 
are committed to using natural fertilizers and cropping systems and no herbicide or com-
mercial fertilizers were less likely to obtain goods and services locally. They also traveled 
farther and to larger communities to obtain goods and services for their farms. The low use 
of local goods and services was attributed to the fact that local businesses were less likely 
to be able to provide the inputs or markets for their particular production practices or com-
modities. However, they also found that those same farmers were more likely to purchase 
locally produced farm products and generate more total spending per acre on local farm 
products. They noted that the absence of a critical mass of producers that use similar farm-
ing practices to improve sustainability might prevent the development of viable local input 
providers or markets to service their farms.

A different assessment was reported by Ikerd et al. (1996), who simulated the effects 
of shifting Missouri farmland from the Conservation Reserve Program (CRP) to either 
conventional farming or a farming system that included crop rotations, intensive manage-
ment of inputs, reduced tillage, and intensively managed, pasture-based beef production. 
They estimated that the latter farm generated more direct purchases of farm inputs and 
services, local farm businesses retained a higher share of farm economic activity, and the 
increased demand for farm labor and management associated with the practices listed 
above generated more net farm income and household consumption when compared to 
the conventional farming system. That study was conducted in the U.S. North Central 
and Great Plains regions, and the particular commodity mixes and trade patterns in those 
regions might affect the conclusions.

Potential linkages have been identified between the diversity and resilience of some 
farming practices or farming systems type and enhanced community economic security. 
For example, organic farms might be more resilient in the face of poor weather (Pimentel 
et al., 2005), leading to more consistent yields and farm income in periods of adverse cli-
mactic conditions than conventional farms. As discussed above, farm diversification (both 
in terms of crop rotations and integration of crop and livestock production) can spread 
out the risks of climate, pest, disease, or market condition changes associated with any 
particular commodity, and can thus potentially increase the stability of economic returns 
at the community level.
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Civic Agriculture, Local Foods, and Community Economic Security

The research summarized above suggests that there are no simple or consistent rela-
tionships between the size, structure, or production practices of local farms and an area’s 
community economic vitality. Although farm production practices (in particular, input 
expenses) can be important sources of income for local businesses, the manner in which 
farm products are marketed can also have an impact on local community well-being and 
economic development. Specifically, the rise of local food marketing outlets such as farm-
ers’ markets, CSAs, or direct sales to local restaurants has been linked to social and eco-
nomic vitality in local communities (Kloppenburg et al., 1996; Feenstra, 1997; Hinrichs 
et al., 2004).

Lyson (2004) argues in favor of a “civic” agriculture, in which direct social and eco-
nomic ties between local farmers, local businesses, and local consumers become the orga-
nizing principle of a local agrifood system. He asserted that “civic agricultural enterprises 
have a much higher local economic multiplier than farms or processors that are producing 
for the global mass market. Dollars spent for locally produced food and agricultural prod-
ucts circulate several times more through the local community than money spent for prod-
ucts manufactured by multinational corporations and sold in national supermarket chains” 
(Lyson, 2004, p. 62). A counterargument is that the money spent on locally produced food 
probably offsets money spent locally on other nonfood products; hence, the net effect of 
civic agriculture is uncertain.

Few empirical studies examine the local or community-level economic impacts of 
“civic” agricultural activities. Direct marketing between farmers and consumers is likely 
to increase the share of food dollars captured by farmers and minimize the leakage of local 
agrifood dollars to the mainstream (and highly vertically integrated) food processing and 
retailing industries (Brown and Miller, 2008). Several studies have estimated that farm-
ers’ markets and CSAs can generate state-level economic impacts on the order of tens of 
millions of dollars and hundreds of jobs (Otto and Varner, 2005; Henneberry et al., 2008; 
Hughes et al., 2008). Others have documented increases in a wide range of ancillary local 
consumer spending activity among people who shop at downtown farmers’ markets that 
could multiply the local economic development impacts (Lev et al., 2003, 2007; Oberholtzer 
and Grow, 2003). However, it is not clear what proportion of local direct farm marketing 
activity is replacing income or employment opportunities from conventional retail food 
outlets (Brown and Miller, 2008). There is evidence that a more civic-oriented approach to 
marketing is more common among farmers who use farming practices for improving sus-
tainability than among farmers who use conventional practices (MacRae et al., 2007).

Although significant in absolute terms, direct marketing represents a small share of 
total U.S. farm sales (or food purchases) and may not be large enough to generate major 
community- or regional-scale economic growth impacts (Gale, 1999). Results of the U.S. 
Census of Agriculture (USDA-NASS, 2009) suggest the total amount of direct farm market-
ing tripled between 1992 and 2007, to a total of more than $1.2 billion annually (Figure 4-2). 
However, the total represented just 0.4 percent of total U.S. farm sales, and the number of 
farmers reporting direct sales increased much more slowly over the same period of time (to 
roughly 6 percent of all U.S. farms). Even at the national level, few counties report direct 
sales as a significant fraction of their local agricultural activity. Census data indicate that 
only 24 U.S. counties (out of more than 3,000) reported direct sales in 2002 that exceeded 
10 percent of total county gross farm sales, and in only 1 county did direct sales exceed 20 
percent of total farm sales.
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Given the relatively small portion of local income and employment from agriculture in 
most U.S. counties, the direct effects of local food production currently are unlikely to serve 
as a major basis for local economic development, although economic multipliers might 
increase the total impact (Otto and Varner, 2005; Gillespie et al., 2007; Sonntag, 2008). The 
U.S. experience might not be representative of the potential of direct sales. Analysis of data 
from Europe (Renting et al., 2003) suggests that in some European Union countries (par-
ticularly France, Germany, and Italy), alternative food networks have become important 
components of rural development schemes. As localized food markets mature, however, 
there is an increasing concern that some of their distinctive benefits are being undermined 
by a gradual appropriation by mainstream food processors and retailers.

Community Well-Being

Various practices aimed at improving environmental sustainability can provide ameni-
ties and services that are seen as more attractive and desirable for well-being and quality of 
life for communities in general (Flora, 1995). Studies show that more diverse farm systems 
and diversified landscapes (for example, inclusion of noncrop vegetation) increase aesthetic 
attraction, provide more recreational opportunities for residents and tourists, and can help 
increase economic welfare. Practices that reduce surface runoff and improve surface water 
quality also increase aesthetic attraction. Deller et al. (2001) found predictable relationships 
between amenities, quality of life, and local economic performance, suggesting that diverse 
and integrated farming systems that contribute to natural amenities can increase quality of 
life for rural communities.
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Direct marketing strategies link farmers with their local communities. Moreover, pro-
grams, such as farm-to-school programs, contribute to improving student nutrition, as 
noted by the National Farm to School Network (2009):

These programs connect schools with local farms with the objectives of serving healthy 
meals in school cafeterias, improving student nutrition, providing health and nutrition 
education opportunities that will last a lifetime, and supporting local small farmers. Schools 
buy farm fresh foods such as fruits and vegetables, eggs, honey, meat, and beans on their 
menus; incorporate nutrition-based curriculum; and provide students experiential learning 
opportunities through farm visits, gardening and recycling programs. Farmers have access 
to a new market through schools and connect to their community through participation in 
programs designed to educate kids about local food and sustainable agriculture.

FOOD SECURITY, SAFETY, QUALITY, AND OTHER SOCIOECONOMIC DIMENSIONS

This section summarizes important issues related to agricultural sustainability and 
food systems at a broader regional and global scale, concerning food security, food quality, 
and ecosystem services.

Satisfying Human Food, Feed, and Fiber Needs

As discussed in Chapter 1, satisfying human food, feed, and fiber needs is one of the 
sustainability goals in agriculture. Although practices for improving sustainability require 
taking some land out of production (for example, maintaining wetlands and riparian buffer 
strips), many farming practices for improving environmental sustainability do not compro-
mise productivity and might even enhance yield (for example, cover cropping, crop rota-
tions, and integrated pest management), as reported in Chapter 3. The determination of the 
production potential associated with various farming practices or systems at a regional or 
global level is actually a complex result of several interacting factors: production potentials 
(typical per acre crop yields or indicators of livestock feed efficiency and growth rates), land 
and input requirements, and biophysical resource qualities (Smil, 2000). Many studies have 
shown that with the right conditions and management, low-input and organic systems 
can have yields, productivity, and economic returns that are comparable to conventional 
systems (Liebman et al., 2008; Posner et al., 2008).

Sustainable Agriculture and Food Access

The sustainable agriculture and food system movement in the United States and abroad 
has long embraced the goals of sustaining the economic viability of farm producers, while 
also seeking to ensure that low-income and underserved populations can access affordable 
and quality foods (Allen, 1999). Access to sufficient food depends on the affordability and 
availability of food at the local retail level, which in turn relates to marketing and sales 
well beyond the farm gate. Because the committee focused on production, marketing, and 
sales at the farm, the discussion on improving food access is limited to practices in which 
farmers can participate. The most common efforts of improving food access have focused 
on direct marketing channels, such as farmers’ markets and CSAs. Strategies such as ensur-
ing access to government nutritional programs by low-income customers (for example, the 
Supplemental Nutrition Assistance Program [SNAP, formerly the Food Stamp program], 
the Special Nutritional Supplemental Program for Women, Infants, and Children [WIC], 
and food banks), locating food outlets in low-income neighborhoods, encouraging growers 
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to donate excess food to needy families, and having higher-income customers subsidize 
lower-income households (Donald and Blay-Palmer, 2006; Guthman et al., 2006) have been 
used. Other innovative initiatives such as farm-to-school projects and the rapidly growing 
development of community urban gardens are helping to improve sustainable agriculture’s 
ability to deliver food to low-income populations in the United States.

Despite those initiatives, most direct marketing and value-trait food chains to date have 
predominantly benefited middle-income and upper-income households (Cone and Myhre, 
2000; Kaltoft, 2001; Hinrichs and Kremer, 2002; Allen, 2004; Guthman, 2008). Although more 
than 20 percent of U.S. SNAP recipients have purchased food at a farmers market, those 
food purchases constituted only 0.02 percent of their total expenditures in 1997 (Ohls et al., 
1999; Kantor, 2001). In the United States, access to food is primarily limited by insufficient 
financial resources (Nord et al., 2008); geographic distribution also limits the access of fresh 
produce in some cases (IOM and NRC, 2009).

Food Safety

Food safety concerns stem from the potential of contamination by pathogenic microor-
ganisms and by agrichemicals. Although some practices that improve environmental sus-
tainability could improve food safety (for example, reduced use of agrichemicals), others 
could increase the risk of microbial contamination (for example, the use of animal manure 
as fertilizer for crops).

Bacterial Pathogens in Natural Fertilizers and Irrigation Water

Use of animal manure as fertilizer recycles nutrients and can improve soil quality. 
However, if animal wastes are used in agricultural fields, the level of pathogens in the 
waste has to be controlled to reduce pathogen contamination of soil, surrounding water, 
and produce grown in the surrounding areas. Such food-borne pathogens as Escherichia coli 
O157:H7, Salmonella spp., and Campylobacter spp. might be present in livestock manure. 
Because animals could serve as a host reservoir for those pathogens, it is important to pre-
vent contamination of animal products with fecal material and to reduce pathogen load 
(treat manure) prior to land application. Food crops consumed fresh or raw (such as fruits, 
vegetables, and nuts) might be susceptible to pathogen contamination. The California Leafy 
Green Marketing Agreement has identified best practices for soil amendments; raw manure 
or soil amendment that contain uncomposted, incompletely composted, or nonthermally 
treated animal manure are not to be applied to fields used for lettuce and leafy green pro-
duction. If untreated manures were applied to fields intended for lettuce and leafy greens 
production, production of those crops would have to be delayed one year after the manure 
application (California Leafy Green Handler Marketing Board, 2008). Other key areas for 
potential contamination in the supply chain include transportation, processing, storage, or 
preparation, but they are not covered in this report.

Studies have shown that E. coli can persist in bovine feces (Wang et al., 1996; Elder 
et al., 2000) so that contamination of food products by bovine feces could be a vehicle for 
transmitting food-borne pathogens. The untreated or inadequately treated fecal matter 
could contaminate the soil, and the runoff water from the field could contaminate the ir-
rigation water. Although competition with soil microorganisms and adverse environmental 
conditions can reduce the number of pathogens, the pathogens can survive in soil that is 
directly contaminated by fecal matter or indirectly contaminated by irrigation water for an 
extended period of time (Islam et al., 2004a,b). A study showed that E. coli O157:H7 can 
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survive in manure-amended soil for an extended period of time, even in conditions as dry 
as 1 percent moisture content (Jiang et al., 2002). That study, which examined the survival 
of pathogens at various manure-to-soil ratios and soil temperatures, provides useful infor-
mation on manure-handling practices to reduce the risk of E. coli O157:H7 contamination 
in fresh produce grown in fields with manure-amended soil. Improper aging of untreated 
manure can significantly increase the risk of E. coli contamination in preharvest produce 
(Mukhejee et al., 2007).

Brinton et al. (2009) surveyed the occurrence and levels of fecal pathogens in organic 
matter compost that is ready to be sold in the market. They quantified several pathogens 
in market-ready compost from 93 nonsludge processing facilities and found that only 
1 compost contained Salmonella. However, 28 percent of the compost had levels of fecal 
coliforms that exceeded sludge hygiene limits set by the U.S. Environmental Protection 
Agency. Statistical analyses suggest that the size of the composting facility is correlated to 
levels of pathogens and that large pile size and immaturity of compost might contribute 
to high levels of pathogens. Nonetheless, the study shows that organic compost that is 
hygienic by common standards can be produced (Brinton et al., 2009). As with manure 
application, compost application would not compromise food safety if best management 
practices are used. Composting manure would kill such pathogens as Salmonella and E. coli 
if done properly (Edrington et al., 2009).

The risk of pathogen contamination from manure or manure-based compost could be 
reduced substantially with proper aging of manure and careful processing of compost. 
Manure and compost applications can be used as nutrient management strategies without 
compromising food safety.

Irrigation water also can be a source of bacterial contamination, particularly if the irriga-
tion well is exposed to farm animal or wildlife feces (Doyle and Erickson, 2008) or contami-
nated by runoff from manure storage. Spray irrigation has been shown to spread pathogens 
from contaminated water to lettuce more effectively than drip irrigation (Solomon et al., 
2002). Periodic testing of irrigation for pathogens would help reduce the incidence of 
 microbial contamination.

Fungal Pathogens

Some fungi that grow on plants produce mycotoxins that have known toxic carcino-
genic effects on humans (Magkos et al., 2003). Concerns have been raised that reduced 
pesticide use could result in higher incidence of fungal infections and hence higher levels of 
mycotoxins in food products (Doyle, 2006). Doyle (2006) reviewed a number of studies and 
found that mycotoxin levels do not differ significantly between grain or grain products that 
were grown organically (hence, no synthetic agrichemical application) and conventionally. 
The level of mycotoxins showed significant year-to-year variations and depend largely on 
climatic variations, rather than level of pesticide use.

Pesticide Residue

Fruits and vegetables that are grown with reduced or no synthetic pesticides are ex-
pected to have little pesticide residue. Small amounts of pesticide residue, even in produce 
that were grown without pesticide, are unavoidable because farmers cannot control all 
external sources of contamination (for example, spray drift) (Magkos et al., 2003; Doyle, 
2006). Integrating data from the Pesticide Data Program of USDA, the Marketplace Surveil-
lance Program of the California Department of Pesticide Regulation, and private tests by 
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the Consumers Union, Baker et al. (2002) compared pesticide residue from foods in three 
market categories: organic, integrated pest management, and conventional. They found 
that produce from the conventionally grown category had the highest amount of pesticide 
residue. Organic produce had the lowest amount (about one-third that of conventionally 
produced fruits and vegetables) of pesticide residues and are less likely to contain multiple 
pesticide residues.

Food Quality and Nutritional Completeness

Producing quality food in terms of nutritional value and flavors is one of the objec-
tives of satisfying human food needs. Along with food safety and price, nutrition and 
taste are among the values that consumers reported as most important to them (Lusk and 
 Briggeman, 2009), even though taste and flavor attributes are partly subjective and difficult 
to measure and quantify. There are, however, studies that compare the nutritional quality 
of foods produced using different farming practices and systems. For example, Venneria 
et al. (2008) compared the nutritional characteristics, including fatty acids content, unsa-
ponifiable fraction of antioxidants, total phenols, polyphenols, carotenoids, vitamin C, 
total antioxidant activity, and mineral composition, among genetically modified wheat, 
corn, and tomato crops and their nonmodified counterparts. Their study supported that 
genetically modified wheat, corn, and tomato crops are nutritionally similar to their non-
modified counterparts. Abouziena et al. (2008) compared the total soluble solids of fruits 
and vitamin C content of fruits from mandarin trees grown under different weed suppres-
sion treatments. They found no significant difference in total soluble solids of fruits among 
treatments, and vitamin C content was only significantly lower in the unweeded control. 
Hargreaves et al. (2008) examined antioxidant and vitamin C content in raspberries grown 
with two different organic composts (ruminant and municipal solid waste compost and 
compost teas) and did not observe any significant differences. In general, nutritional char-
acteristics of crops are influenced by a multitude of factors including climatic variations, 
geographic locations, soil quality, cultivar, farming practices, and time of harvest. Many 
studies showed large year-to-year variations in the nutritional content of crops (Hargreaves 
et al., 2008; Koudela and Petkikova, 2008). Therefore, the effect of farming practices on 
nutritional characteristics, if any, is likely masked by the larger variability as a result of the 
other factors. The food quality and nutritional completeness of organic crops are discussed 
in Chapter 5.

Next Generation of Farmers

Farmers are the key to the vitality and sustainability of agriculture. As of 2008, about 
40 percent of U.S. farmers are 55 years old or older (USDA-ERS, 2009), and one-fourth are 
at least 65 years old. Older farmers and landowners who control more than one-third of all 
U.S. farm assets are staying in farming longer than previous generations. Improved health 
and technological advances in farming equipment allow farmers to work in older age than 
farmers of previous generations. Farming is becoming popular as a part-time retirement 
activity (Gale, 2002). Although the turnover of farm assets will be gradual, many U.S. farm-
ers will retire over the next decade. The graying of the farm population has led to concerns 
about what might happen to the large amount of farmland owned and managed by older 
farmers when they retire.

Efforts have been initiated to support beginning and entering farmers as a strategy to 
ensure a diverse and viable farm sector. Beginning farmers are also valued because they 
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bring skill sets that complement traditional management and production technologies and 
can be a source of innovation and entrepreneurial activity (Ahearn and Newton, 2009). 
Programs that target beginner farmers include Future Farmers of America (FFA), which has 
more than 506,000 members across 50 states; 4-H, which has more than 6 million members 
in 50 states and 80 countries; the American Farm Bureau Federation Young Farmers and 
Ranchers Program; National Young Farmer Educational Association; International Farm 
Transition Network; American Farmland Trust; and Land Trust Alliance.

USDA provides financial assistance to beginning farmers and ranchers under its Direct 
Farm Ownership Down Payment Loan Program. The program provides retiring farmers 
the opportunity to transfer their land to future generations of farmers and ranchers. An 
individual requesting direct farm ownership assistance has to have participated in the busi-
ness operations of a farm or ranch for at least three years, irrespective of whether the indi-
vidual was the primary operator of the farm or ranch. Applicants are required to provide 
a down payment of at least 10 percent of the purchase price and meet all other direct farm 
ownership eligibility requirements to qualify for the Direct Farm Ownership Down Pay-
ment Loan Program. Critics of this program state that direct loan limits have not changed 
in years and have not kept pace with inflationary changes. More funding and better rates 
and terms are needed to encourage entry into farming (USDA, 2010).

Even with these programs, startup costs for farming is high and unaffordable for some. 
In addition, small-sized tracts of land that beginner farmers could afford are becoming in-
creasingly rare. Beginner farmers who start out by renting land sometimes never have the 
opportunity to purchase farmland of their own because high land rental costs lower their 
profit margins. Contract farming requires large startup capital, and contract terms offer 
little long-term financial return or opportunities for young farmers to control and manage 
their own operation (Ahearn and Newton, 2009).

Some states have programs to link up retiring farmers with young aspiring farmers 
to meet their mutual needs and to preserve family farms. FarmLink and other similar 
programs maintain databases of retiring farmers and potential young farmers looking for 
an opportunity to gradually purchase or run a successful farming operation. Some states 
have created linking programs, but greater effort is needed at the federal and state level, 
as well as with farm associations and Cooperative Extension to train and support the next 
generation of farmers and provide access to farmland (DiGiacomo, 1996).

SUMMARY

The use of certain farming practices or systems is partly dependent on whether they 
provide reasonable economic returns. Yet, research on economic sustainability of farming 
practices and systems is sparse compared to research on environmental sustainability and 
productivity. Chapter 3 listed approximately 30 practices that can improve environmen-
tal sustainability, but the committee found economic studies on only a handful of those 
practices. Likewise, studies on social justice and community well-being related to farming 
practices and systems are lacking.

Conducting research on the social and economic performance of farming practices 
and systems is complicated by the fact that their economic “viability” is always influenced 
by the specific development and constellation of market and policy conditions. Similarly, 
social impacts or social “acceptability” of individual farms can be influenced as much by 
the behavior of key actors and the values of community members as by inherent qualities 
of specific production practices or farming systems. These complexities do not make re-
search on social or economic sustainability impossible, but require a more extensive base 
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of research findings and more complex research designs to draw strong conclusions. Given 
those limitations, review of the scientific literature by this committee suggests several im-
portant conclusions:

• The economic benefits of some farming practices accumulate over time as the 
farming system becomes more resilient. Long-term economic assessment of farm-
ing approaches would provide valuable information on economic sustainability of 
different practices.

• Although such strategies as direct marketing, CSA, and agritourism help to pro-
mote farm products and diversify farm income, financial security at the farm level 
remains a concern because many farms in the United States rely heavily on non-
farm sources of income.

• Some practices for improving environmental sustainability also contribute to im-
proving community well-being because they enhance the aesthetics of the com-
munity (for example, maintaining buffer strips).

• Other social facets, such as farm labor conditions, can be improved irrespective of 
farming practices or systems used for production. Social sustainability can be im-
proved by limiting the number of hours on repetitive tasks and allowing workers 
to switch between several tasks in a day.

• Although some farmers reported that providing equitable wages and benefits to 
workers could be a financial constraint to their farms, some research and case 
studies have demonstrated the feasibility of designing production systems that 
are environmentally, economically, and socially sustainable. Hence, additional and 
sustained economic and socioeconomic research is necessary to complement the 
research on productivity and environmental sustainability and provide farmers 
with knowledge to design their systems to achieve the different sustainability goals 
simultaneously.
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5

Examples of Farming System Types 
for Improving Sustainability

One of the underlying themes of this report is the tension between the rapid spe-
cialization of much of U.S. agriculture in the last few decades and its resulting 
high production of individual commodities (Chapter 2) with the requirements of 

robustness, resilience, and appropriate levels of environmental integration in sustainable 
production systems (as discussed in Chapter 1). That tension revolves around the balance 
between the “industrial philosophy” and “agrarian philosophies” (Box 1-7) and varies 
among different commodities and environments. This chapter illustrates a few system 
types that lie within the complex matrix of that balance. They represent modifications 
within industrial approaches, and, in some cases, a more aggressive departure toward an 
agrarian approach. Chapters 3 and 4 highlight advances in the scientific understanding of 
different management practices and approaches that can contribute to improving produc-
tivity and environmental, economic, and social sustainability. The practices are central to 
the examples below because they are components of a larger farming system.

“System” is interpreted in a broad sense, from the individual farm agroecosystem to 
the wider ecological system or biome. The systems approach recognizes the importance of 
interconnections and functional relationships between different components of the farm-
ing system (for example, plants, soils, insects, fungi, animals, and water). It also stresses 
the significance of the linkages between farming components and other aspects of the 
environment and economy. Understanding how the components function individually 
and the outcomes each produces becomes the foundation of systems agriculture research. 
The aggregate outcome of applying those practices in concert cannot be predicted from 
simply combining the anticipated outcome of each practice because they interact with one 
another. In some instances, the combination of practices has complementary or synergistic 
relationships; in other instances, combining two practices might have unintended negative 
consequences.

A systems approach to agriculture is generally guided by an understanding of agro-
ecology, as a scientific basis, and agroecosystem interactions. Agroecology applies ecologi-
cal concepts and principles to the design and management of agricultural systems to im-
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prove sustainability (Gliessman, 1998; Altieri, 2004; Wezel and Soldat, 2009). Agroecology 
provides a framework to integrate the biophysical sciences and ecology for management of 
agricultural systems. It emphasizes the interactions among all agroecosystem components 
(for example, biophysical, technical, and socioeconomic components of the farming system) 
and recognizes the complex dynamics of ecological processes (Vandermeer, 1995). The ap-
proach aims to maintain “a productive agriculture that sustains yields and optimizes the 
use of local resources while minimizing the negative environmental and socio-economic 
impacts of technologies” (Altieri, 2000).

When used in agriculture, agroecosystems have been defined as “communities of 
plants and animals interacting with their physical and chemical environments that have 
been modified by people to produce food, fiber, fuel, and other products for human con-
sumption and processing” (Altieri, 1995). Agroecosystem design has been recognized as 
an important part of an agroecological approach, which is a more holistic concept of inte-
grated resource management and understanding complex interactions than a reductionist 
approach (Swift et al., 1996).

This chapter uses a few farming system types to illustrate how they combine practices 
and to discuss the potential environmental, social, and economic outcomes. (See Box 2-1 for 
articulation of the distinction between “farming system”—the integrated system of a single 
farm management entity—and a “farming system type”—aggregations of farming systems 
defined by commonalities of commodity, management practices, or farming system ap-
proach.) Specifically, the organic, integrated crop–livestock, pasture-based livestock, low-
confinement hogs, and perennial grains system types are used in this chapter to represent 
commonalities of commodity, of specific management approach to those commodities, or 
of a particular philosophical or scientific approach to farming system management. The 
integrative perspective of how the components interact with each other in a system and 
the study of the potential outcomes of those interactions provide valuable information for 
designing, implementing, and operating a farming system that achieves multiple sustain-
ability goals. Beyond the boundary of a farm, many elements of sustainability, such as 
product and market diversity and resilience, water resource quality and use, elements of 
ecosystem health, and community well-being, are highly influenced at landscape, water-
shed, and regional scales. Sustainability, thus, suggests and requires in most instances an 
appropriate mix and location of farming system types. The last part of this chapter dis-
cusses agricultural sustainability at the landscape level.

ORGANIC CROPPING SYSTEMS

The organic approach to farming, and specifically to cropping systems, is of scientific 
interest as an alternative type of system to the conventional type for several reasons:

• The organic approach is driven by a philosophy of using biological processes to 
achieve high soil quality, control pests, and provide favorable growing environ-
ments for productive crops, and by the prohibition of use of most synthetically 
produced inputs. For farm products to meet organic standards, farmers either 
substitute “organic” inputs (which are usually expensive) or use “biological struc-
turing” (illustrated by use of practices described below) to achieve a high level of 
internal ecosystem services in their farming systems to permit high efficiency and 
productivity. Most productive organic farms are highly integrated and use what 
is referred to as a holistic approach to manage agricultural operations and their 
processes and impacts (Vandermeer, 1995; Gliessman, 1998; Altieri, 2004). (See the 
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discussion of “contending philosophies” in Box 1-7.) Organic farming systems 
represent an expression of the agrarian philosophy and can provide cost data for 
that position of the spectrum.

• There is an ongoing database of the numbers and types of certified organic farms, 
which features their production and marketing characteristics in the United States 
(USDA-ERS, 2009b; USDA-NASS, 2009) and on a global basis (Willer et al., 2008).

• Farmers have developed organic cropping systems for most major crop commodi-
ties and are located in nearly all major agricultural ecoregions of the United States 
(USDA-NASS, 2009).

• While they represent a small portion of total U.S. crop production, organic crop 
farmers had $1.1 billion in sales from 14,900 farms in 2007 (USDA-NASS, 2009).

As discussed in Chapter 1, many nonorganic farms lie somewhere between the con-
ventional and organic continuum because they include some organic approaches and ma-
terials in their farming systems out of concern for the environment, human health, input 
costs, and other factors (for example, the Bragger Farm, Thompson Farm, and Green Cay 
Farm in Chapter 7). Yet, because much of the research literature is based on comparisons 
of a stylized organic farm versus a stylized conventional farm, many comparisons in this 
section can be considered assessing farms at opposite ends of the continuum. In selecting 
organic as an alternative example, the committee is in no way implying that U.S. agriculture 
should completely turn aside from modern, synthetically derived nutrients, pesticides, or 
pharmaceuticals. The example illustrates, however, the success that farmers have had with 
an ecological approach and the degree to which it can be environmentally and economi-
cally competitive.

Principles and Practices of Organic Farming

Organic farming has evolved over many years since it started in Europe in the early 
part of the 20th century. Several “schools” of philosophy and practice are used to some 
extent today, as articulated in an extensive practitioner-written literature over the last 100 
years (Harwood, 1990). The principles, in most cases, are consistent with scientific theory 
for ecosystem functioning (Drinkwater, 2009). Several guidelines for biodynamic systems 
are outside of present scientific theory. However, the majority of organic farms today are 
guided by either local or international certification requirements assembled through broad 
farmer and industry collaboration to regulate the rapidly growing marketplace for organic 
products. Some practices have been reasonably well researched, while studies on others are 
sparse. Products of some specialty approaches, such as biodynamic, have local or highly 
targeted niche markets. The following principles and practices, from popular organic lit-
erature, represent popular beliefs and values of practitioner-derived systems:

• Understanding and managing biological processes to regulate balance, flow, and 
timing of nutrient levels and availability; achieve pest-predator balance; and main-
tain healthy and productive crops and animals.

• Avoiding synthetic chemicals. Organic agriculture does not permit the use of syn-
thetic chemical pesticides and fertilizers. An organic management approach needs 
to go beyond substitution of chemical inputs by approved organic inputs and 
needs to include the principles and practices explained here.

• Building healthy soil. Organic farming focuses on building healthy and fertile soil 
that has high microbial activity, is rich with beneficial and diverse microorganisms, 
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and is well-balanced in organic matter and humus. Good soil health is attained 
largely through cultural and biological management methods and use of natural 
organic inputs. Building and maintaining healthy soil is regarded as a key factor in 
maintaining plant health, which is thought to help avoid pest and disease problems 
by preventing crop stress or nutrient imbalance. Soil health is understood to be a 
basis for maintaining healthy balances of soil organisms in the farm (USDA-SARE, 
2009). Nutrient cycling and regulation of the flows and temporal availability of 
nutrients to crops is a key goal of soil management.

• Managing biota within the system. Soil fauna are seen as critical to a healthy soil. 
Pest-predator balance within the soil and across the landscape is regarded as im-
portant to all systems, but is critical to many fruit and vegetable crops.

• Cycling nutrients. Organic agriculture aims to foster the cycling of nutrients and 
energy within and beyond the farming system. The cycling of energy and materials 
links the living organisms to the nonliving parts of the systems. Microorganisms 
cycle energy and chemicals from dead organic matter back into food chains 
(Lindeman, cited in Golley, 1993). Nutrient cycling is fostered in organic farms us-
ing various methods, including making and using compost, incorporating cover 
crops, and integrating crop residues.

• Conserving biodiversity and working with ecological processes and ecosystem 
functions. Organic farming aims to enhance biodiversity in and around the farm 
because it is believed that biodiversity can help maintain a balanced ecosystem. 
Organic farmers attempt to work with and enhance beneficial ecological processes 
and to take advantage of ecosystem functions. For example, farmers try to enhance 
ecosystem functions by planting diverse plants on the farm to attract beneficial 
insects.

• Adapting to local conditions to maintain balance. As in all farming systems, no uni-
form “prescriptions” for organic farming practices work for all farms. The methods 
are not standardized and have to be adjusted to local conditions. Crops need to be 
balanced with local growing conditions and ecosystem. Organic growers will likely 
change their practices over time as they learn innovations and as they adapt their 
methods to evolving environmental and economic conditions.

Many biophysical interactions are important to developing a fully integrated systems 
approach to organic farming. The intent is to analyze, manage, and enhance favorable in-
teractions, rather than focus on specific technological responses or on input applications to 
solve problems. Those interactions are illustrated in Box 5-1, which is adapted from a guide 
used for vineyard management of a large organic grape grower in California.

Impact on Productivity and Environmental Sustainability

Yield

In general, organic production systems produce lower yields than conventional pro-
duction in developed countries. (See the case study on the Lundberg Family Farms in 
Chapter 7.) In meta-analysis studies comparing organic and conventional yields, Stanhill 
(1990) and Badgley et al. (2007) found organic yields per hectare to be 9 and 8 percent lower, 
respectively. Posner et al. (2008) found that organically managed corn in Wisconsin yielded 
87 percent of corn produced in a traditional corn–soybean rotation; organic soybean yields 
reached 92 percent of their conventional counterpart. Similarly, organic corn in a Minnesota 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

EXAMPLES OF FARMING SYSTEM TYPES FOR IMPROVING SUSTAINABILITY ���

BOX �-� 
Practices Used to Manage Systems Interactions in an Organic System

Pest and Disease

Management

-Use plants to attract

beneficial insects.

-Use biocontrol

methods.

-Use approved organic

pesticides selectively.

-Manage soil to

suppress diseases.

Nutrient

Management

-Add compost or

manure.

-Use of cover

crops as green

manure.

Crop and Noncrop

Vegetation

-Rotate crops to better

control weeds, pests,

and diseases; increase

soil moisture; and

improve nutrient use

efficiency.

-Plant cover crops to

prevent soil erosion

and provide nutrients.

-Include diverse plants

to maintain

biodiversity and

enhance biological

control of pests,

weeds, and diseases.

-Provide vegetation to

provide natural habitat

for wildlife.

-Plant riparian plants

to reduce nutrient

runoff.

-Manage weeds by

mechanical means.

Water/Watersheds

-Use water-efficient

irrigation systems.

-Install drainage

systems.

-Monitor soil

moisture.

-Protect watershed

from runoff.

Soil Management

-Use conservation

tillage to reduce soil

erosion and therefore

decrease sediment

runoff.

-Include organic

inputs to maintain soil

carbon and fertility.

Crop Characteristics

Composition and Yield

Food Quality

	 Examples	of	systems	interactions	are:

•	 	Crop	rotations	are	used	to	manage	soil	and	nutrients.	Cover	crops	can	be	selected	to	take	up	nutrients	
not	used	by	the	main	crops	and	then	be	plowed	into	the	soil	to	provide	nutrients.	Water	use	needs	to	be	
considered	when	selecting	cover	crops	because	some	of	them	could	increase	water	use	substantially.

•	 	Soil	management	has	influential	interactions	with	pest	and	disease	management	partly	because	good	

continued
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soil	management	and	healthy	soil	help	keep	the	plants	strong	and	healthy	and	improve	their	resistance	
to	pests	and	disease.	The	use	of	excess	nitrogen	in	the	soil	can	provoke	some	pest	and	disease	prob-
lems,	but	inadequate	nutrients,	organic	matter,	or	minerals	can	also	weaken	the	plants	and	increase	
susceptibility	to	diseases.

•	 	An	organic	farm	typically	uses	integrated	pest	management	(IPM)	that	includes	biocontrol	agents	and	
practices	and	selective	use	of	organic	pesticides.	In	that	context,	actions	can	be	taken	to	restore	and	
enhance	pest-predator	balances.	The	mere	presence	of	an	insect	pest	does	not	necessarily	constitute	
a	problem;	 the	decision	on	when	 to	 intervene	 is	made	on	 the	basis	of	monitoring,	using	damage	
thresholds,	and	understanding	the	life	cycles	of	the	insects	and	the	causes	of	outbreaks.

•	 	Water	and	watershed	management	 interact	with	 soil,	pest,	and	weed	management	 to	affect	crop	
growth	 and	 environmental	 effects.	 For	 example,	 the	 use	 of	 excess	 water	 or	 inadequate	 drainage	
systems	can	lead	to	excess	weeds	and	canopy	growth	that	might	provoke	pest	problems	or	provide	
a	favorable	environment	for	certain	root	pathogens.	Appropriate	soil	management	can	decrease	soil	
erosion	and	thereby	can	reduce	sediment	runoff.	Soil	management	can	also	improve	water	infiltration	
into	soil	and	reduce	water	use.

•	 	Cover	crops	have	many	 interactions	with	and	effects	upon	soil,	water,	 crops,	and	weeds.	Planting	
cover	crops	can	increase	soil	fertility	and	organic	matter,	increase	soil	biodiversity	and	microbial	activity,	
prevent	erosion	and	runoff,	protect	or	improve	water	quality,	attract	beneficial	insects,	and	improve	soil	
structure.

SOURCE:	Adapted	from	Thrupp	(2003).

BOX �-� 
Continued

study had yields 91 percent of those from a conventional two-year rotation, while corn pro-
duced with low levels of inputs only trailed the conventional yields by 3 percent. In a six-
year study on cotton production in the San Joaquin Valley, California, Swezey et al. (2007) 
reported that cotton grown under organic management had consistently lower yield than 
under conventional management. Average yield over six years for cotton under organic 
management was 19 percent lower than for cotton under IPM and 34 percent lower than 
for conventional management.

Nutrient Cycling and Soil Quality

Organic farmers commonly use cover crops, legumes, compost, animal and green ma-
nures, and animal byproducts (fish, bone, and blood meals) in their soil-building and nutri-
ent management programs. In comparison studies with organic and conventional farming 
systems, scientists (Reganold et al., 1993, 2001; Mader et al., 2002; Pimental et al., 2005) have 
found organic farming systems to have better overall soil quality, as measured by soil prop-
erties such as more organic matter, better structure, less compaction, more earthworms, and 
greater microbial activity and diversity, than their conventional counterparts.

Water Quality

Organic farms often have smaller nutrient surpluses than do conventional farms 
(Kasperczyk and Knickel, 2006; Kustermann et al., 2010). Comparative studies on soil nu-
trient and water dynamics of organic and conventional farms usually show significantly 
lower leachable nitrates in organic systems (Stolze et al., 2000; Shepherd et al., 2003; Kramer 
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et al., 2006). The lower leachable nitrates in organic systems could be because they operate 
at lower levels of nitrogen application, and because nitrogen in organic systems is bound to 
organic fertilizers, such as composts and manures, when added or incorporated in the soil. 
Organically managed soils have been shown to store nitrogen more efficiently than their 
conventional counterparts (Clark et al., 1998). Other organic practices that minimize nitro-
gen losses are wide crop rotations, cover crops, and intercrops (Kasperczyk and Knickel, 
2006). Although data on phosphorus loss from organic systems are limited, Lotter (2003) 
found phosphorus loss from leaching, runoff, and erosion in organic farming systems to be 
lower than in comparable conventional systems in all studies found.

The small nutrient surpluses in organic farms reduce the risk of nutrient (especially 
nitrogen) pollution from agriculture to rivers, lakes, wetlands, and coastal oceans. Han et al. 
(2009) reported that if farmers choose organic practices and reduce fertilizer use, nitrogen 
pollution levels could decrease to below present-day levels. They used existing data on ni-
trogen levels in rivers across 18 watersheds in the Lake Michigan basin and from five time 
intervals between 1974 and 1992. The researchers projected future nitrogen fluxes under 
three land-use and two climate scenarios: 1) business as usual, 2) increased dependence 
on organic farming, 3) increased fertilizer use from corn-based ethanol production, 4) a 
5 percent increase in rainfall, and 5) a 10 percent increase in rainfall. The study revealed 
that the combined effect of 10 percent more rainfall and more ethanol production would 
increase nitrogen levels in rivers by 24 percent. However, increased use of organic farming 
practices could reduce nitrogen levels in rivers by 7 percent, even if rainfall increased by 
10 percent. In southern Michigan, organic rotations using compost leached an average of 
35 kg/ha of nitrogen per year compared to 53 kg/ha of nitrogen per year for conventional 
systems (Sanchez et al., 2004), a 34 percent reduction.

Weeds

Weed control is one of the greatest challenges to yield productivity and economic prof-
itability in organic systems. Seeding in organic grain systems is typically conducted later 
in the spring than in conventional systems to take advantage of the nitrogen in cover crops 
and to give weeds an opportunity to emerge. Soybean is particularly susceptible to weed 
competition. Cavigelli et al. (2008) showed that the yield difference between organic and 
conventional soybean in a Maryland experiment could be explained solely by the increased 
weed problem in the organic field. In a Wisconsin study, corn yields were 72 to 84 percent 
of conventional production in years with wet conditions (Posner et al., 2008). Soybean 
yields under the same conditions were 64 to 79 percent of yields for the conventional crops. 
However, in years where weather conditions were favorable and weed pressure was low, 
yields from organic and low-input systems were comparable (Porter et al., 2003; Posner 
et al., 2008).

Organic farms tend to rely on hand labor for weed control more heavily than do con-
ventional farms. In a survey of 59 tomato farms in Indiana, Hillger et al. (2006) found that 
farmers generally reported more hours of hand weeding for fields under organic man-
agement than for those under nonorganic management. Swezey et al. (2007) found that 
production cost of cotton grown under organic management is higher than nonorganic 
management primarily because of the greater hand-weeding costs and lower productivity. 
Although improvements have been made in tillage machinery for controlling weeds in 
organic systems, results from research and experience suggest that additional research is 
needed in economical weed control for those systems. (See also Chapter 3.)
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Greenhouse-Gas Emissions

Organic crop production could have lower greenhouse-gas emissions than conven-
tional production because the former does not use synthetic fertilizers or pesticides that 
require fossil fuel to produce. Meisterling et al. (2009) conducted a lifecycle assessment to 
compare the global warming potential and primary energy of conventional and organic 
wheat production. Their model estimated that the global warming potential of producing 
0.67 kg (for a 1 kg loaf of bread) of wheat is 190 g of carbon dioxide equivalent (CO2eq) 
using conventional production and 160 g CO2eq using organic production. Those modeled 
estimates, however, include high uncertainties associated with N2O emitted from fields and 
soil carbon sequestration because excess nitrogen input can increase N2O emission in either 
conventional or organic production. Nitrous oxide release is correlated more with overall 
soil nitrogen levels and mineralization amounts than with source of nitrogen input. Loss of 
soil carbon and N2O emissions can be reduced by using best management practices in either 
conventional or organic production (Meisterling et al., 2009). In a long-term ecological re-
search experiment in Michigan, organic treatments were found to have nitrous oxide (N2O) 
greenhouse warming similar to conventional no-till, low-input rotation with legumes and 
perennial alfalfa in spite of having no fertilizer N input (Robertson et al., 2000). (See also 
Table 3-1 in Chapter 3.) Net greenhouse warming potential for the organic system was less 
than half that of standard conventional with full tillage, but higher than for no-till due to the 
higher soil carbon gains from no-till. Systematic assessment of greenhouse-gas emissions of 
different cropping systems or system types over the lifecycle of crop production is sparse.

Economic Impact

The economics of organic cropping systems has considerable variation by regions of the 
United States and by different crops. Organic crop yields per acre are generally lower and 
labor requirements are often higher than in conventional agriculture systems. However, 
purchased input costs are less than conventional agriculture so that profits per acre are 
typically only slightly lower than conventional agriculture. Most organic farmers gain price 
premiums that range from 5 percent to more than 70 percent of the market price obtained 
by conventional products (Greene et al., 2009; USDA-ERS, 2009b). Fruits and vegetables 
account for more than 37 percent of organic food sales, which include processed products. 
The profits per acre of organic farming can significantly exceed those of conventional 
agriculture.

The most accurate comparisons between organic and conventional agriculture are seen 
across crop rotations rather than between specific crops. Moreover, organic agriculture is 
often a favorable alternative in regions where farmers lack access to synthetic inputs be-
cause of the inability to purchase inputs or absolute lack of physical access to inputs, or in 
regions with a large labor supply (as in many developing countries).

In a long-term farming systems trial at the Rodale Institute in Pennsylvania, the net 
returns per acre for the conventional system were slightly higher than the net returns per 
acre for the organic system without premiums during the period of 1991 to 2001 (Pimental 
et al., 2005). Production costs per acre for the organic system were lower. Total labor for the 
organic system was higher, but because it was spread more equally through the growing 
season, the organic system had fewer off-farm hired workers. Organic corn production over 
the 10-year period was more profitable per acre than conventional corn, but organic corn 
was not grown as often in the rotation because of the need for soil-building crops. When 
all land, cover crops, and input costs were calculated, given the frequency of each crop in 
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the rotation, production costs per unit of output were 10 percent higher for organic corn, 
soybean, wheat, and hay. Delate et al. (2003), however, found net returns for corn within 
the organic corn–soybean–oat and corn–soybean–oat–alfalfa rotations were significantly 
greater than conventional corn–soybean rotation returns on the basis of the market prices 
for the year of study.

Lotter (2003) reviewed numerous comparisons of organic versus conventional agricul-
ture in the United States and worldwide. He concluded that despite the lower yields of 
organic crops compared to conventional crops, organic systems can still be more profitable 
than conventional systems because of lower input costs and organic price premiums. When 
organic premiums were not included, conventional systems were generally more profitable. 
However, Welsh (1999) noted that the differences within a given system (for example, organic 
versus organic, conventional versus conventional) were often greater than the differences 
between the two systems and that the local environment had a greater effect on their relative 
performance. More specifically, Mahoney et al. (2004) found that the direct production costs 
for corn in a conventional two-year rotation were $60 per hectare more than corn produced 
in a two-year or four-year low-input rotation and $96 per hectare more than that of a four-
year organic rotation. In soybean, the organic or low-input systems had a slight advantage 
of $13–$18 per hectare in savings over conventional production. The use of petroleum-based 
chemicals make nonorganic agriculture more vulnerable to the volatility of crude oil prices 
compared to organic agriculture (Scialabba, 2007).

Organic practices tend to be more labor intensive (Klepper et al., 1977; Pimental et al., 
2005) and often need more intensive management time (Porter et al., 2003) than conven-
tional agriculture. In general, unpaid family members provide a larger proportion of the 
overall farm labor (Tegegne et al., 2001; Macombe, 2007; MacRae et al., 2007). As a result, the 
economic performance of organic farming systems can depend heavily on the input costs 
attributed to unpaid family labor (Hanson et al., 1997; Brumfield et al., 2000). For example, 
a comparison of wheat farmers in the Mid-Atlantic found that organic farms were more 
efficient than conventional farms by $34/ha in terms of cash operating expenses. However, 
when opportunity costs, including unpaid family labor, were incorporated, the fortunes 
were reversed—organic costs exceeded those of conventional by almost $100/ha (Berardi, 
1978). Organic farmers in this study also averaged four more hours of labor per hectare than 
their conventional colleagues.

In fruit and vegetable farms, an organic system with 50 percent organic premiums was 
more profitable than the conventional or integrated apple production systems (Reganold 
et al., 2001). For all three systems to break even (when cumulative net returns equal cumu-
lative costs) at the same time, price premiums of 12 percent for the organic system and 2 
percent for the integrated system would be necessary to match the conventional system. 
Walsh et al. (2008) noted that for organic apple production in the humid Mid-Atlantic, the 
organic price premium required to break even with the conventional production system 
was greater than the premiums currently offered by the market. Brumfield et al. (2000) 
reported that organic sweet corn was 2 percent more profitable than conventionally grown 
sweet corn in New Jersey. Economic analyses of organic production of California specialty 
crops also have shown higher profitability than conventional counterparts (Klonsky and 
Tourte, 1998).

The rapid rise in consumer demand for organic products and the concomitant growth 
of the organic market have brought important economic opportunities and benefits to 
producers, as discussed in Chapter 6. However, the ability of farmers to gain access to and 
advantages from the growing organic market depends partly on their marketing strategies 
and their location because of considerable regional variations.
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Several economic analysts have also addressed questions about the scale of organic 
production. It is often argued that organic production is more conducive and successful 
for small- or medium-scale operations because organic farming usually requires more in-
tensive management and labor requirements per unit of land, and because of biophysical 
aspects, such as difficulties in maintaining high levels of biodiversity at larger scales (Hall 
and Mogyorody, 2001). However, recent studies and prominent organic farming businesses, 
including several case studies in this report, show that large-scale organic farming systems 
can also be economically profitable and successful (for example, the Lundberg Family 
Farms and Stahlbush Island Farms described in Chapter 7). Indeed, by 2007 the average 
gross sales on U.S. organic farms (and degree of market concentration) were similar to 
farm sales by size category among conventional farms (USDA-NASS, 2009). Those sales 
data demonstrate clearly that most organic systems with their high levels of biological 
structuring through crop rotation, use of cover crops, IPM, and other commonly used or-
ganic practices can be applied across the full spectrum of scales if farmer monitoring and 
management systems are adequate.

Social Impact

Labor Practices

Most published literature and policy discussions about the treatment of farm labor 
in sustainable farming systems have focused on the example of organic farming. Formal 
standards for organic food production, however, do not typically include detailed require-
ments for treatment or compensation of the farm labor force (IFOAM, 2002; Guthman, 2004; 
USDA-AMS, 2009).

Some explanations for why organic farms might have progressive farm labor practices 
and workplace conditions (Duram, 2005) include: organic farmers typically use fewer risky 
agrichemicals, are more likely to use diversified livestock and cropping systems that are 
better able to employ labor throughout the year, and might be more likely to share an ideo-
logical commitment to environmental and social justice issues (Pretty, 1995; Guthman, 2004; 
Glenna and Jussaume, 2007). Nevertheless, organic farming systems in the United States 
have been criticized for relying heavily on mundane hand labor and for exploiting the la-
bor of idealistic, young farm interns seeking to learn about farming by working on organic 
farms for a summer. In addition, the organic and sustainable farming social “movements” 
have spent much more time advocating for environmental issues than for the well-being 
and fair treatment of farmers or farm workers (Allen et al., 1991; Allen and Sachs, 1993).

Detailed empirical studies of the labor practices on organic and sustainable farms have 
only recently been conducted. In general, organic production entails greater use of labor per 
unit output, although there is a greater share of overall farm labor obtained from unpaid 
family members (Tegegne et al., 2001; Macombe, 2007; MacRae et al., 2007).

Although the labor required to produce individual crops using organic techniques 
might be high, the diverse cropping patterns (and the reintegration of livestock into tradi-
tional cropping systems) often associated with organic farming can spread labor demands 
evenly throughout the year (Nguyen and Haynes, 1995). In some cases, the distribution of 
labor-input needs over time reduces the need for hired workers or could provide greater 
opportunities for full-time permanent employment for farm workers.

Perceived high labor requirements are often cited as a critical barrier to adopting or-
ganic methods by conventional farmers (Schneeberger et al., 2002). But, at the same time, 
the increased labor associated with alternative farming practices has not diminished the 
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work satisfaction of farmers or the likelihood of farm succession among farmers in France 
(Macombe, 2007). To some extent, machinery or management techniques can be developed 
or adapted to reduce labor needs in organic systems to levels similar to conventional prac-
tices (Peruzzi et al., 2007); a small fraction of public and private sector agricultural research 
and development has been conducted with that goal in mind (Dabbert et al., 2004).

Because of the large scale and heavy use of labor in Californian agriculture, several 
recent studies report data on the treatment of hired workers among organic farms in that 
state. Initially, Guthman (2004) reported that exclusively organic farms tended to pay 
higher wages to farm workers than farms that maintained both organic and nonorganic 
operations. However, larger farms of both types tended to pay higher wages and were more 
likely to offer benefits than small operations. Whether larger farms of either type tend to 
offer higher wages than their smaller counterparts was unclear.

An exploratory survey (Shreck et al., 2006) found that two-thirds of organic farmers in 
the survey hired workers (other than family members) for at least part of the year, but that 
just one-third of organic farms provided at least one basic health benefit to their workers. 
The provision of health insurance benefits was positively correlated with the overall scale 
of the farming operation. In addition, another study that compared wage and benefit prac-
tices of organic and conventional farms in California found that organic farms paid better 
wages and were more likely to offer profit-sharing (or produce-sharing) arrangements 
with their workers (Strochlic et al., 2008). However, conventional farms were more likely to 
offer their workers health insurance, paid time off, retirement plans, and employee manu-
als. Fair labor practices are not necessarily a result of organic farming. Whether farmers 
provide fair wages and good working conditions depends on their commitment to social 
justice, their perceived financial impacts on the farm as a result of such provision, and other 
conditions.

Food Adequacy

As discussed in Chapter 4, food security depends on multiple factors, including poli-
cies, prices, and access to food, but the first step is to ensure adequate production. Badgley 
et al. (2007) compiled data from multiple studies and estimated the global organic food 
supply by multiplying the amount of food in the 2001 food supply by a ratio comparing 
average organic to nonorganic yields. The authors suggested that organic farming could 
produce enough food on a global per capita basis to sustain the current human popula-
tion, and potentially an even larger population, without increasing the agricultural land 
base. Their findings were based on a global dataset of 293 yield ratios for plant and animal 
production taken from previous studies that compare organic and nonorganic production 
systems (Badgley et al., 2007) and have been criticized by Cassman (2007). Although 74 
percent of the studies used in the Badgley et al. dataset were from peer-reviewed journals 
(Badgley and Perfecto, 2007), Cassman (2007) stated that many studies “seem to be demon-
strations and informal trials” and fail to meet reliable scientific standards. Another criticism 
is that a portion of their dataset was from Pretty and Hine’s (2000) survey data from 52 de-
veloping countries, where many farms included as “organic” were only “close to organic.” 
Nevertheless, their results, along with the Stanhill study (1990) mentioned earlier, suggest 
that organic methods of food production can contribute to feeding the current and future 
human population on the current agricultural land base.

Crop yields in organic and nonorganic systems were also discussed earlier in the con-
text of farm economics. This committee did not consider whether a certain system type 
could feed the world because how each system type is managed can affect the farm’s sus-
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tainability performance. Doran et al. (2007) argued that “[a] focus on existing conventional 
and emerging organic systems limits the possibilities.” They suggested that “the emphasis 
should be on developing cropping systems that best contribute to a set of well-defined 
performance parameters that ensure adequate food supply and farm family income, treats 
farm labor well and farm animals humanely, and protects environmental quality and natu-
ral resources” (Doran et al., 2007, p. 78).

Food Quality and Nutritional Completeness

Although consumers often perceive organic fruits and vegetables as more nutritious 
than their conventional counterparts, the nutritional superiority of organic crops has not 
been unequivocally demonstrated. Such comparisons are often complicated by the interac-
tive effects on nutritional quality of farming practices, soil quality, climate, plant genetics, 
and the time of harvest (Benbrook, 2005; Benbrook et al., 2008), which account for the in-
consistent differences reported in more than 150 studies that compare nutritional content 
of organic and conventional crops (Woese et al., 1997; Benbrook, 2005).

Benbrook et al. (2008) identified peer-reviewed studies that compare nutrient levels 
in organic and conventional foods published in the scientific literature from 1980 to 2007. 
Mindful of the confounding factors discussed above, they reviewed the articles to identify 
scientifically valid “matched pairs” of measurements that include an organic and a con-
ventional sample of a given food. For each matched pair, they also made sure that the same 
cultivars were planted in both the organic and conventional fields, and the differences in 
soil types and topography were minimized. They took into consideration the focus and 
location of the study to only include pairs that use analytical methods for nutrient analyses 
that they considered reliable. They identified 236 matched pairs across 11 nutrients. The 
organic product had higher nutrient content than the conventional in 61 percent of the 
cases; the opposite was true in 37 percent of the cases. No significant differences in nutrient 
content were observed in 2 percent of the cases. They concluded that organic plant-based 
food, on average, is more nutritious than nonorganic food (Benbrook et al., 2008).

A controlled, replicated plot study conducted on a 1.7-hectare plot within a 20-hectare 
commercial orchard in Washington compared the productivity and fruit quality of apples 
under organic and conventional production (Peck et al., 2006). That study found that or-
ganic apples had a higher level of total antioxidant activity than similar-sized conventional 
apples. The researchers of the study asked panels of consumers to do taste-testing, and the 
panels tended to rate organic apples to have equal or better overall acceptability, firmness, 
and texture than conventional apples.

Another study compared the influence of organic and conventional crop manage-
ment practices on the flavonoid content in a tomato cultivar (Lycopersicon esculentum L. cv. 
 Halley 3155) over 10 years (Mitchell et al., 2007). That study observed higher levels of 
three flavonoids in tomatoes grown in the organic system than in the conventional system. 
Chassy et al. (2006) did a similar comparison of flavonoids and ascorbic acid in organic 
and conventionally managed tomatoes and bell peppers over a three-year period. They 
used two varieties of tomatoes (Lycopersicon esculentum L. cv. Ropreco and Burbank) and 
two varieties of bell peppers (Capsicum annum L. cv. California Wonder and Excalibur). 
They found that, unlike in tomatoes, flavonoid and ascorbic acid contents in bell peppers 
were not much affected by cropping systems. They suggested that different crops respond 
differently to agronomic and environmental pressures, so statements about organic crops 
having greater nutritional content than conventional crops are overgeneralized. Pieper and 
Barrett (2009) confirmed Chassy et al.’s suggestion when they compared the quality and 
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nutritional content of one variety of processing tomatoes (Lycopersicon esculentum var. AB2) 
produced under organic and conventional production systems on a commercial scale. Their 
study included data from three different growers for two production years. They found that 
nutritional quality of the one variety of processing tomato varied by growers and produc-
tion systems. However, organically grown tomatoes in their study had significantly higher 
average soluble solids content and consistency than conventionally grown tomatoes.

Community Well-Being

As discussed in Chapter 4, one of the standards for evaluating the sustainability of a 
farming system type is whether the farms of that type have positive effects on the economic 
security of their local communities. Until the late 1990s organic agriculture was primarily 
oriented toward local and regional (mostly direct) sales and therefore contributed to the 
economic security of local communities. In 2004, 24 percent of organic sales were made lo-
cally and another 30 percent were made regionally (USDA-ERS, 2009a). Many Community 
Supported Agriculture (CSA) operations, for instance, are organic. Local, direct marketing 
to provide fresh produce to community markets is still a hallmark of a large segment of 
organic producers and remains one of the points of controversy among organic producers. 
With the enactment by the U.S. Department of Agriculture (USDA) of organic certification 
standards, large-scale production operations have became more common and marketing 
channels lengthened. The 2007 U.S. Census of Agriculture (USDA-NASS, 2009) lists 2673 
crop farms (of the total 18,211 organic farms) that have sales of $50,000 or more per year, 
accounting for $1.02 billion in sales (of the total organic sales of $1.7 billion). Some see the 
trend towards larger organic farms as “an industrialization of organic production,” but that 
trend is observed across agriculture as a whole.

Increased species richness and abundance and continuous blocks of woodland are 
thought to improve aesthetics of the community. It has been inferred that organic farm-
ing enhances biodiversity because it prohibits the use of synthetic agrichemicals. Several 
studies in Europe attempted to compare biodiversity in conventional and organic farms. 
One study relied on meta-analysis (Bengtsson et al., 2005) and found that organic farming 
seems to have positive effects on species richness and abundance. Its effects, however, vary 
between organism groups and across landscapes. Gibson et al. (2007) found organic farms 
had greater total areas of semi-natural habitat (woodland, field margins, and hedgerows 
combined) than conventional farms in the southwest of England. The organic farms they 
studied had more continuous blocks of woodland (with simpler perimeters than similarly 
sized patches on conventional farms), whereas woodland on conventional farms often con-
sisted of more linear patches. Although a larger percentage of semi-natural habitat appears 
to occur in organic rather than conventional farms, the study did not explore the cause of 
that association.

ALTERNATIVE LIVESTOCK PRODUCTION SYSTEMS

Over the past 50 years, the most striking changes in the U.S. livestock sector reflect the 
increasing use of production systems in which animals are kept in full confinement and are 
fed fewer traditional forage crops and higher proportions of corn, soybean, and food pro-
cessing byproducts (MacDonald and McBride, 2009). Nevertheless, the last 30 years have 
also witnessed growing interest in a number of alternative livestock production systems. 
The alternative systems include efforts to expand the integration of crop and livestock 
enterprises, intensive grazing management systems on dairy farms, and low-confinement 
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integrated hog production practices. All three alternative systems take advantage of oppor-
tunities for greater on-farm cycling of nutrients, seek to mimic natural patterns of animal 
behavior, and respond to dissatisfaction by farmers and consumers with aspects of confine-
ment livestock production systems.

Integrated Crop–Livestock Systems

Conventional economic wisdom suggests that specialized production systems have 
strong economic rewards. Specifically, scale economies (driven by new technologies, capi-
tal, and labor efficiencies) and commodity support policies have been linked to increasing 
farm specialization and a dramatic reduction in the average number of crops on typical 
farms, as well as the farm-level and regional-level separation of crop and livestock produc-
tion enterprises (Hallam, 1993; Gardner, 2005; MacDonald and McBride, 2009). Economic 
challenges associated with diversification include higher management, labor, capital, and 
machinery requirements (Hendrickson et al., 2008; Wilkins, 2008).

Large specialized livestock facilities focus more on producing animals and purchase 
more of their livestock feed from off the farm than farming systems with both livestock and 
crops. That trend has led to a decline in available land for recycling livestock waste through 
cropping enterprises. Gollehon et al. (2001) reported a 40 percent decrease in available 
farmland per animal unit on U.S. farms from 1982 to 1997. The tendency for specialized 
livestock operations to purchase a higher percentage of their livestock feed requirements 
has led to growing imbalances in the supply of nutrients in livestock manure relative to the 
crop nutrient requirements in fields surrounding livestock operations at the farm, water-
shed, and regional levels (Kellogg et al., 2000; Ribaudo et al., 2003). At the same time, most 
U.S. cropland is managed as farms that do not use manures as an important source of nu-
trients. The 2007 Census of Agriculture reported that just 22 million acres of U.S. farmland 
received manure in 2007, less than 10 percent of the acreage that received chemical fertilizer 
treatments (USDA-NASS, 2009). That situation has led to serious waste disposal and water 
pollution issues around intensive livestock production, high use of fertilizer to replace the 
lost nutrients in land where animal feed crops are produced, and a 50 percent increase in 
global reactive nitrogen between 1890 and 1990 (Galloway and Cowling, 2002).

Evidence is increasing that integration of livestock into diverse cropping systems can 
produce important benefits (Sulc and Tracy, 2007). In particular, the ability to feed crops to 
livestock enables producers to capture and potentially recycle nutrients back to farm fields, 
which reduces the need for purchased fertilizers and enhances such desirable soil attributes 
as organic matter, water-holding capacity, and soil structure (Schiere et al., 2002; Entz et al., 
2005; Hendrickson et al., 2007). Moreover, the ability of livestock to take advantage of unde-
rutilized resources (for example, less productive croplands that can be converted to pasture, 
periods of slack family labor demand, or unused crop residues) can improve the overall 
efficiency of the farm operation and capture new sources of income (Smil, 1999; Russelle 
et al., 2007). Livestock are often used to convert relatively low-value crops to high-value 
protein, which can potentially increase total farm returns on integrated crop–livestock 
farms (Anderson and Schatz, 2003).

Numerous studies have documented the economic benefits of integrated crop–
livestock systems. Sulc and Tracy (2007) reviewed recent scientific studies of integrated 
crop–livestock farms in the U.S. Corn Belt, including the use of alfalfa in crop rotations, 
the use of annual or short-season pastures in rotation with grains, and the strategic graz-
ing of crop residues. They reported that many of those systems have been shown to be 
economically competitive and offer environmental benefits when compared to specialized 
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production systems typical of that region. Marois et al. (2002) found that adding cattle and 
forage rotations into traditional cotton–peanut production systems in the Southeastern 
United States produced increased whole-farm returns. A similar study contrasting cotton–
forage–beef systems with traditional High Plains cotton monoculture systems found that 
the integrated system reduced irrigation water needs by 23 percent, reduced nitrogen fer-
tilizer applications by 40 percent, and increased net farm profitability by up to 90 percent 
on a per-acre basis (Allen et al., 2005, 2008). Other studies revealed significant economic 
advantages of integrated beef–crop operations (Anderson and Schatz, 2003; Gamble et al., 
2005; Franzluebbers and Stuedemann, 2008).

Integrated crop–livestock systems have been found to be particularly beneficial when 
conservation tillage practices are used (Franzluebbers and Stuedemann, 2008). The use of 
short-term and long-term pasture crops in rotations and the strategic placement of well-
adapted forage crops on the landscape can provide particular environmental and economic 
benefits (Entz et al., 2002; Rotz et al., 2005; Russelle et al., 2007). At the same time, most 
evidence for successful crop and livestock integration has been linked to the use of rumi-
nant livestock (beef, dairy, sheep, or goats) that can eat forages and crop residues; different 
challenges exist for finding productive synergies for monogastric livestock species such as 
poultry and hogs.

Management-Intensive Rotational Grazing Systems

Grazing systems encompass a diverse set of management strategies. Extensive low 
intensity pastoralist grazing systems have been prominent features of human society for 
millennia, and the bulk of the U.S. beef cow and sheep flock inventory continues to spend 
a considerable amount of their lives grazing on rangelands, pastures, and the residues of 
harvested crop fields. More recently, interest has surged in more intensive grazing manage-
ment systems, particularly so-called “management-intensive rotational grazing” (MIRG). 
A key feature of most MIRG systems is the use of short-duration grazing episodes on rela-
tively small paddocks, with longer rest periods that allow plants to recover and regrow 
before another grazing episode.

MIRG approaches have quickly emerged as a major alternative production sys-
tem among dairy farms in the Upper Midwest and Northeast, the nation’s “traditional 
dairy belt,” characterized by humid temperate climates and the persistence of mixed 
crop–livestock farming operations. Many farms in those regions use hybrid systems that 
combine MIRG during grazing months and conventional confinement production in the 
 winter (Kleinman and Soder, 2008). Surveys suggest that MIRG operations constitute 
more than 20 percent of dairy farms and produce more than 10 percent of milk in major 
dairy states such as Wisconsin, Pennsylvania, New York, and Vermont (USDA-REEIS, 
2003; Winsten and Petrucci, 2003; Taylor and Foltz, 2006). The use of MIRG-like systems 
is also becoming more common among beef producers in the Great Plains and Southeast. 
Studies have documented social and economic benefits to farmers from the use of MIRG 
dairy production systems, including comparable or greater profitability per cow or unit 
milk output, and higher quality of life and greater levels of satisfaction for farm operators. 
(See Mariola et al., 2005, and Taylor and Foltz, 2006, for recent reviews.)

Environmental Impact of MIRG Systems

Early reports and farmer testimonials suggested the potential for the adoption of MIRG 
systems to improve environmental sustainability, including improved soil quality, reduced 
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soil erosion, decreased input use, improved wildlife habitat, and potential for better seques-
tration of atmospheric carbon. Over the past 15 years, a considerable scientific literature 
has emerged to closely examine those claims (Mariola et al., 2005; McDowell, 2008; Taylor 
and Neary, 2008).

Scientific studies of conventional, extensive, or traditional pastoral grazing systems 
vastly outnumber studies of the more intensive forms of short-duration rotational grazing. 
Furthermore, many more studies focus on grazing in arid grassland or rangeland regions 
than on the temperate regions dominated by more productive cool-season grasses and for-
ages. In both instances, it has become clear that livestock left in single grazed pastures for 
weeks or months at a time (continuous grazing) can generate overgrazed, sparse pastures 
with low persistence, diminished soil quality, and greater risk of soil erosion (Brummer and 
Moore, 2000; Teague and Dowhower, 2003). However, most MIRG systems are carefully 
monitored to manage intensity and timing of grazing to ensure continual ground cover and 
high-quality, high-yielding forage for livestock (Kanneganti and Kaffka, 1995; Paine et al., 
1999; Hensler et al., 2007) without significantly diminishing ecosystem qualities.

The sections below provide scientific evidence regarding the impacts of grazing sys-
tems on soil quality, soil erosion, nutrient dynamics, greenhouse-gas emissions, biodiver-
sity, and human health and nutrition. The committee found from its review of the literature 
that simple conclusions regarding an overall assessment of the environmental impacts of 
such systems cannot be drawn because environmental impacts depend heavily on at least 
three major factors: 1) local biophysical conditions, including climate, topography, and 
soil types; 2) the specific management practices used, including stocking rates, duration 
of grazing and rest periods, use of purchased fertilizers, and access to riparian areas; and 
3) the types of “alternative” land uses against which the performance of grazing systems 
is compared.

Soil Quality and Soil Erosion
In general, when compared to more intensively cropped fields, soils under pasture 

management tend to accumulate soil organic matter (SOM), which favors the development 
of good soil structure (Soane, 1990; Tisdall, 1994; Kemp and Michalkand, 2005). In a series 
of paired comparisons, rotationally grazed pastures have been shown to have significantly 
more SOM in the top 12 inches of soil than conventional row crop fields (Dorsey, 1998) or 
extensively grazed or hayed pastures (Conant et al., 2003). In well-managed pastures, high 
SOM was associated with higher rates of soil biological activity than equivalent arable 
fields (Cuttle, 2008). Earthworm populations were 1.3 to 3.0 times higher in MIRG fields 
than cropped fields (Dorsey, 1998; Mele and Carter, 1999). Improved soil structure in MIRG 
pastures has been associated with reduced soil erosion and nutrient runoff compared to 
tilled corn fields (DeVore, 2001; Haan et al., 2006).

However, poor management of grazing fields, particularly in wet conditions and under 
high stocking rates, can lead to soil compaction and hoof print indentations or pocketing 
in the top 12 cm of soil, which can diminish soil quality, decrease water infiltration, and 
increase the potential for soil erosion and runoff of sediment, nutrients, and fecal matter 
(Evans, 1997; Greenwood and McKenzie, 2001; Cuttle, 2008). Compared to natural or for-
ested landscapes, most grazing systems have greater potential for runoff of nutrients, ag-
richemicals, and fecal microbes, and for deterioration of aquatic stream ecosystems. Over-
grazing, in particular, can lead to defoliation, exposure of the soil surface to direct rainfall 
impacts, reduced root density, and shifts in plant communities that diminish soil quality 
and increase soil erosion (Schacht and Reece, 2008). Because they often allow for increased 
livestock numbers per area of land, MIRG systems require higher levels of management to 
avoid deleterious impacts on soil compaction and to maintain sufficient vegetative cover.
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Management of riparian areas is critical to controlling impacts of grazing on aquatic 
ecosystems (Wilcock et al., 2008). Allowing access by livestock to streams or stream banks 
can cause decreased riparian area vegetative cover (particularly tall trees), increase stream 
bank erosion, decrease channel stability and channel width, and increase stream water 
temperatures. Morphological changes in stream conditions linked to runoff from grazing 
landscapes and degraded riparian areas typically reduce the ability of aquatic systems to 
support healthy fish and macroinvertebrate populations (Allan and Johnson, 1997; Allan 
et al., 1997; Rutherford et al., 1999; Wilcock et al., 1999; Wilcock and Nagels, 2001).

Carbon, Greenhouse Gas, and Nutrient Dynamics
MIRG systems have been touted as environmentally friendly because a greater percent-

age of the farm’s land use is comprised of untilled permanent or semi-permanent pastures 
and hayfields, because they typically use much lower levels of artificial fertilizers and 
agrichemicals (Pain and Jarvis, 1999; Kriegl and McNair, 2005), use less fossil fuels and 
equipment, and offer direct opportunities to recycle nutrients between livestock and farm 
fields (Taylor and Neary, 2008). In particular, when compared to row crop farming and 
extensive grazing systems, there is evidence that well-managed intensive grazing systems 
can sequester more atmospheric carbon and minimize losses of agricultural nutrients to 
surface and ground waters (Cuttle, 2008).

Scientific studies of rising global concentrations of greenhouse gases have identified 
grassland ecosystems as potentially important sinks for sequestering atmospheric carbon 
(Kucharik et al., 2003; Lal, 2006; Allard et al., 2007). Soils store a large proportion of the 
world’s carbon (Amundson, 2001) such that small changes in soil carbon content can have 
a large effect on global carbon cycling. Studies of the conversion of tilled soils into native 
perennial grasses under the Conservation Reserve Program (CRP) suggest net increases 
in soil carbon (Reeder et al., 1998; Potter et al., 1999; Baer et al., 2000). In the Southeastern 
United States, pastures under MIRG management sequestered more soil carbon than con-
tinuously grazed or hayed fields (Conant et al., 2003). Net gains in soil carbon are highest 
in the first years of conversion from arable to untilled grasslands (Tyson et al., 1990). At 
a global scale, however, increased soil respiration as a result of global warming suggests 
that the world’s grasslands could be experiencing net losses of carbon (Bellamy et al., 2005; 
Schipper et al., 2007).

On the other hand, grazing livestock have also been identified as a significant poten-
tial source of greenhouse-gas emissions (de Klein and Eckard, 2008). Worldwide, pastoral 
grazing sources are estimated to contribute roughly 8 percent of methane (CH4) and 15 to 
30 percent of total N2O emissions (Clark et al., 2005). Methane emissions are primarily a 
function of the fermentation of feed in the rumens of grazing animals, mostly lost through 
the lungs, not flatulence (Torrent and Johnson, 1994). By contrast, CH4 losses from animal 
excreta are trivial sources of net emissions.

Methane emissions are affected by feed and forage type and by the intensity of grazing 
management. One study shows that grain-finished cattle that spend some time in feedlots 
produce more CH4 emissions from enteric fermentation per animal than grass-finished 
cattle. However, because of their efficient weight gain, grain-finished cattle produce 38 per-
cent less CH4 emission per unit beef produced than grass-fed cattle. Higher-quality forages, 
including legumes, also tend to yield less CH4 in the rumen (Peters et al., 2010). Intensive 
grazing can decrease CH4 per unit weight gain, but greater rates of forage production and 
consumption could increase total CH4 emissions per hectare. Nitrous oxide emissions in 
grazing systems are primarily a byproduct of the denitrification process in soils. Important 
sources of nitrogen deposition in pastures are livestock urine, commercial fertilizers, and 
 legume crops. Denitrification is accelerated under wet or anaerobic conditions, which can 
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be aggravated by soil compaction and poaching in pastures (de Klein et al., 2001; Bolan 
et al., 2004). Emissions of both of types of greenhouse gases tend to increase with more pro-
ductive pastures or intensive pasture management systems, because of higher soil nitrogen 
levels, rates of plant growth, and stocking rates.

MIRG farms experience different nutrient-cycling dynamics than traditional row crop 
and confinement agricultural systems. Although overall applications of nutrients to fields 
tend to be low in MIRG farms, a greater percentage of nutrients come from direct deposition 
by grazing animals (and less from commercial fertilizers) in intensive grazing systems. In 
general, lower levels of input use on MIRG farms provide fewer available nutrients (and 
much lower levels of pesticides and herbicides) than comparable row crop operations, 
therefore reducing the risks of losses to the environment. At the same time, deposition of 
manure and urine by grazing animals can be uneven, and areas of animal congregation 
(such as at watering troughs, feeding stations, under shade trees, and in overwintering 
fields) can become potential sites of nutrient build up. Field studies have reported mixed re-
sults on the impact of MIRG on nutrient cycling. Dorsey (1998) found that deep soil nitrate 
concentrations were significantly lower on MIRG fields than on low-intensity grazing or 
cropped fields. However, Stout et al. (1997) observed high nitrate losses underneath urine 
patches, which could contribute to ground water contamination at a field scale. Moreover, 
nitrate losses from grazing animals can be highly variable depending on rainfall patterns 
and levels of supplemental nitrogen fertilization (Stout et al., 2000).

Some have argued that MIRG systems offer environmental advantages over modern 
confinement livestock production systems that rely on harvested forage and grains as 
feed inputs and might have a sufficient land base on which to distribute livestock manure 
nutrients. Comparisons of intensive grazing and confinement livestock systems have pro-
duced mixed results. The mixed results reflect different assumptions about stocking rates, 
grazing practices, manure nutrient handling, and crop fertility management practices. Re-
cent models for whole-farm nutrient budgets and a full accounting of farm-level nitrogen 
balances reveal little systematic difference between grazing and confined dairy operations 
(Rotz et al., 2002; Watson et al., 2002; Kleinman and Soder, 2008). Similarly, phosphorus-
accounting models suggest that grazing operations are faced with similar challenges to ef-
fectively use phosphorus from animal manures on their fields as conventional confinement 
farms are (Sharpley, 1985; McDowell et al., 2007; Sharpley and West, 2008), partly because 
most confinement dairies in the United States still maintain active cropping operations. 
Whole-farming-system analyses of the risks of soil erosion, nutrient losses, and atmo-
spheric greenhouse-gas emissions would account for losses within the livestock operations 
itself and in cropping farms and feed processing facilities that produce substantial portions 
of the feed inputs on many confinement farms.

There can be a tradeoff between managing farming systems to minimize nitrate (NO3
–) 

losses to ground water resources or to reduce the loss of N2O to the atmosphere. Many man-
agement practices designed to maximize denitrification efficiencies can reduce the threat 
of nitrate leaching (which benefits water quality), but can increase nitrous oxide emissions 
(which are potent atmospheric greenhouse gases). Using an intensive grazing system (par-
ticularly if it replaces reliance on traditional crop production for livestock feeds) could affect 
the balance between nitrate leaching into water and N2O release into the atmosphere. For 
example, evidence suggests that denitrification efficiency under MIRG systems is higher 
than under a corn crop (70 to 90 percent versus 10 to 15 percent), in part due to subsurface 
soil environments that are richer in plant, microbial, and macrobiotic activities (Browne and 
Turyk, 2007). As a result, grazing farms contribute comparatively fewer nitrates to ground 
water, but might convert a higher percentage of nitrates and nitrites into N2O and N2 gases. 
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Ultimately, patterns of nutrient flows in pastures are affected by the impacts of grazing on 
soil structure, water infiltration, and soil microbial activity, as summarized above, and those 
interactions make it difficult to draw sweeping conclusions about the net environmental 
costs and benefits of grazing systems.

Biodiversity
Compared to most arable farming systems, pastures and grazed rangelands tend to have 

more diverse plant, insect, and animal populations. Research on MIRG farms has focused on 
the impacts of greater use of managed pastures on wildlife and bird species. Higher propor-
tions of the land base on MIRG farms offer potentially suitable habitat for grassland bird 
species (Paine et al., 1995; Temple et al., 1999). However, bird counts suggest that grazed pas-
tures have similar levels of overall bird species richness, dominance, and density compared 
to crop fields, but higher levels of rare and unusual species in the Upper Midwest (Renfrew 
and Ribic, 2001). The role of management appears to be critical—efforts to exclude livestock 
from some pasture areas during nesting season are important to generating wildlife ben-
efits (Holechek et al., 1982; Koper and Schimiegelow, 2006). Impacts of grazing systems on 
aquatic ecosystems was discussed elsewhere, but studies show that well-managed MIRG 
systems (particularly control over livestock access to riparian areas) can generate favorable 
conditions for fish populations (Mosely et al., 1998; Lyons et al., 2000).

At the landscape scale, grazing systems can provide important habitat diversity to 
watersheds dominated by traditional row crop and hay production (Nassauer, 2008). How-
ever, different grazing management strategies are likely to produce distinctive impacts on 
the composition of plant communities at the field and landscape scale (Schacht and Reece, 
2008). Well-managed rangeland grazing systems have been associated with greater spatial 
and temporal variability in species richness (Bakker, 1994; Patten and Ellis, 1995; Fuhlendorf 
and Smeins, 1999). Continuous grazing and overstocking on rangelands or pastures can 
result in the elimination of plant species that are preferred by grazing livestock and an 
evolution toward lower-quality and less palatable species. Conversely, intensive short-
duration grazing systems (like MIRG) force livestock to eat a diversity of plants, although 
the systems are still likely to select for species that can survive under this form of grazing 
pressure. Impacts of intensive grazing on biodiversity are also likely to differ depending on 
rainfall conditions, which affect the ability of plants to recover from grazing episodes.

Economic Performance of MIRG Systems
Kriegl and Frank (2004) compared MIRG with traditional confinement (TC) systems 

(50 to 75 cows) in a stanchion barn with stored feed and family labor and with large mod-
ern confinement (LMC) systems that have more than 250 cows, milk cows in parlors and 
house cows in free stalls, and rely on hired help and stored feed. Their analysis was based 
on eight years of data. Table 5-1 summarizes 2002, the most recent year in their analysis. 
MIRG produced less milk per cow. However, MIRG’s expenses were lower so that its cost 
per hundred-weight of milk produced was lower. Net farm income per hundred-weight of 
milk produced was higher for dairy farmers using MIRG and continued to be even when 
all labor charges (which were higher for LMC) were omitted. However, income per farm 
was lower for MIRG, compared to LMC, because MIRG systems had fewer cows and lower 
milk yields per cow. Similar patterns have been found in other studies (Rust et al., 1995; 
Hanson et al., 1998; Dartt et al., 1999; Conneman et al., 2000; Winsten et al., 2000; Gloy et al., 
2002; Kriegl and McNair, 2005).

The scale of operation associated with confinement and MIRG dairy systems appears 
to be different. In general, confinement systems—particularly modern parlor or freestall 
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confinement systems—have larger herds than rotational grazing operations. While their 
economic costs of production per unit output might not be notably lower, larger herd sizes 
enable confinement systems to generate greater gross income than intensive grazing sys-
tems as implemented in different regions of the country (Winsten et al., 2000; Kriegl and 
McNair, 2005). Smaller dairy operations might be better adapted for rotational grazing 
compared to larger operations, either because of management and logistical complexity, or 
because of the life style and income preferences of typical MIRG dairy farmers. Similarly, 
farmers who rely on traditional extensive pasture grazing practices have been disinclined 
to shift to more intensive rotational grazing techniques primarily because of perceived 
increases in labor and management required (Gillespie et al., 2008).

Social Performance of MIRG Systems

Labor Practices
Dairy farmers who use management-intensive rotational grazing emphasize that the 

approach allows them to spread their labor more evenly throughout the day and the grow-
ing season, enables their young children to participate in more farming activities, and gives 
them a better appreciation for nature and the environment (Ostrom and Jackson-Smith, 
2000; Brock and Barham, 2009). However, not all sustainable farming practices necessarily 
confer improvements in the quality of the labor experience. Beef ranchers, for example, 
are more likely to prefer extensive grazing approaches than a MIRG system because of the 
higher total labor (and labor per cow) associated with a more intensive management regime 
(Gillespie et al., 2008). Many MIRG approaches to sustainable farming require significant 
investments (Nichols and Knoblauch, 1996) in time and learning by the farm operator.

Impact on Human Nutrition and Health
Although most operators of grazing livestock farms and ranches are drawn to grass-

based systems for personal, social and economic reasons (Nichols and Knoblauch, 1996), 
a number of consumers are attracted to grass-raised meat products for perceived health 
benefits. In an extensive review of the scientific literature, Clancy (2006) found that meat 
products from pasture-raised cattle are associated with lower levels of total fat than meat 
from conventionally grain-finished animals. Similarly, meat and milk from pasture-raised 
animals has been shown to contain higher levels of particular kinds of fats (Martz et al., 

TABLE �-� Economic Indicators Comparing Three Systems of Dairy Production in 
Wisconsin, 2002

MIRGa TCb LMCc

Pounds of milk/cow 15,644 19,490 22,403
Basic cost ($)/CWTd equivalent $7.48 $7.69 $8.18
Net farm income from operations/CWT equivalent $2.53 $0.91 $0.47
Net farm income from operations if all paid labor were omitted/CWT 

equivalent
$3.14 $2.12 $2.34

Net farm income from operations per farm $31,928 $15,564 59,616

 aManagement-intensive rotational grazing.
 bTraditional confinement.
 cLarge modern confinement.
 dCWT—hundred weight.

SOURCE: Kriegl and Frank (2004).
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1997; Dhiman et al., 1999; Beaulieu, 2000; White et al., 2001). Specifically, ground beef from 
grass-fed cattle contains higher levels of conjugated linoleic acid (CLA), and milk from 
pasture-raised cows contains higher levels of both CLA and alpha-linolenic acid (ALA, an 
omega-3 fatty acid). CLA has been linked to reduced risk of heart disease and heart attacks, 
and omega-3 acids have been linked to the same benefits, plus potential reduced risks of 
cancer and immune system diseases.

Low-Confinement Integrated Hog-Producing Systems

Forces of Change in the Hog Sector

Hog production (in the United States and globally) has undergone sweeping changes 
in the last 30 years. The number of U.S. farms with hogs declined from 667,000 in 1980 to 
75,442 in 2007, but the total animal inventory increased slightly from 62.3 to 67.8 million (In-
forma Economics, 2004; USDA-ERS, 2008). Of the total farms with hogs in 2007, 84 percent 
had less than 1,000 animals each and accounted for 2.3 percent of animals sold. The 2,850 
operations with over 5,000 animals made up 3 percent of hog operations and accounted 
for 87 percent of hogs sold in 2007. Along with the dramatic change in size has come a 
significant shift in production practices and in facilities. The most important distinctions 
in type of operation are between confinement operations that are not integrated (except for 
manure disposal) with crop operations and operations that are highly integrated with crop 
production. Operations of each type can be classified by the U.S. Environmental Protec-
tion Agency as concentrated animal feeding operations (CAFOs), depending on size and 
methods of manure disposal. The distinction among alternatives, and the wide network of 
support farm-integrated systems, is clearly described by Gegner (2004).

The largest operations are driven by capital investments, often from meat-processing 
and marketing firms that are highly vertically integrated (MacDonald and McBride, 2009). 
The production facilities use full animal confinement, so that animals do not have access to 
the outdoors or to farm fields. Few of the large operations raise feed crops; most, if not all, 
purchase their feed inputs. Many of those operations typically specialize in a single stage 
of production such as animal finishing. Manure handling and facility cleaning is almost 
exclusively handled by liquid systems, with contracts to landowners who use the manure 
to produce a wide range of crops (MacDonald et al., 2009). Public controversy over many 
facets of animal raising and confinement has been escalating. Issues of concerns include 
animal welfare, widespread use of antibiotics for animal health, farm worker safety, safety 
of meat products, and environmental impacts on soil and water. These impacts range from 
nutrient and antibiotic loading on the land and in the waters surrounding the operations, 
and reduced air quality from volatile organics and other emissions from the large facili-
ties. The debate is especially intense over the large-scale CAFOs for hogs, often referred to 
as “factory farms” given the scale of operations, their location, and the numbers of public 
issues surrounding them (Gurian-Sherman, 2008; Pew Commission on Industrial Farm 
Animal Production, 2008). This report does not assess the sustainability of CAFOs, but 
outlines in a section below the research needed for holistic evaluation and comparison of 
system types for each of the major areas of concern (system drivers).

Many small animal-producing farms (from a few hundred up to 3,000 acres) are typi-
cally structured for crop-livestock integration, producing feed crops and crop residues for 
bedding, and they often have at least a portion of the production cycle on rotated fields 
for farrowing or pasture. They typically use a dry manure-handling system and are almost 
exclusively owner operated. That type of farm ownership and structure is often a product 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

��� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

of traditional farm ownership and operation coming from a crop base, a pasture-based 
livestock operation, or a mixed crop–livestock operation where farmers are intensifying 
their operation and often purchasing additional feed. They are responding to a range of 
economic factors, including opportunities for local and direct marketing, branding, and 
specialty products for niche markets. A field-crop–hog integrated system, often referred to 
as “extensive” agriculture, is defined as farming in which large areas of land are used with 
low to modest outlays in capital expenditure (Honeyman, 2005). Outdoor swine production 
is a system that allows the pigs outside access including contact with the soil and growing 
plants (Honeyman et al., 2001b). Most low-confinement alternative systems share many 
commonalities.

Low-confinement hog systems have followed a trajectory of development that differs 
from the more common CAFO operations. They resemble the more traditional systems of 
field farrowing from which they have evolved more closely than they do a CAFO. Most 
low-confinement hog systems are medium- to small-sized farms and have hundreds rather 
than tens of thousands of animals (Honeyman, 2005). Farmer groups, cooperatives, and 
individual farmers use a wide range of reduced-confinement swine systems, with adap-
tations to many farm environments and types. A subset of low-confinement, extensively 
raised hog farmers follow guidelines established for U.S. organic systems by the National 
Organic Standards Board (NOSB). International organic guidelines are similar (Padel et al., 
2004). Other farmers use some variation of those practices to raise animals “sustainably,” 
but most often they use chemicals for control of internal parasites or use alternative forms 
of nose rings for management of animal rooting and pasture or ground cover disruption. 
Three of the case-study farms in Chapter 7—the Rossman, Mormon Trail, and Thompson 
farms—raise hogs using bedding systems. Each of those farms raises feeder cattle on pas-
ture, but none has extensive pasture for hogs. Scientific and technical resources available 
in the United States for alternative, low-confinement, extensive systems are summarized 
by SARE (2003) and Gegner (2004).

Guiding Principles

The primary guiding philosophy of all swine producers (CAFO and low-confinement) 
leads to an ultimate goal of maintaining animal health through management and provision 
of appropriate nutrition to optimize rates of growth and produce meat and carcass quality 
targeted to their specific markets, while having minimal adverse impact on the environ-
ment. In the discussion that follows, the committee applies the more stringent guidelines 
and literature from the “sustainable” and organic sectors as an example of production 
alternatives. There is extensive literature on the vastly differing strategies for both high-
confinement and low-confinement systems.

NOSB sets the minimum requirement for organic systems in the United States. Many 
hog trade brands based on “humane” and “sustainable” criteria have most of the same 
guidelines, but they might differ in their latitude for control of internal parasites, tail dock-
ing, or use of nose rings. The guidelines highly influence the feeding, care, and handling of 
pigs and have a major influence on how pigs are housed, have access to grazing areas, and 
are allowed to socialize, which, in turn, highly influences the structure of farming systems. 
The most complex set of guidelines is outlined in the writings of Temple Grandin (2007, 
2010) as “core standards.” Farmers who use those principles are guided by a philosophy 
that animals (regardless of species) be treated with respect and allowed to fulfill their in-
stinctive natural behaviors without damaging their environment. Specific factors include:
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• Animals must be given opportunity to care for, interact with, and nurture their 
young.

• They must be able to build nests during farrowing.
• They must have sufficient space to exercise and socialize with herd mates.
• A dry area where all animals can lay down at the same time without soiling their 

bellies must always be available.
• Air quality must be maintained for good health, including ammonia levels not to 

exceed 25 parts per million (ppm), with 10 ppm as the goal.
• Pasture or bedding are the preferred environments.
• Nontherapeutic use of antibiotics is prohibited. Animals that have been admin-

istered antibiotics must be segregated and not sold under the organic or (most) 
sustainable brands.

Following “instinctive natural behaviors” requires that animals have access to the out-
doors and to pastures for much of the year. Pasture care requires plant cover, with active 
rooting of the plants to cover a minimum portion of the area, normally at least 70 percent. 
That requirement, by itself, requires animal-crop integration and a land base sufficient to 
support the swine herd. It also requires housing to be decentralized to provide shelter either 
within or in proximity to the pastures. Many farmers use existing farm buildings converted 
from former dairy or more intensive systems. Hoop houses are recommended for most new 
construction (Honeyman et al., 2001a). The outdoor and hoop structure research of the Allee 
Demonstration Farm in Newell, Iowa, is a key source of technology for many swine grow-
ers, regardless of region. Specific guidelines for such housing and management practices 
are available from many state extension agencies and from the National Sustainable Ag-
riculture Information Service (National Sustainable Agriculture Information Service [AT-
TRA] of the National Center for Appropriate Technology [NCAT], 2009). The Sustainable 
Agriculture Research and Education program has many materials available (SARE, 2000).

Organic and “natural” pork farms in the Corn Belt fit well into the summary of such 
systems by Honeyman (2005, p. 15): “Most natural pork markets require outdoor bedding 
settings, no subtherapeutic antibiotics of growth promoters, no animal by-products in feed, 
and family farm production settings.” Animal housing is a critical factor for all farms. Or-
ganic requirements for space, bedding, and access to free space and to pasture are specific 
and auditable for each stage of animal growth according to USDA organic guidelines.

In addition, “Hoop-fed pigs have fewer aberrant behaviors and handle easier than 
confinement pigs. Health is similar except for an increase in internal parasites in hoop-fed 
pigs. Pigs in hoops are in larger groups than in confinement. Biosecurity in hoops is more 
difficult due to incoming bedding and open access” (Honeyman, 2005, p. 15). Organic farm-
ers have a policy for rescue using antibiotics on occasional animals with a sickness problem, 
and then culling that animal from the certified market channel. Parasites are controlled with 
both careful sanitation and use of parasite-control chemicals. Because of parasite control 
(Baumgartner et al., 2003) and the problems of accessing certified-organic feed, few, if any, 
“natural” swine farmers raise organic hogs. Requirements for either bedded structures or 
pasture (or a combination) during grow-out place additional requirements on broad sys-
tems integration. The production of small grains for both feed and for bedding material, 
rotation of pasture to maintain mandatory levels of ground cover, and field conditions 
for the recycling of bedding and manure make overall farm integration an economic and 
environmental necessity.

Farrowing operations for organic and “natural” systems differ markedly from those 
of conventional systems. Sow health is maintained through diet and access to pasture for 
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exercise. Deep bedding systems are used for farrowing huts or pens, often referred to as 
the Swedish deep-bedding system. When sows are seasonally field farrowed, a limit of 
10 or fewer sows per acre, depending on soil type, is used to maintain 80 percent or more 
pasture rooting and cover. Therefore, farm infrastructure varies, depending on farm his-
tory, climate, soil type, land slope, and hydrological characteristics. Some of that variability 
is documented in an Iowa State University study of four collaborating farms in southern 
Minnesota over two winters in 2003–2004 (Serfling et al., 2006). The greatest departure from 
industry practice in hog raising is in the farrowing requirements of most organic and other 
niche marketing swine operations. The prohibition of farrowing crates and the requirement 
for deep bedding and nesting capabilities for the sows influence many other system char-
acteristics. Temperature regulations for sows and piglets are critical in winter, particularly 
in northern climates. The four farms studied used a wide range of farrowing and feeding 
structures. Results showed that the study farms had 11.0 pigs born live per litter and 8.8 
pigs weaned per litter. Those numbers are comparable to Minnesota averages of 10.1 born 
and 8.7 weaned, and to national, industry-wide averages of 10.0 born and 8.6 weaned.

Herd genetics is extremely important to all niche-marketing swine operations. Most 
specialty farmers use crossbreeds of Berkshire, Chester White, and Duroc in their herds 
to achieve high meat quality, effective farrowing, and high growth rates. The herds’ per-
formance is related to meat quality, animal behavior, and economics. Most cooperative 
sustainable animal operations recommend particular producers of semen and specific lines 
within those sources for farms using artificial insemination. Most niche-market brands 
have a certification and audit program for their contracting farmers.

Thompson Farm in Boone, Iowa, described in Chapter 7, is an example of a diversified 
pig-raising farm and has been a model for diversification and low-confinement swine pro-
duction for many years. The 300-acre farm includes corn, soybean, oats, and hay, with 75 
head of beef cattle and 75 hogs in a farrow-finish operation. The farm supports two families 
without outside hired help. The Thompsons learn and teach low-confinement principles 
and practices to many thousands of visitors to their farm.

Environmental Impacts of Low-Confinement Hog Systems

Nutrient Cycling, Odor Control, and Greenhouse-Gas Emissions
Nutrient cycling, odor control, and greenhouse-gas emissions are inseparably linked in 

pig raising, and determined by the way in which the many kinds of structures are managed 
for manure collection and removal. All farmers with organic or sustainable certification use 
various forms of dry bedding for most animal shelter areas (Honeyman, 1996). Farrowing 
guidelines require dry bedding, while grow-out shelters, whether converted traditional 
barns or hoop structures, are often set up with the Swedish dry-bedding system. Those 
areas are kept dry with bedding and ventilation. Manure and urine is thus incorporated 
in high-carbon, dry crop, or sometimes woody residues. The animal wastes are collected 
and handled for eventual field application as dry material with reasonably high carbon-to-
nitrogen ratio, thereby reducing both ammonia and volatile organic loss. A key factor is the 
type, amount, and frequency of application in the structures, with availability and cost of 
bedding material often the limiting factors. There is an extensive literature on bedding sys-
tems for farrowing, with the most comprehensive and often referenced done by Honeyman 
(2005). Research on the direct effects of the confinement portion of those systems is sparse. 
There is no effluent, either through soil below the structures or to surrounding areas from 
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bedded systems, from confinements operated in a dry condition. Field application of the 
dry-bedding pack has similar environmental impacts to spreading of other forms of high-
carbon manure (discussed in Chapter 3). The bedding and manure mix is removed from the 
structures regularly for gestating sows and at time of marketing for grow-out structures. It 
could be stored in a holding area pending the appropriate time for field application to crop 
rotation fields within the mixed farming systems from which at least a portion of the grain 
and bedding are produced. Farmers typically manage nutrients on their mixed farms ac-
cording to overall farm nutrient balance as determined by soil tests. (See the Bragger Farm 
in Chapter 7.)

Air quality in the confined areas is managed by ventilation and by bedding manage-
ment. Several of the contract brand-name operations mandate that indoor air be maintained 
at under 10 parts per million (ppm) of ammonia. Limited research has been done on deep-
bedded hoop structures. Air quality research on six different hoop structures for finishing 
swine sampled in Iowa, Illinois, and Minnesota containing from 600 to 2,520 head ranged 
from 2–10 ppm at the edge of the facility and from 0–2.5 ppm 100 feet downwind, with no 
detectable ammonia at 500 feet. Hydrogen sulfide ranged from 30 to 200 parts per billion 
(ppb) at the building edges and 5–7 ppb at 500 feet. All those levels were within sustain-
able guidelines for the structures themselves, and well below nuisance levels at 500 feet 
(Harmon et al., 2002). Emissions from the deep bedding will increase over time as the pigs 
age if sufficient fresh bedding is not regularly added to wet spots. There is a paucity of 
research data on gaseous emissions from operating systems. High-quality quantification 
is extremely difficult because of the high variability in environments over time and in the 
facilities themselves. A broad database for systems’ comparisons will require the ongoing 
development of process-based models adequately calibrated for broad assessment (NRC, 
2003).

Landscape Diversity, Soil Quality, and Soil Erosion
All of the “extensive” bedded systems described in the literature are operated on a land 

base and include crop rotations for feed and bedding. Many have feeder cattle, in addition, 
to maintain pasture. A few pig operations have a portion of their farrowing in the field 
in summer. The certification criteria for organic and the privately imposed guidelines for 
most commercial brands that are marketed as “sustainable”(see examples below) require 
a minimum of crop and root soil cover of 70 to 80 percent and have guidelines of a maxi-
mum of 10–12 sows/acre. Labor costs for field farrowing are the primary factor limiting 
the practice. Pasture-based finishing also has requirements for ground cover. All of the 
sustainable extension literature (SARE, 2000; Gegner, 2004) and most of the state-supplied 
literature for pastured hogs deals with recommended crop species for hog pastures. Several 
brand-certified and inspected market chains have guidelines for effectiveness of pasture 
ground cover management. No current research data characterize soil quality and erosion 
specific to extensive hog operations. The impacts likely would be similar to those for mixed 
crop–livestock operations. Landscape-level models of erosion and quality have been done 
in many areas for crop type, cover, rotation, and management practices and those models 
could well be applied to extensive hog systems. There are little research data on pastur-
ing of monogastric species such as hogs or chickens, where a small portion of the diet is 
derived from the pasture itself instead of intensive supplemental feeding. Diversity in the 
landscape is similar to that of mixed crop–livestock systems, particularly when feeder cattle 
are included.
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Economic Impact of Low-Confinement Systems

Farm Operations
Research on alternative hog operations has recently been started or is underway in 

several states and institutions (see Gegner, 2004, for an extensive list). Comparative eco-
nomic performance data are highly variable both because of the high variability in type of 
alternative operations and because of variability of boundaries placed on the system for 
analysis. The alternative systems have generally low capital costs, versatility of locations 
and environments, access to niche markets, integration with complementarities and syner-
gies in a range of farm types, and the perception of positive animal welfare attributes. In 
comparing operations for extensive alternative systems, the macro data from the USDA 
Economic Research Service (Key and Roberts, 2007) and an extensive study on meat mar-
keting practices (Lawrence et al., 2007) provide little insight. Even though they break out 
farms that market fewer than 1,000 hogs per year, they do not differentiate for confinement 
versus extensive or by the extent to which crop enterprises are truly integrated as affecting 
profitability.

Lower overhead costs have become a factor in the longevity of many small operations. 
Data from the statewide Iowa Swine Enterprise Records program from 1989 to 1993 show 
that outdoor farrow-finish operations weaned fewer pigs per litter and fewer pigs per sow 
per year, and they had lower overall herd efficiency than indoor confinement producers. 
Their fixed costs were $3.33 less per pig weaned for outdoor herds than for indoor. Total 
cost to bring a pig to market was $1.95 per hundred-weight (cwt), or $4.88 per 250-pound 
pig less for outdoor herds (Iowa State University Extension Service, 1996). Hoop structures 
have been in common use since the late 1990s. Their use lowers the per-animal overhead 
costs considerably and enables a higher management standard, particularly for those using 
deep-bedding systems.

Rate of gain and feed conversion efficiencies have been found to be seasonally lower 
for outdoor and hoop structures than for indoor confinement in bedded systems in com-
parative trials in the Midwest and in Canada. Multiyear, replicated seasonal trials at the 
Iowa State University Rhodes hoop research facility showed hoop structures, in summer, 
produce 4 percent greater average daily gain and required four fewer days to reach mar-
ketable weight as compared to the confinement system (Honeyman and Harmon, 2003). 
Feed intake, gain-to-feed ratios, and lean gain per day were the same for both systems. In 
winter, hoops had similar average daily gain, required more days to reach market weight 
(176 versus 172), and had greater average daily feed intake (2.54 versus 2.35 kg/d), less 
gain-to-feed efficiency (0.313 versus 0.341), less lean gain per day (312 g versus 322 g), and 
less efficiency of lean gain (0.130 versus 0.144). In winter, hoop-fed hogs, thus, had greater 
fat content. The seasonal drop in efficiency is typical for winter systems in the United States 
and Canada where temperature variation is high.

Using those data and a wide range of other Midwestern research and survey data, a 
 series of production budgets have been constructed for niche-market pig production in 
Iowa and in similar environments (Lammers et al., 2007). Using conservative estimates of 
production for well-managed, small farm enterprises (2 litters per year, 7 weaned pigs per 
litter, and 2.5 production cycles per year in hoop structures, and a gain-to-feed ratio of 1:3.5), 
breakeven costs (including labor and fixed costs) are $48.28 per CWT for 270-pound pigs in 
farrow-finish operations. The breakeven costs were calculated assuming a price of corn at 
$3.65/bushel, full costs for oat straw and cornstalks for bedding, and no return for value of 
manure or bedding. Comparisons between a hoop facility using the Lammers data above 
and CAFO data for feeder pig production show a cost of $37.17/CWT for hoop-raised feed-
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ers and $36.91/CWT for CAFO-raised feeders (Pew Commission on Industrial Farm Ani-
mal Production, 2008). Hoop systems operators benefit from lower fixed costs but higher 
operating costs from labor and some reduction in efficiency as compared to CAFOs.

Farmers who purchase feed benefited from the federal subsidy program from the pe-
riod of 1997–2005 at an average rate of $0.54 per bushels of corn and $0.76 per bushels of 
soybean, which amounted to a subsidy of $3.28/CWT of live hogs. The subsidy is realized 
disproportionately to large producers who purchase most of their feed. Smaller producers 
raise a higher proportion of their own feed. In 1998, corn and soybean prices were suffi-
ciently high to eliminate subsidy costs. The advantages of efficiencies in integration make 
extensive hog operations more profitable than specialized operations when crop subsidy 
payments are not considered (Flora et al., 2004).

In summary, modern, high-management alternative systems that are integrated into 
land-based crop systems can be equally economically productive and profitable on a per-
unit animal output basis. Feed requirements and labor costs are higher in high management 
alternative systems than in CAFOs, but capital investment is considerably lower.

Marketing
Much, if not most certified, alternatively produced pork (under extensive systems, 

without antibiotics, with certified animal housing and handling practices) is marketed 
through niche-market channels. Niche-market chains generally characterize their prod-
ucts as having “superior or unique product quality and social or credence attributes” 
(Honeyman et al., 2006). While they purchase primarily from independent, individual farm 
owners (classified as “independent” in the USDA Census of Agriculture), these growers 
usually have marketing agreements with the marketing groups or chains, and are certi-
fied as raising pigs according to agreed-upon standards. In the 2007 Census of Agriculture 
(USDA-NASS, 2009), 87 percent of growers marketing 1000 animals per year declared 
themselves to be “independent.”

Surveys of 10 hog marketing groups in Kansas and Iowa showed the importance of 
strong leadership, hiring of a strong coordinator, good record keeping, provision of techni-
cal services, particularly on herd genetics, and marketing by carcass weight and quality 
(Tynon et al., 1994). Those characteristics are strongly seen in all today’s operations de-
scribed below.

In Iowa, there were 35 to 40 active pork niche-marketing operations (Honeyman, 
2005) in 2003. A study of two of the larger operations provides many details of their op-
erations, including grower incentives, quality assurance, certification audits, and profit 
sharing (Hueth et al., 2005). The larger of the two was, at that time, engaging some 400 
farmers and spread across 10 states. Most of its growers marketed fewer than 1,000 head 
per year. Price paid to growers was based on the commodity market, so it followed the 
annual and seasonal pattern of that national market. Prices in 2003 averaged gener-
ally $5.00/CWT (about 13 percent) above average prices received by growers in Iowa, 
and nearly $8.00/CWT (about 20 percent) above average prices paid by Excel, Tyson, and 
Sioux-Preme. The company paid a premium based on farmer evaluation by certification 
standards of up to $0.75/CWT. For the niche-market brands, farmers were penalized for 
low, rather than high, fat content, opposite to standards for much of the industry.

Variability in niche-marketing structures is extreme, with no single type seeming to 
have preference. Most have a high level of farmer input into structural decisions and 
farmer evaluation and reward–penalty criteria. Examples of some of those market chains 
(or brands) include:
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• Eden Farms LLC (www.betterpork.com). Headquartered in State Center, Iowa, 
Eden Farms is a coalition of 28 farm families in Iowa, Wisconsin, Illinois, and Mis-
souri. The farms raise Berkshire hogs, known for their high-quality meat, and the 
products are marketed through 10 distributors spread across the country. Farm 
sizes vary, ranging from farms of 300 sows down to as few as 10. Volume for 2008 
averaged 218 hogs marketed per week.

• Organic Prairie Family of Farms (www.organicvalley.coop.). Headquartered in 
LaFarge, Wisconsin, Organic Prairie Family of Farms is a cooperative of 150 family 
farms that raise certified-organic beef, pork, chicken, and turkey. A small portion 
of those farms raise hogs under certified, annually inspected organic management 
(www.organicprairie.coop/faqs/organic-pork/). Their animals are never confined, 
never treated with antibiotics or synthetic hormones, and fed organic feeds.

• Coleman Natural Foods (www.colemannatural.com). Headquartered in Golden, 
Colorado, Coleman Natural Foods markets under several brands. Their pork sells 
under the name of Coleman Natural Hampshire®. Their hogs are “raised with no 
antibiotics, no added hormones, 100 percent vegetarian-fed, humanely-raised and 
sustainably farmed.” They are not organic.

• Niman Ranch Pork Co. Headquartered in Thornton, Iowa, Niman Ranch Pork 
Co. is a subsidiary of Niman Ranch, Inc. (www.nimanranch.com/pork.aspx). The 
company has some 600 privately owned and privately managed family farms, 
clustered into seven (management) regions in 12 Upper Midwest states from Iowa 
to Michigan. As of 2009, it markets about 3,000 hogs per week, all raised under 
farmer-agreed-upon standards of animal welfare and management to assure a 
high-quality meat product.

Social Impact of Low-Confinement Hog Systems

Labor Use and Working Conditions
Extensive pig operations are nearly all owner-operated. Many specialty niche brands 

require the farm operator to own the animals for their entire life cycle. Some larger units 
have two generations or siblings within the same family (as with Thompson Farm, de-
scribed in Chapter 7), and others hire permanent workers from within the community. The 
guidelines and requirements for most pork niche markets require a high level of animal 
husbandry skills, so long-term worker commitment and training is important. The work in 
those operations is more diversified than in CAFOs because of the combination of housing 
and field operations. Temperature control in hoop buildings is moderated in winter by the 
bedding pack, but varies widely. Most guidelines set 10 ppm of ammonia as a target for 
upper levels, not to be exceeded for all but short spikes. Bedding and moisture manage-
ment to achieve those levels also limit hydrogen sulfide (H2S) to reasonable human comfort 
levels. The strategy for dry-bedding systems is to avoid creating odors and maintaining 
reasonable air conditions in the first place, instead of mediating odor and air emissions by 
engineering solutions.

Meat Quality
Most niche markets are identified both by meat quality and the environmental and 

social considerations imputed in the product as part of brand marketing. Many brands 
hire outside laboratories to monitor samples from carcasses entering their distribution net-
works, with taste, fat content, and chemical characteristics used in marketing. In the Niman 
Pork Company farmer cooperator network, for instance, the handling of animals both 
on-farm and during shipping is audited and carefully managed both to keep consistent 
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with humane standards to minimize bruising and to reduce stress-induced meat quality 
changes. The meat from every farm is tested at intervals by a pork quality testing service 
of Iowa State University for moisture, acidity, marbling, color, and other characteristics 
to assure brand quality. Lactic acid content is measured as an indicator of stress during 
transport and handling. Farmers use the ratings to rank themselves in providing quality 
product, with annual incentives calculated on the basis of their scores. In general, alterative 
producers and many niche market brands produce meat with higher fat content, a darker 
red color, and a more distinctive taste, determined both by genetics of the herds for meat 
type and by access to outdoor and open spaces, which influence meat texture.

As mentioned in the guidelines, many niche-market brands do not allow antibiotic use 
in any of their marketed animals. Except for certified organic products, others use standard 
parasite control chemicals. The prevalence of methicillin-resistant staphylococcus (MRSA)1 
increasingly reported for confinement operations in Iowa and in several other U.S. locations 
and several developed countries (Smith et al., 2009) is not considered to be an issue for most 
alternative systems. No extensive MRSA surveys have been done for those operations, but 
as of yet, none of the niche market or organic pigs, or workers who volunteered to be tested 
by Iowa State University, has tested positive.

Public Reaction
An increasing number of scientists are testing attitudes among rural residents and com-

munities toward intensive animal agriculture (NRC, 2003). Studies indicate that rural resi-
dents and activists, while understanding the economic constraints that swine producers are 
under, strongly feel that large-scale confinement operations are, at least temporarily, eroding 
farmers’ traditional base of support (Pew Commission on Industrial Farm Animal Produc-
tion, 2008). Residents tend to be more tolerant of swine facilities when farmers are long-time 
residents and are active in the community than of new, large-scale industrial facilities com-
ing in under corporate ownership and management (Reisner and Taheripour, 2007).

Summary

Extensive, alternative hog production systems can be equally if not more productive 
than large-scale specialized operations, even if the significantly higher externalities of the 
large operations relying on liquid manure handling are disregarded. Small, integrated op-
erations fit better into acceptable patterns of landscape use in and around rural communities. 
Many such operations exist in many parts of the United States, and they can provide ample 
examples and data points for comparisons with large-scale systems. Comparative studies 
of systems types using a holistic approach, looking at economic, environmental, and social 
factors embedded in a sustainability matrix for efficiency, resistance, and resilience across 
landscapes, are needed to identify how each system performs with respect to each of the four 
sustainability goals and to explore how synergies are achieved in each systems type.

PERENNIAL AGRICULTURE SYSTEMS

Perennial crops generally have advantages over annuals in maintaining important 
ecosystem functions, particularly on marginal landscapes or where available resources are 
limited. Perennial grain agriculture, sometimes called natural systems agriculture, is an 
ecology-based approach to agricultural production in which perennial grain-producing 

1 MRSA is an infection caused by a strain of bacteria, Staphylococcus aureus, that is resistant to the broad-spectrum 
antibiotics commonly used to treat it.
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crops are grown alone or in mixtures. Growing perennial grains for food or perennial 
grasses for biofuel can potentially increase carbon sequestration in soil and mitigate nutri-
ent runoff from agricultural fields. Perennial grain and perennial grass-based biofuel sys-
tems are being developed, and the following sections discuss their potential contributions 
to various sustainability goals.

Perennial Grain System

Today most of humanity’s food comes directly or indirectly (as animal feed) from cereal 
grains, legumes, and oilseed crops, all of which are annual crops. Replacing some of the 
single-season crops with perennials would create large root systems capable of preserving 
the soil and would allow cultivation in areas currently considered marginal (Figure 5-1) (Cox 
et al., 2006; Glover et al., 2007). Perennial plants reduce erosion risks, sequester more carbon, 
and require less fuel, fertilizer, and pesticides to grow than their annual counterparts (Glover 
et al., 2007). Plant breeders see several opportunities for perennial plants to maintain their 
perennial characteristic and produce high seed yield for the following reasons:

• Perennials have greater access to resources over a longer growing season.
• Perennials have greater ability to maintain the health and fertility of a landscape 

over longer periods of time.

FIGURE �-� Root and top growth of annual wheat (at left in panels above) and its perennial relative, 
wheatgrass (at right in panels above), at four different times of year. 
NOTES: Perennial crops have deeper root systems than annuals, providing access to more water and 
nutrients. Perennials also have a longer growing season, allowing more sunlight to be captured by 
the crop.
SOURCE: Glover (2010). Reprinted with permission from the American Association for the Advance-
ment of Science.
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• The unprecedented success of plant breeders in recent decades to select for nega-
tively correlated characteristics in annual crops (such as seed yield and protein 
content) can be applied to perennial crop development. Recent advances in plant 
breeding, such as the use of marker-assisted breeding, genomic in situ hybridiza-
tion, transgenic technologies, and embryo rescue, provide new opportunities for 
plant breeders to select for desired characteristics.

In the last seven years, plant breeders in the United States, Argentina, Australia, China, 
India, and Sweden have initiated plant genetic research and breeding programs to develop 
wheat, rice, corn, sorghum, sunflower, intermediate wheatgrass, and other species as pe-
rennial grain crops (Glover and Reganold, 2010). However, it could take 20 years to develop 
perennial wheat ready to be widely planted on farms. At present, it takes plant breeders 
more than a decade just to develop new varieties of annual wheat and ensure that they are 
ready to be widely grown for commercial use.

Impact

Comparisons of the effects of annual and perennial management systems on soil prop-
erties have shown that well-managed perennial systems compare more favorably than an-
nual management systems. Robertson et al. (2000) found that perennial production systems 
of alfalfa, poplar trees, and perennial grass systems had higher levels of soil organic carbon 
and resulted in lower net greenhouse-gas emissions than annual cropping systems. Other 
researchers have similarly found positive effects of perennial vegetation on soil properties 
compared to annual cropping systems (Weil et al., 1993; Mummey et al., 1998; Karlen et al., 
1999; Culman et al., 2010). Randall et al. (1997) also found perennial systems to be effective 
at reducing the potential for ground water contamination by nitrate leaching. Perennial 
grain agriculture is expected to provide similar benefits.

Perennial Grasses for Biofuels

Depending on landscape management, the use of cellulosic feedstock for biofuel pro-
duction can avoid some of the social and environmental concerns associated with corn 
grain ethanol and soybean biodiesel. As noted by Robertson et al. (2008b, p. 49), “Bio-
fuel sustainability has environmental, economic, and social facets that all interconnect. 
 Tradeoffs among them vary widely by types of fuels, and where they are grown and, thus, 
need to be explicitly considered by using a framework that allows the outcomes of alter-
native systems to be consistently evaluated and compared. A cellulosic biofuels industry 
could have many positive social and environmental attributes, but it could also suffer from 
many of the sustainability issues that hobble grain-based biofuels, if not implemented the 
right way.”

Impact on Food Security

Unlike corn grain ethanol and soybean biodiesel, the feedstock for cellulosic biofuels 
does not have to be grown on fertile cropland. Some dedicated fuel crops (for example, 
switchgrass and native grasses) can be grown on marginal lands that are not used for food 
and feed production (NAS-NAE-NRC, 2009b). Other lignocellulosic feedstocks include 
residual products from farming (for example, corn stover) or forestry operations (for ex-
ample, residues from forest thinning). However, if dedicated fuel crops displace food crops, 
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the social and environmental concerns pertaining to corn ethanol discussed in Box 2-2 
would be relevant in the context of cellulosic biofuels.

Environmental Impact

Debate continues about the relative merits of crop mixtures, but agronomy and indus-
try development have moved toward sole crops (for example, Miscanthus or switchgrass) 
suited to differing climates, soil types, and growing conditions. Perennial crops have many 
potential environmental benefits, including reduced soil erosion, greater efficiency of nutri-
ent uptake, and greater attractiveness to wildlife. It is argued that the enhanced biodiversity 
of mixtures can add significantly to environmental benefits (Tilman et al., 2006), but the 
weight of evidence seems to indicate higher productivity and much greater ease of com-
mercial production from monocultures.

Production research in the Corn Belt states includes model projections of potential 
of different land types (Nelson, R. for Kansas Biomass Committee, 2007) and a series of 
agronomic trials underway by USDA laboratories and by state universities. Research in 
Minnesota on the landscape positioning of perennial biomass crops using alfalfa, willow, 
poplar, cottonwood, false indigo, switchgrass, and a polyculture mix shows that different 
species can be used on lands with different characteristics (such as slopes, soil types, and 
water availability) to optimize biomass yields and improve environmental quality (Johnson 
et al., 2008). Existing precision geo-referenced yield monitoring of commercial grain crops 
can be a tool in that design. Benefits to such positioning not only include optimizing yield 
potential and field water availability, but also can greatly enhance nutrient recovery and 
cycling (Annex et al., 2007). Such energy crops, if properly placed in the landscape, have 
potential to increase productivity of land types, provide diversity of markets for farmers 
who produce food crops and animals, and could contribute to ecosystem services. They 
could serve as riparian buffers, filter strips, and nutrient traps and could stabilize fragile 
land on a gentle slope. They could, therefore, replace at least some of the noncommercial 
crops in set-aside and other programs that currently require government subsidy.

Lignocellulosic biofuels (including ethanol derived from biochemical conversion or 
gasoline and diesel derived from thermochemical conversion) have been estimated to have 
lifecycle greenhouse-gas emissions of close to zero (NAS-NAE-NRC, 2009b). If the ligno-
cellulosic biomass is grown in an appropriate landscape, it can provide biofuel feedstock 
and enhance environmental quality and the quality of the resource base (NAS-NAE-NRC, 
2009b). However, water use for converting biomass to liquid fuels could create competition 
for water with agricultural production. Biorefineries will likely be located close to where 
the biomass feedstock is produced. The amount of water required for processing biomass 
into ethanol is estimated to be 2–6 gallons per gallon of ethanol produced (Aden et al., 2002; 
Pate et al., 2007).

Economic Impact

Dedicated fuel crops (for example, Miscanthus and switchgrass) can be grown on lands 
that might not be suitable for other crops and can provide an additional income source for 
farmers, but they are a single-market commodity. If they are to be used for ethanol produc-
tion, their demand will depend on oil price, the percentage of ethanol that can be blended 
in fuel, and the number of flex-fuel vehicles, as discussed in Box 2-2. They can be used to 
produce gasoline and diesel by thermochemical conversion. Thermochemical conversion 
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technology is estimated to be ready for deployment by 2020, and the fuel products will 
be compatible with existing transportation-fuel infrastructure. In addition, dedicated fuel 
crops can be used for bioenergy production (NAS-NAE-NRC, 2009a).

GAPS IN EXISTING SCIENCE AT THE SYSTEMS LEVEL

In the preceding sections, four alternative system “types,” including organic, inte-
grated crop–livestock, management-intensive rotational grazing, and low-confinement 
hogs were illustrated. Each type was selected because of its overall enterprise mix and 
structure, with components and practices that ostensibly lead to complementarities and 
synergies of resource use and containment, positive impacts on their ecological and so-
cial environments, and resistance and resilience in each of its resource domains. Each has 
substantial claims being made for its contribution to sustainability. Each has a large and 
growing number of farms in many parts of the country that are, or could, serve as research 
cases. Organic farms certified in accordance with USDA standards, for example, are found 
for most commodities, in every part of the country, and across a range of farm sizes. The 
case-study farms of Chapter 7 represent organic and other system types that have departed 
from the traditional conventional farms and moved much further along the trajectory to-
ward improved sustainability. The four types presented above are described by research 
data that focus on component pieces of the systems, much of which is summarized in 
Chapters 3 and 4. The paucity of reliable data on holistic descriptions of those operations in 
the United States is evident. Holistic comparisons between system types aimed at improv-
ing sustainability are not possible with present data, given the multidimensional nature of 
sustainability as defined in Chapter 2.

What are the resource constraints for a systems design environment, and which sys-
tems and sustainable management practices best fit within the biophysical conditions and 
meet the social and economic sustainability goals? A few of the constraints coming from 
data of the above alternative systems include:

• Land capability classification, sensitivity to runoff, soil erosion, or other loss.
• Biodiversity needs (diversity of plants, wildlife, soil organisms).
• Water availability, alternative demands, projections for future needs and sharing.
• Sensitivity to water quality degradation and downstream hypoxia.
• Probability of extreme climatic events (flooding, short-term changes in water 

availability).
• Population density and exposure to odors, noise, or other “nuisance” factors.
• Support for the business community, employment needs, and social viability of 

local communities.

Design Within Systems Types

The most common “systems approaches,” and for the most part, the most useful, have 
been studies comparing integrative practices that are well-defined and are located within 
operating farm environments. Examples are tillage comparisons, cover crop integration 
into rotations, integrated pest management for particular crops such as tree fruit or certain 
field crops, and, in some instances, well-defined approaches such as organic and conven-
tional approaches for a particular crop such as apples or cherries (Reganold et al., 2001; 
Peck et al., 2006). Such studies compare specific integrative practices within a whole-farm 
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context, where appropriate interactions can be defined and measured (Drinkwater, 2002; 
Snapp and Pound, 2008). The on-farm systems studies are usually conducted under ex-
perimental management by farmers and last for 5–10 years to measure intermediate-term 
effects. Those studies can be significantly cost-effective, but require considerable farmer (or 
farmer–community-of-interest) interest and support (Carter et al., 2004).

Research personnel manage a number of well-known, long-term systems studies in 
the United States on experiment stations. The studies are designed to measure crop perfor-
mance and often soil and environmental impact over 15–20 years or longer. A few studies 
have century-old duration (Paul et al., 1997). The more modern ones (designed over the last 
30 or so years) are replicated and sometimes have large plots size with ancillary smaller-
plot experiments (Temple et al., 1994; Robertson et al., 2008a). They use planned rotations 
and integrative management practices and are designed to study comparative agronomic, 
horticultural, and ecosystem processes (see Box 3-3 in Chapter 3). Those carefully designed 
“experiments” are more appropriately “research platforms” within which specific “factor 
studies,” usually focused on specific biological process, can be conducted (Robertson et al., 
2000; Hepperly et al., 2006; Cavigelli et al., 2008; Center for Integrated Agricultural Systems, 
2009; University of California-Davis, 2009). Although those experiments measure specific 
farm enterprises (rotations and so on) within the context of local environments and ecolo-
gies, they are not whole-farm studies in that they do not represent true farm conditions of 
labor and equipment use, enterprise diversity, and a scale suitable to measure landscape-
level impacts. Whole-farm studies are highly useful in quantifying biological processes 
and in calibrating models for use in widespread holistic systems comparisons. They are 
expensive to run, require stable and long-term institutional interest and funding, and have 
to be located within agricultural environments that represent large regional production 
zones for them to be both relevant and cost-effective.

A number of questions relating to environmental fragilities and constraints are impor-
tant to consider. For example,

• Which systems of tillage and crop and animal diversity provide high nutrient 
flow rates (for high productivity) with farm- and landscape-level recycling and 
containment?

• What is the net nutrient flow into or out of production systems? For those with a 
large relative inflow (such as most large confinement operations), what is the “com-
mand” (distribution) area for nutrient dispersal for alternative scales of operations 
and what is the “life expectancy” of that land for phosphorus and other nutrient 
loading given alternatives for cropping or other use?

• Given the environmental conditions, which practices (for example, raising animals 
to optimize genetic immunity) or animal production systems would be least con-
ducive to disease build up? What are the tradeoffs between those approaches and 
that of substitution of antibiotics?

• Could animal systems be designed to minimize the creation of odors and to op-
timize manure quality close to the source? If engineering solutions are to be de-
pended upon to correct the problems after they occur, what are the tradeoffs?

• What are the economic, environmental, and social costs of the presence of 
 antibiotic-resistant organisms within production facilities, in food products, or in 
the environment?

• What influence do subsidies to various sectors of agriculture have on the viability 
and productivity of alternative systems?

• What are the lifecycle energy costs for different systems types?
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Holistic Comparisons Between Farming Systems Types

There are examples of whole-farm systems research in the United States (albeit with 
limited scope) that are highly productive and necessary, such as the examples cited above 
and in Chapter 3. “Whole-farm” studies, for the most part, have focused on economic per-
formance or on efficiency of resource use such as energy, water, or output per unit of land. 
Those studies have been most useful where adequate numbers of farms have been selected 
to compare reasonably well-defined farming types. The organic versus “conventional” 
or nonorganic comparisons are a good example. Comparative studies work best where 
there are reasonably large numbers of comparable farms in a given geographical area (for 
instance, Lockeretz et al., 1984; Drinkwater et al., 1995).

Most “reasonable” models for sustainability of U.S. agriculture, if built on sound theo-
retical grounds, would include diversity in farm scale, structure, product output, and multi-
functionality at each scale (Gibson et al., 2007). The objective of holistic comparisons, there-
fore, is not to identify the “best” system for each environment, but the relative strengths 
and tradeoffs for each alternative. It might well be that some conventional or alternative 
extremes of size or configuration are simply not worth trying to “fix.” As an example, agri-
culture as it now exists in water overdraft areas is clearly not sustainable.

In conducting the comparisons, farms that represent working examples of each com-
parison type would be selected scientifically. Data would originate from and process 
models would be base-calibrated for the selected farms. For example, with each of the four 
alternative types described above, hundreds of farms located in differing environments 
could be used for case studies. In meeting the environmental needs and constraints and 
answering the research questions above, one approach is to set specific targets for product 
output for a given geographical area or environment (whether number of animals, or of 
crop product output), then calculate the impact of a set of farms or facilities of each alter-
native on the many parameters to be considered.

The lesson learned from systems research is that it is complex. For systems research to 
be successful and cost-effective, the research objectives would have to be clearly defined 
and hypothesis driven. The design and expected duration of the research would have to be 
consistent with resources and objectives. The required data would be not otherwise avail-
able from other, less complex experiments that provide the needed data and interactions. 
The research would be done with the least complicated design that meets the requirements 
of the research. In developed countries as in the United States, a proportion of the more 
complex experiments and research platforms have not met expectations for output in com-
parison to the resources invested.

BIOGEOPHYSICAL LANDSCAPE-LEVEL SUSTAINABILITY ANALYSIS AND PLANNING

Many qualities of a sustainable agriculture are both defined and managed at aggregate 
levels beyond field and farm boundaries at the community, watershed, and river basin 
scales (as discussed in Chapter 2). That generalization is especially true for many social 
and economic effects at aggregate levels. (See Chapter 4.) Most of the foregoing discussion 
in this report on practices and farming systems has focused on comparative function and 
impact as measured by productivity, efficiency of resource use, environmental impact, and 
ecosystem integration as implemented within farms and the immediate environments of 
those farms. In the coming decades, the environments of those farms will change, as dis-
cussed in Chapter 2, and market requirements and opportunities will evolve. The land form 
and soil types within a farm that have been major determinants of farm crop and animal 
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selection and placement as guided by best management practices (USDA-NRCS, 2009) 
and evolving precision agriculture tools (Srinavasan, 2006) will be increasingly influenced 
by forces beyond the farm. Examples include regional water shortages, loading of major 
off-farm water bodies creating hypoxic zones, or new crop opportunities for energy pro-
duction. The location and scale of animal enterprises will change, driven by such factors 
as regional phosphorus loading in the soil, water needs, or risk from flooding. Biological 
diversity and ecosystem health within landscapes are important factors across scales. Eco-
system health and “ecoagricultural” landscapes are of increasing sustainability concern 
and have a large and growing research literature (Scherr and McNeely, 2007; Van Bruggen, 
2008). The diversity of crop, animal, and native vegetation areas within a landscape and 
the diversity of farm types that will provide them is thus important. The proportion of a 
landscape devoted to each farming system type, their positioning along gradients of land 
capability and to each other and to the practices employed all contribute to aggregate ef-
fects across larger scales. Those changes will be brought about by gradual changes within 
farms, as well as by multilevel policies to encourage structural changes across landscapes 
(Nassauer and Opdam, 2008).

Recent modeling application for two watersheds of the Upper Mississippi River basin 
illustrate the potential for shifting farming system enterprises, numbers, location, and bal-
ance to impact water quality (Burkart et al., 2005; Nassauer et al., 2007). Two watersheds in 
western Iowa counties having long-term river flow and water quality data, and a database 
of farming systems, crop acreage, and livestock census data, were modeled for sediment, 
nitrogen flow, water runoff, and other factors. Existing and three alternative crop, pasture, 
and animal component combinations were compared. Those studies then have formed 
the basis for subsequent landscape ecology studies, which made assumptions of altered 
percentages of the landscape occupied by the same types of farming systems found in the 
area (Nassauer and Opdam, 2008). Across many watersheds, the nitrate losses could be 
reduced by more than 40 percent by altering the percentages of the landscape occupied by 
the same farming system types. For specific watersheds such as Walnut Creek and Buck 
Creek, the losses could be reduced by up to 74 percent by changing the portion of the land-
scape devoted to cover crops and pasture, with actual increases in profitability. The most 
profitable alternative had a slight increase in the numbers of hogs, significant increase in 
cow-calf operations, more pasture and hay, and reduction in corn–soybean acreage. Societal 
costs and downstream impacts were estimated from fish kill and sediment-loading values. 
The potential benefits of introducing modern perennial energy crops into those systems are 
enormous. The availability of considerable stream flow and loading data and the availabil-
ity of numerous models for different parameter flows are critical for that type of watershed 
analysis. Similar scenario studies have been conducted in Minnesota (Boody et al., 2005), 
which demonstrated that economic and environmental (water quality protection and con-
servation of biodiversity) benefits could be achieved through changes in agricultural land 
management without increasing public costs.

There are publicly available (digitized) sources of soil type, land classification, hydrol-
ogy, climatology, and a host of demographic and other ecosystem parameters. Likewise, 
process-level models for most biogeophysical factors (such as nitrogen flows, carbon pro-
cesses, and energy transformations and use) are under continual evaluation by scientists 
in the various agriculturally related societies and are in the public domain. Geographic 
information system (GIS) tools for agricultural use are evolving from precision agriculture 
research (Pierce and Clay, 2007), but modeling tools for use in the planning and assessment 
of agricultural landscapes are less well developed, and many are based on proprietary 
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software. There appears to be a large gap between the process-level work of agricultural 
systems and landscape architecture design and assessment.

There is a need for method convention, criteria, and definitions for developing alterna-
tive scenarios for generating landscape patterns and integrated assessments of alternative 
futures (Nassauer and Opdam, 2008). Such methods and tools would have a three-tiered 
function and application. An assessment at the national level for policy planning and 
 macroassessment would be necessary. At regional and river-basin levels, such information 
and analyses are necessary for program planning and assessment. At the local and commu-
nity level, action planning and processing tools would have to be available for local techni-
cians and interface with databases and data from regional and national levels. Such tools 
will have a strong biophysical component, but also need the capacity for combining social 
and economic analyses in a holistic approach. It would seem appropriate for the USDA 
Economic Research Service, EPA, and possibly National Science Foundation to call for and 
support research and development of such tools. The tools would preferably be open access 
to encourage broad use by producer groups, civil society, and community organizations.

Such landscape planning would have major application and utility in linking farm-
ing system research and data with aggregation of farming system types and practices at 
larger scale to solve problems beyond the farm and community. Problems to be addressed 
include:

• Selection of best locations for introduction of energy-producing perennial crops 
and their processing plants to achieve productivity, landscape-level diversity, and 
desired multifunctionality. (See above section on perennial energy crops.)

• Location and numbers of animal systems and their scale of operations. (See above 
section on animal system alternatives.)

• Alternative farming system types and their diversity of practices in water-deficit 
areas.

Areas of ground water overdraft can be modeled, with aggregate deficits calculated 
on the basis of selection and distribution of farming system types having differing water 
demands. As an example, ground water overdraft in the High Plains has been studied in 
great detail, with regional and county-based mapping of drawdown and calculations made 
of estimated usable lifetime based on 1978 to 1988 trends. Records are mapped of actual 
withdrawal amounts. A study by the Kansas Geological Survey projects that significant re-
gions of that state will have exhausted ground water supplies by 2025 (Buddemeier, 2000). 
Other states have ground water overdrafts for the Ogallala Aquifer of more than 50 percent 
of maximum sustainable yields. Clearly, water use for agriculture in those areas will have to 
decrease. Research by Texas Tech University in partnership with USDA shows that over a 
five-year period, integrated cotton and cattle systems reduced water use by 23 percent, ni-
trogen use by 40 percent, and increased profitability by about 90 percent (Allen and Brown, 
2006). The integration of such systems across the landscape will require novel partnership 
arrangements for widespread implementation. Landscape-level modeling and planning for 
such efforts is highly quantitative and could be the basis for planning, policy formulation, 
and implementation. Concerns of water quality and availability can be addressed by:

• Selecting farming systems alternatives and their landscape locations for enhancing 
water quality and reducing hypoxia.

• Designing patterns of crop and animal diversity for enhanced ecosystem 
function.
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The suggested “tiered” research approach with a strong implementation base for grass-
roots application will serve to link and enable communication among the many branches 
of science that are each addressing various pieces of the matrices described in this report. 
It would seem that modest interventions among key federal agencies could facilitate the 
tiered research that can enhance agricultural sustainability.

SUMMARY

All farming practices and systems have interconnected impacts on a wide range of 
productivity, environmental, economic, and social indicators. The most widely used farm-
ing systems in the United States are focused on maximizing productivity and economic 
efficiencies, although there are a growing number of policy and economic incentives to 
minimize adverse environmental or social externalities.

Chapter 5 provides detailed examples of several innovative farming systems that are 
consciously organized to balance and optimize farm output, economic returns, environ-
mental footprint, and social welfare. A review of scientific studies on various aspects of 
each of those systems—organic farming, management-intensive rotational grazing, and 
low-confinement hog production—suggests that they represent viable approaches to rais-
ing crops and livestock in a way that can improve the sustainability performance of U.S. 
agriculture along a number of important measures. Chapter 5 also discusses the develop-
ment of perennial grain systems and perennial grasses for their potential to contribute to 
sustainable production of food and biofuel, respectively.

When viewed through the lens of integrated farming systems analysis, the success 
of each of those farming systems appears to build on opportunities for interaction and 
synergies among the major biological processes underlying agricultural production (soil, 
nutrient, water, air, pest, and disease management) discussed in Chapter 3. The most suc-
cessful practitioners of those systems engage in a sophisticated management-intensive 
process of learning, experimentation, and adaptation of basic system principles to meet 
local conditions.

Although the evidence suggests that each of the four systems can make a contribution 
to improving the sustainability performance of U.S. agriculture, it is also apparent that 
gains along one sustainability dimension might require tradeoffs against progress on other 
dimensions. Examples include:

• Efforts to minimize nitrogen losses from farming activities to ground and surface 
water bodies might increase losses of nitrogen to the atmosphere, potentially in-
creasing contributions to greenhouse-gas emission totals.

• Reduced levels of productivity (for example, output per acre) appear to be common 
in some types of U.S. organic farming systems, although reduced input costs and 
market premiums for organic products can lead to equivalent levels of economic 
returns to producers.

• Shifting from modern confinement livestock systems toward increased reliance on 
pastures or low-confinement housing can lead to reduced levels of productivity, 
introduce new challenges for animal disease management, and alter patterns of nu-
trient accumulation. Many of the tradeoffs are not well documented in published 
scientific literature.
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To be most successful in accomplishing sustainability objectives, each of those four farm-
ing systems requires a high level of skill and adaptive management flexibility by the 
producer.

Although individual operations can improve the sustainability performance of their 
farming activities, the impact of farming systems on the environment, economy, and society 
also depends on whether there is a critical mass of such operations at the local, regional, or 
national scale. For example, until a significant fraction of U.S. farms or farmland is managed 
using organic farming practices, it is unlikely that the impact of organic farming on a wide 
range of national environmental, economic, and social indicators will be easily discerned. 
At the watershed scale, improvements in the environmental performance by some groups 
of farms may be overshadowed by adverse impacts associated with the activities of a few 
farms located in particularly sensitive areas. At the landscape scale, there is also evidence 
that a diversity of farms and farming systems can provide for greater biodiversity, ecosys-
tem services, and aesthetic qualities. The specific arrangement of different types of farms 
on the landscape is an emerging area of study, and public policy tools designed to shape 
rural land use patterns are still in their infancy.
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6

Drivers and Constraints 
Affecting the Transition to 

Sustainable Farming Practices

A ll individual farms, whether large or small, can contribute both positively and nega-
tively to sustainability goals in various degrees. As discussed in Chapter 1, the 
committee views sustainability as a process that moves farming systems along a 

trajectory toward meeting societal-defined goals, as opposed to any particular end state. 
The determination of which sustainability goals are worth pursuing or the appropriate 
balance between gains along different dimensions of sustainability (for example, economic 
viability, ecosystem functioning, social responsibility, and food characteristics) is quintes-
sentially a social choice. Depending on what is viewed as an adequate or optimal outcome, 
the necessary changes might range from incremental adjustments to existing farming prac-
tices to fundamental changes in the underlying structure, organization, and management 
of farming enterprises.

Earlier chapters discussed a wide range of farming practices and systems and reviewed 
scientific evidence for how they affect various indicators of sustainability. The earlier chap-
ters, however, did not discuss the factors that influence farmer adoption of any of those 
practices or systems. Addressing the challenges outlined in Chapter 2 and meeting societal 
expectations for greater sustainability will depend on the ability and willingness of Ameri-
can farmers to adopt appropriate farming practices and systems.

This chapter analyzes some of the factors that influence farmers’ ability and willingness 
to change production practices or to convert to new farming systems that move their farms 
along the sustainability trajectory. All farmers make decisions in a complex environment 
in which broad contextual factors, such as markets, public policies (including regulation), 
and social institutions, create opportunities and barriers to change. The first part of this 
chapter explores how trends in the ownership and diversity of markets increase or decrease 
the latitude with which farmers can make production decisions that allow them to move 
further along a sustainability trajectory.

For some farmers, production decisions are further shaped by incentives inherent in 
federal and state policies, including trade policies, federal Farm Bill programs, national 
energy policy, and regulations that address animal welfare or environmental impacts of 
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farming. Many public policies influence farmers’ management choices, and the influences 
they have on farmers’ choices frequently depend on the farm type. For example, federal 
farm commodity, domestic food aid, and nutrition programs (which make up the bulk of 
national government expenditures under the Farm Bill) have considerable influence on 
industrial, larger commercial farms, while agrienvironmental, niche-market development, 
and land use policies (often implemented at the local level) tend to be more important to 
the viability of smaller farms (such as those with annual sales below $250,000). Policy influ-
ences are summarized in the second section of this chapter.

The third section provides an overview of public and private knowledge institutions 
that play a role in fostering a change in farmer behavior and decision making by generating 
new knowledge and innovations and disseminating them among farmers. Those institu-
tions include not only national and state research and extension services, but also private 
institutions ranging from large agribusiness research and development divisions to farmer-
based learning and networking groups.

All three major types of institutional contexts—markets, policies, and knowledge in-
stitutions—are shaped by larger societal forces that have particular goals and objectives. In 
agriculture, different stakeholder groups and social movement organizations are constantly 
working to shape the structure and behavior of public and private institutions. The fourth 
section of this chapter uses some of the key groups and organizations to illustrate how they 
work to shape the viability and movement of farms along a sustainability trajectory.

Two farmers facing similar contextual factors do not always respond in the same way 
to the incentives and disincentives created by markets, policies, and new knowledge. Deci-
sions by individual farmers to pursue (or not to pursue) different farming practices and sys-
tems depend also on what sort of land or other resource endowments they have available; 
their existing farming approaches, knowledge, and skills; and their goals and motivations, 
including personal ethics, religious beliefs, or world view. The last part of this chapter ex-
amines evidence linking different characteristics of farmers with a willingness or likelihood 
to change production systems.

In the face of many different drivers and constraints, the large corn producer in the 
Midwest, the Southwestern cotton grower, the rancher in the Mountain states, the South-
ern part-time vegetable grower, the Northeastern dairy farmer, and the peri-urban hobby 
farmer face distinctly different challenges in their efforts to operate viable enterprises 
that preserve the natural resource base and produce all the additional benefits desired by 
society. Figure 6-1 presents a simplified illustration of the various types of influences on 
farmers, including broad contextual factors surrounding the agricultural system, the me-
diating role of local assets and farmer values, and the emerging trends that could facilitate 
movement along the sustainability trajectory or make it more challenging in the future 
than at present.

AGRICULTURAL MARKETS AS CONTEXTUAL FACTORS

Concentration in the Agrifood System

Farmers participate in agricultural markets as buyers and sellers. As buyers, they seek 
high-performing, competitively priced production inputs (for example, seeds, livestock, 
fertilizer, pesticides, fuel, and machinery). As sellers, some—those with less differentiated 
products—tend to compete mainly by lowering the cost of their production; thus, they are 
participants in a low-cost supply chain. Others—those with more differentiated products—
tend to compete mainly by producing the most consumer-valued attributes of their product 
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per dollar cost of production; thus, they are participants in value supply chains. Some sell-
ers seek out markets that provide the best prices for their production, some ascertain what 
type of crop will be the most valuable for the given year, some pursue marketing strategies 
that reduce their marketing risks, and some produce crops supported by the Farm Bill. The 
pricing, ownership structure, and direction of markets for farm inputs and products influ-
ence farmer production decisions.

Markets for Farm Inputs

Over the last few decades, the degree of concentration of ownership and control among 
the major firms that supply farm inputs to U.S. farmers has steadily increased (Heffernan, 
1999; Hendrickson and Heffernan, 2007). An example of that trend is the consolidation of 
the U.S. seed industry during the 1990s, when many small independent seed companies 
were acquired by or entered into joint ventures with major international corporations, in-
cluding pharmaceutical and chemical firms like Monsanto, Dow Chemical, Dupont, and 
Aventis (Fernandez-Cornejo, 2004). As a result of the mergers, the top four U.S. commercial 
seed companies supply two-thirds of the corn seeds, half of soybean seeds, and almost 90 
percent of cotton seeds in the United States. Consolidation among major chemical compa-
nies, farm cooperatives, and seed companies has produced similar concentration of market 
power among sellers of chemicals, fertilizers, and other key farm inputs (Heffernan et al., 
1999). Consolidation of ownership in input markets could result in increased prices paid 
by farmers for inputs and a reduction in the variety and sources of available inputs. For 
example, the market concentration of genetically engineered (GE) hybrid corn seed has 
led to significant increase in seed price (Shi et al., 2008). Triple-stacked varieties with genes 
for corn borer and rootworm resistance and for herbicide tolerance added $39.50 (about 40 

6-1.eps
bitmap

FIGURE �-� Drivers and constraints that could affect farmers’ behaviors.
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percent) to the price per bag of seeds on average compared to non-GE varieties seed in 2007. 
The consolidation of market power among the suppliers of farm inputs and the purchasers 
and processors of raw agricultural commodities has been linked to a diminishing farmer-
share of the consumer food dollar (Gardner, 2002). Farmers might decide to increase their 
reliance on on-farm inputs to insulate their farms from rising input costs, but that relation-
ship is difficult to document. Some farms discussed in Chapter 7 mention rising input costs 
as a contributing factor to their decisions to change their farming practices (for example, 
Brookview Farm and Thompson Farm).

Markets for Products

Rapid consolidation is apparent among firms that purchase and process major agri-
cultural commodities. In the grain sector, for example, the top three or four companies 
control 60 percent of terminal grain handling facilities, over 80 percent of all corn exports, 
and two-thirds of soybean exports (Hendrickson et al., 2001). In the meat-packing sector, 
the largest four buyers control 84 percent of the beef market, 66 percent of the pork market, 
and 59 percent of the poultry market (Hendrickson and Heffernan, 2007).

Concurrently, market power in the food manufacturing, wholesaling, and retailing 
sectors has consolidated. For instance, the largest 10 U.S.-based food manufacturers con-
trol over half of the sales of food and beverages in the nation (Lyson and Raymer, 2000). 
The largest 50 food distributors (for example, Sysco, US Foodservice, SUPERVALU, and 
McLane Company) control more than half of the total food distribution market (Hoovers, 
2008). Sysco Corporation alone controls 28 percent of the broadline (or nonspecialized) 
food service market (which represents half of U.S. food service distribution sales). The top 
four food service companies accounted for 27 percent of all wholesale food sales in 2001 
(Harris et al., 2002). Although those firms used to be major suppliers of food to independent 
grocery stores, the consolidation in the retail grocery sector has led to the development of 
integrated internal sourcing and distribution networks controlled by grocery chains.

Recent mergers and acquisitions in the food manufacturing and distribution indus-
tries are thought to reflect a response to pressure from an increasingly consolidated food-
retailing sector. Recent data suggest that the share of total retail-food sales in the largest 
five U.S. grocery store chains increased from 24 percent in 1997 to almost 50 percent in 
2006 (Hendrickson and Heffernan, 2007). In the 100 largest U.S. cities, four firms controlled 
an average of more than 72 percent of the local grocery store market (Kaufman, 2000). As 
recently as 1998, independent retailers and smaller grocery store chains accounted for just 
16 percent of the U.S. food retail market (Stanton, 1999).

A consequence of the trends summarized above is that most farmers are facing increas-
ingly consolidated and vertically integrated output markets for their agricultural commodi-
ties. Decisions to use farming practices that might promote various aspects of sustainability 
are likely to be conditioned by the unique market opportunities and constraints presented 
by the increasingly large system.

Growth in scale and vertical integration could contribute to greater efficiencies, econo-
mies of scale, and lower transaction costs throughout the agrifood system, which could 
potentially benefit consumers, but the degree of concentration and consolidation among 
agribusinesses might create monopolistic or monopsonistic conditions and correspond-
ingly anti-competitive behavior (Sexton, 2000; Barkema and Novack, 2001; Fulton and 
Giannakas, 2001). The shift in market power from the farm to output and food-retailing 
sectors is also likely to shift decision-making power and authority away from the farm 
operator. An example is the increased use of production and marketing contracts between 
farmers and commodity marketers and food processors in the United States.
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Although more than half of U.S. sales of farm products still occur in open commodity 
markets, the share of total U.S. farm sales sold through contracts has risen from 11 percent 
in 1969 to 41 percent in 2005 (MacDonald and Korb, 2008). Contracting of farm products in 
2005 was particularly prevalent in certain commodity sectors, such as poultry (94 percent 
of production), hogs (76 percent), dairy (59 percent), vegetables (54 percent), and fruits and 
nuts (64 percent).

Contracts provide farmers with some level of certainty in the price they will receive in 
the market, quantities to be sold, or attributes of the product that are most valuable to the 
end consumer, and, in some cases, remove some of the marketing risks (USDA-ERS, 1996; 
Kunkel et al., 2009). Two common types of products contracts are marketing contracts and 
production contracts. Marketing contracts are written agreements between farmers and 
contractors that specify the price and outlet for the commodity before the commodity is 
produced. Typically, production and management decisions are left to the farmer. However, 
some marketing contracts can specify quality requirements (USDA-ERS, 1996) that can cre-
ate pressures on producers to deliver standardized products and varieties to meet specified 
standards. Those contractual terms can force farmers to use production practices to meet 
quality or cosmetic requirements that might not be suited to local ecological conditions. 
Hence, they might create disincentives for the use of some farming practices that could 
enhance sustainability (Busch and Bingen, 2005; Bingen and Busch, 2007).

Production contracts usually specify the production inputs to be supplied by contrac-
tors, the quantity and quality of products, and how the farmers are compensated (USDA-
ERS, 1996; Kunkel et al., 2009). Because production contracts shift the locus of control from 
farmers to contractors, farmers who produce under contract often cannot adopt innovative 
practices that might promote various aspects of sustainability in addition to productivity 
in their farming systems unless the contracts specify the practices.

On the other hand, retailers are interested in meeting the demands of their consumers. 
As consumers become more demanding about how their food is produced, some retailers 
have begun to require different production practices from their suppliers. Such shifts in re-
tailer demands can create conditions where contractors might require their producers to use 
particular types of practices that improve multiple aspects of sustainability. Consumer de-
mand as a driver of improving agricultural sustainability is discussed in the next section.

Emerging Markets

Changes in Consumer Preferences

Studies and surveys suggest that consumers’ preference for foods that are perceived 
to be grown using “sustainable practices” and that are considered to be natural or healthy 
is increasing, and the demand is having an impact on agricultural markets. U.S. food 
consumers are increasingly requesting foods that are pesticide free, hormone free, fair 
traded, eco-friendly, locally grown, cruelty free, and otherwise associated with “ethical” 
approaches to production (Bell, 2004; Pollan, 2006; Packaged Facts, 2007). A nationwide 
study published in 2007 found that consumer awareness and acceptance and practices that 
relate to sustainability has been shifting (The Hartman Group, 2008). The study estimated 
that U.S. retail sales of grocery products that include some form of ethical claim reached 
nearly $33 billion in 2006, an increase of more than 17 percent from 2005. That amounts to 
roughly 6 percent of the $550 billion spent by U.S. households in grocery stores annually 
(Food Marketing Institute, 2009).

Most consumers want foods that they perceive to be safe, nutritious, tasty, and envi-
ronmentally friendly (Food Marketing Institute, 2008; Lusk and Briggeman, 2009). Some 
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consumers believe that organic products taste better (The Hartman Group, 2008). Some are 
increasingly interested in foods that are grown locally, because freshness and support to 
local producers are important to them (Allen, 2004). However, what consumers think they 
are getting out of “natural” and “organic” foods might not always correspond to the real-
ity of what they are consuming (Demeritt, 2006; see also discussion on nutritional quality 
in Chapter 4). Nonetheless, retail establishments have taken notice of consumers’ interest, 
because those consumers are willing to pay a premium to get these types of products.

When directed toward issues of health, environmental quality, and food quality, the 
growing power of consumers within the U.S. food system can become a force for driving 
farming systems toward increasing sustainability (Allen, 2004). Farmers, particularly those 
who are engaged in direct sales or value supply chains, tend to adjust their production 
practices in response to consumers’ demand. Moreover, the consolidation of the agrifood 
industry presents a situation where changes in the purchasing behavior of a few large in-
stitutional actors toward purchases of food with value traits can have major influences on 
farmers’ production practices (Sligh and Christman, 2003; Dimitri and Oberholtzer, 2008).

Sustainability Initiatives

Driven by changes in consumer preference, the last decade has seen a great upsurge 
of interest in the idea of sustainability among numerous influential food-marketing com-
panies, including large multinational retailers (such as Wal-Mart and Costco), large super-
markets (such as Safeway and Kroger), expansive restaurant chains (such as Starbucks and 
McDonald’s), and very large food processors, distributors, and food service providers (such 
as Unilever, Nestle, Tyson, Sysco, and Sodexho). Sustainability initiatives are well devel-
oped in Europe (Fulponi, 2006). Box 6-1 describes a recent global food industry initiative to 
coordinate the efforts to improve sustainability. Several retailers have developed sustain-
ability standards or “green” guidelines, and some retailers require their food suppliers to 
use the standards or guidelines to meet the sustainability goals that each retailer considers 
important. Several industry groups and trade associations also have established guidelines 
or standards to encourage the use of practices that can improve sustainability among their 
suppliers and vendors. Although some skeptics criticize those efforts and question the 
overall sustainability of such mega-corporations, the initiatives have an important impact 
in the food system because they drive changes toward increasing sustainability in the 
supply chain by affecting purchasing decisions, food processing and transport systems, 
and agricultural production practices at the farm level (Doane, 2005; Aragón-Correa and 
Rubio-López, 2007).

Organic Food Markets

Organic price premiums have been documented as early as the 1970s (Greene, 2001). 
Access to price premiums is important to the economic viability of organic production 
because production costs tend to be higher than in conventional production (McBride 
and Greene, 2007, 2008). Although organic food markets began as a niche market found 
mainly in health-food stores and local food cooperatives, organic foods and beverages 
have become increasingly mainstream. Consumer demand for organic products has grown 
rapidly during the 1990s and the first decade of the 21st century (Dimitri and Oberholtzer, 
2008). Organic sales account for approximately 3 percent of total U.S. food sales (USDA-
ERS, 2009b), and the market has maintained a growth rate of about 20 percent per year in 
retail sales since 1990, as shown in Figure 6-2 (The Hartman Group, 2008). By comparison, 
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BOX �-� 
The Sustainable Agriculture Initiative Platform

	 According	to	its	website,	“the	Sustainable	Agriculture	Initiative	(SAI)	Platform	is	an	organization	created	
by	the	food	industry	to	communicate	and	to	actively	support	the	development	of	sustainable	agriculture.	
SAI	Platform	supports	agricultural	practices	and	agricultural	production	systems	that	preserve	the	future	
availability	of	current	resources	and	enhance	their	efficiency”	(SAI	Platform,	2009).	It	attempts	to	address	the	
three	aspects	of	sustainability—economic,	social,	and	environmental—and	to	involve	all	stakeholders	of	the	
food	chain.	Many	global	food	industry	companies,	such	as	Coca-Cola,	General	Mills,	Kellogg’s,	Fonterra,	
McDonald’s,	Nestle,	Sara	Lee,	and	Kraft	Foods,	are	included	in	the	initiative.
	 Among	the	industries’	sustainability	initiatives,	Wal-Mart’s	is	one	of	the	most	widely	publicized	(see	http://
walmartstores.com/sustainability/).	With	nearly	4,000	stores	 in	 the	United	States	and	more	 than	2,200	
stores	internationally,	the	company	wields	tremendous	economic	power	in	the	retail	system.	In	addition	
to	improving	energy	efficiency,	increasing	energy	conservation,	and	reducing	wastes,	the	company	has	
been	expanding	its	purchases	of	organic	products.	Wal-Mart	has	become	the	largest	seller	of	organic	milk	
and	the	largest	buyer	of	organic	cotton	in	the	world	(Gunther,	2006).	Wal-Mart	also	started	the	Heritage	
Agriculture	Program	to	encourage	farms	within	a	day’s	drive	of	one	of	Wal-Mart’s	warehouses	to	grow	crops	
and	supply	them	to	its	local	stores	(Kummer,	2010).
	 Analysts	have	criticized	the	company	by	pointing	out	its	continued	weaknesses	in	employee	policies,	
contribution	to	structural	inequities,	price	reductions	that	are	potentially	unfair	to	organic	producers,	and	
other	 inadequacies	 (Tocco	and	Anderson,	2007).	However,	 it	 is	working	with	nonprofit	environmental	
groups	and	other	advisors	and	suppliers	 to	establish	metrics	and	standards	 for	sustainability	attributes,	
and	to	encourage	changes	broadly	in	the	supply	chain.	Because	of	the	scale	of	the	company,	Wal-Mart’s	
initiative	has	great	 influence	on	hundreds	of	 food	suppliers,	among	other	 types	of	 suppliers,	who	are	
being	asked	 to	use	production	and	processing	processes	 that	meet	 the	 company’s	 sustainability	goals	
(Vandenbergh,	2007).

6-2.eps
bitmap

FIGURE �-� Growth in U.S. retail sales of certified organic food products. Reprinted with permis-
sion from Nutrition Business Journal.

the conventional food market has grown at a rate of only 4 to 5 percent annually over the 
same period. The organic sector certified by the U.S. Department of Agriculture (USDA) 
is the fastest-growing segment of food sales in North America. As USDA-certified organic 
foods become popular, an increasing number of mainstream retail establishments carry 
them (Sligh and Christman, 2003). In 2008, the U.S. organic food industry was estimated 
to have generated almost $21 billion in consumer sales, and more than two-thirds of U.S. 
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consumers bought organic products at least occasionally (Dimitri and Oberholtzer, 2009; 
Greene et al., 2009; The Hartman Group, 2008). The demand in organic products and the 
maintenance of a price premium contribute to motivating some farmers to transition to 
organic production.

Although the acreage for organic production doubled in the United States between 
1997 and 2005, consumer demand outpaces supply. Consumer demand seems to play 
a small role in driving an increase in organic production as the overall adoption rate of 
organic agriculture is still low—about 0.5 percent of U.S. cropland and pastureland was 
certified organic in 2005 (Greene et al., 2009). Other factors affect farmers’ decision to tran-
sition to organic production. As mentioned earlier, organic production costs more than 
conventional production, and farmers are likely to have lower economic returns in the first 
few years of transition as a result of lower yields and inability to access organic premiums 
until the transition is completed. Although organic food markets are frequently supply 
constrained, few organic food handlers have worked to assist farmers to make the transi-
tion toward organic production (Dimitri and Oberholtzer, 2008).

Direct-Sales Markets

Direct-sales markets have the potential to enhance the feasibility of using farming ap-
proaches for improving sustainability and motivating farmers to use them. The various 
direct-sales markets provide important new opportunities for farms that use practices 
and farming systems that can meet the demands of those new consumers. As discussed in 
Chapter 4, direct marketing allows farmers to capture a larger share of the end consumer’s 
food dollar. Farmers, in particular small or mid-sized farms that make most of their sales as 
direct sales, can afford to use practices that enhance environmental and social sustainability 
that are not necessarily the lowest cost and still make a profit. However, in many cases, 
direct-sales farmers have to take on responsibilities, such as doing their own marketing, in 
addition to producing the products.

Many farms have been able to tap into increasing consumer interest in local sources 
of foods and public perceptions that food transported long distances not only adds to the 
atmospheric carbon burden, but also tastes less fresh than local foods. In addition, an in-
creasing number of consumers seem to want to develop a closer connection to the farms 
that produce their food. That interest provides impetus to the development of localized 
food markets that allow farmers to bypass mainstream distribution channels and market 
their products directly to consumers at the local and regional levels (Allen, 2004; Hinrichs 
and Lyson, 2007). Some farmers who are unable to compete in, or are locked out of, distant 
markets have been able to build a thriving local business (Allen and Hinrichs, 2007). Direct 
sales are proportionally more common in small and mid-sized operations (firms with sales 
under $250,000, which generated 57 percent of all U.S. direct sales according to the 2007 
Census of Agriculture) than on larger farms (USDA-NASS, 2009).

Farm production sold directly to consumers has grown rapidly since 1980 and tripled 
between 1992 and 2007. In 2007, about 6 percent of all U.S. farms engaged in direct market-
ing to consumers, generating more than $1.2 billion in gross receipts (USDA-ERS, 2009a). 
Direct sales occur primarily through farmers’ markets, followed in importance by Com-
munity Supported Agriculture (CSA). Growth in traditional direct marketing in roadside 
stands and in U-pick operations has been more modest than farmers’ markets and CSAs. 
The amount of locally produced foods sold directly to consumers is expected to grow over 
the next decade and a half, but at a slower rate than the growth rates from 2005 to 2008. 
Meanwhile, local sourcing of food supplies by institutions such as restaurants, schools, 
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universities, and especially grocery stores and chains is likely to be an important source of 
growth for direct sales in the next 15 years.

Farmers’ Markets and Farm Stands
Between 1980 and 2007, the number of farmers’ markets nationally nearly quadrupled 

from an estimated 1,200 to 4,385 (USDA-AMS, 2008a), and they generated total vendor 
sales of more than $1 billion in 2005 (Ragland and Tropp, 2009). Sales at farmers’ markets 
grew between 2.5 to 5 percent annually from 1996 to 2006 (Cobb, 2008; Ragland and Tropp, 
2009). Farmers attribute the sudden increase in demand to families concerned about food 
safety of distantly produced or imported foods, their need for a greater sense of “com-
munity,” and their desire to talk to a person growing their food (Hinrichs, 2000; Lamine, 
2005; Smithers et al., 2008). The direct connection between farmers and consumers allows 
farmers to adjust their production practices in response to consumer demand. Although the 
rate at which new farmers’ markets are formed is expected to slow, the number in America 
could reach 6,000 by 2015, with some 65,000–180,000 small farmers and vendors generating 
gross revenues approaching $1.5 billion. Although the projected revenue represents only a 
small percentage (1.5 to 2 percent) of the gross revenue of the U.S. food system from retail 
and from hotels, restaurants, and institutions, farmers’ markets and farm stands represent 
a marketing channel that can support the use of practices for improving sustainability in 
many small and mid-sized farms. Farmers’ markets will continue to be community based, 
run by farmer or community volunteers, and open seasonally in public spaces.

Community Supported Agriculture
Two CSA projects in the United States emerged in New England in 1986. By 2009, an 

estimated 2,877 CSAs operated in all 50 states (Table 6-1; Local Harvest, 2009). Data from 
the 2007 Census of Agriculture included a question on CSAs for the first time, and the 
results suggest that there could be as many as 12,000 farms that describe themselves as 
participating in a CSA (USDA-NASS, 2009). Assuming an average of 50 subscribers each 
(Lass et al., 2003), the CSAs listed on the Local Harvest website (Table 6-1) are estimated to 
supply almost 150,000 U.S. households with various vegetables and other produce during 
the growing season.

The original idea of CSA was to reestablish a sense of connection to the land for urban 
dwellers and to foster a strong sense of community with a social justice goal to provide 

TABLE �-� Estimated Number of CSA Farms by State as Measured by USDA and Local 
Harvest (LH) Website

USDA LH USDA LH USDA LH USDA LH USDA LH

AK 6 9 HI 3 13 ME 32 65 NJ 16 46 SD 8 44
AL 7 20 IA 39 70 MI 40 141 NM 16 20 TN 56 17
AR 4 18 ID 16 41 MN 35 99 NV 1 15 TX 75 24
AZ 9 24 IL 20 93 MO 18 62 NY 101 209 UT 15 2
CA 81 179 IN 12 53 MS 2 4 OH 31 110 VA 86 32
CO 27 71 KS 8 34 MT 3 17 OK 4 15 VT 89 36
CT 22 44 KY 15 50 NC 26 95 OR 45 120 WA 152 60
DE 4 7 LA 3 9 ND 2 8 PA 69 161 WI 148 71
FL 15 42 MA 60 113 NE 5 15 RI 10 16 WV 16 9
GA 5 57 MD 36 67 NH 21 54 SC 4 24 WY 11 4

SOURCE: Local Harvest (2009); USDA-NASS (2009).
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food security for disadvantaged groups (Allen et al., 2006). Some CSAs also are involved 
in farmland preservation, and they offer insurance against unexpected disruptions of the 
food supply line. Another aim of CSA was to enlist support from urban consumers for local 
agriculture that emphasizes various aspects of sustainability. A key concept of early CSA 
organizers was to assert local control over a food system that was growing increasingly 
consolidated and to offer small farmers a fair return for their products. Although CSAs 
currently only serve a small proportion of the U.S. consumer food market, the CSA model 
offers an alternative approach to mainstream marketing channels for producers and con-
sumers in some regions.

Farm to Institutions
One of the most rapidly growing forms of direct marketing consists of direct sales from 

farmers to institutions, particularly schools, hospitals, and government agencies. Farm-to-
school programs are emerging all over the United States. As of October 2009, farm-to-school 
programs had been established in a total of 42 states and are estimated to serve approxi-
mately 8,943 schools in 2,065 school districts (Occidental College, 2009).

The other types of direct marketing institutional arrangements for food service—for 
hospitals and other institutions—are more difficult to monitor and measure than farm-to-
school programs, partly because the other types have been established at such a rapid pace 
in recent years. Several hospitals throughout the country are developing “farm-to-hospital” 
linkages that bring fresh, healthful food to medical facilities and offer new markets for local 
farmers. For example, in Billings, Montana, the Community Food Campaign urged a local 
hospital, Billings Deaconess Clinic, to procure food locally. The clinic amended the contract 
with its food provider and now procures locally raised turkey. Sutter Maternity and Sur-
gery Center in Santa Cruz, California, buys almost 20 percent of its produce from trainee 
farmers working on the Agriculture and Land-Based Training Association (ALBA) farm 
in nearby Salinas. Duke University in Durham, North Carolina, holds a weekly farmers’ 
market in an area between its clinic and hospital. The establishment of farmers’ markets at 
several Kaiser Permanente Hospitals in California has sparked discussions about the need 
for a company-wide food policy to bring fresh food to patients, visitors, and surrounding 
communities. These few examples show how health care facilities and hospitals around 
the United States are creating new opportunities for food procurement and provision that 
can potentially improve environmental sustainability (by decreasing the distance of food 
delivery), economic sustainability of farms (via new market opportunity), and social sus-
tainability (by providing access to fresh food). Linking local farms and hospitals has the 
potential to improve the freshness, quality, and nutritional value of hospital food while 
opening new institutional markets to small farmers (Beery and Markley, 2007).

Several government agencies at federal, state, and local levels have established new 
marketing arrangements that enable direct marketing with farmers. Employees have initi-
ated many of those initiatives (for example, USDA cafeterias in Washington, D.C., and the 
California Environmental Protection Agency’s food service in Sacramento).

Grades, Standards, and Certification Labels

Marketing tools such as grades and standards, certifications, labels, and branding can 
create niches of profitability for farmers whose products meet specific requirements related 
to the nature of their products or the way in which they were produced. In many instances, 
standards reflect characteristics that make farm commodities and food products easier to 
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handle, process, and transport. In other cases, standards are designed to maintain a consis-
tent level of quality, the cosmetic appearance of fresh food products, or the safety of food 
products at the retail level.

Grades and Standards

Standards are the measures by which products, processes, and producers are judged, 
whereas grades are the categories used to implement the standards (Busch and Bingen, 
2006). Grades and standards can define what is to be traded on the market, establish agreed-
upon production processes, fix levels of consistent product quality, and make possible the 
location of exportable production around the world by ensuring compatible products and 
processes (Busch and Bingen, 2006). For example, U.S. federal law allows growers and 
handlers of many fruit, vegetable, and specialty crop products to develop formal market-
ing orders as standards and grades to coordinate production, processing, and marketing 
of specific commodities. Marketing orders are often used to raise money for production 
research, marketing research and development, and advertising. In addition, they can be 
used by industry actors to create binding rules (enforced by USDA) regarding allowable 
production, packaging, and handling practices designed to ensure consistency, quality, 
safety, and cosmetic appearance of food products (USDA-AMS, 2008b). USDA also pro-
vides standardized grading, certification, and inspection services as a service to commodity 
sectors that voluntarily want those services as part of their marketing strategies. However, 
the need for global harmonization of standards and local adaptability of farming systems 
to meet such standards remains unresolved (Vogl et al., 2005).

Although marketing grades and standards theoretically create similar expectations 
for all producers and can communicate to consumers about the attributes of the products, 
they can affect the ability of producers to use certain production practices. For many fruits 
and vegetables, grades and standards might inhibit the use of practices that can improve 
environmental sustainability if they affect the ability of the product to meet the grade and 
standard that leads to the highest price. For example, increasingly strict defect action levels 
(DALs), established by the U.S. Food and Drug Administration partly to enhance safety 
from microbial contamination (sometimes by mandating the production practices to be fol-
lowed), have been linked to increased pesticide use in many commodity sectors (Hart and 
Pimentel, 2002), although Lichtenberg (1997) found an opposite effect on apple production. 
Mandatory behaviors and financial assessments under marketing order rules could disad-
vantage some producers and handlers of organic products because they might not benefit 
from generic commodity research, supply control, and marketing efforts supported by 
those orders (Carman et al., 2004). Similarly, standards established for farm worker protec-
tion might encourage the replacement of hand harvesting with mechanical harvesting and 
reduce employment opportunities for farm workers (Friedland et al., 1981).

Aside from governmental rules, privately developed systems of grades and standards 
designed to ensure safety, quality, and appearance have increasing influence on the way 
that food is produced in the United States (Henson and Reardon, 2005; Hatanaka et al., 
2006). Private standards systems and third-party certification are increasingly replacing 
“hard regulation” (that is, traditional regulatory) approaches to governing international 
trade (Hatanaka et al., 2005; Ponte and Gibbon, 2005; Higgins and Hallström, 2007). Global 
coalitions of private firms that set harmonized standards for food have been emerging. 
They facilitate coordination of production and distribution (Nadvi and Waltring, 2003) and 
protect the firms’ reputation for consistent quality and safety (Fulponi, 2006). Harmonized 
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standards also can secure competitive advantages for the coalition of firms and exclude ac-
cess to firms and producers not in the coalition, and thereby serve as a private governance 
tool in the food system (Fulponi, 2006).

Sustainable Agriculture Standards, Certification, and Eco-label Programs

A market trend that favors improving agricultural sustainability has emerged, as dis-
cussed in the earlier section on emerging markets. Standards and certification programs 
specifically designed for marketing “sustainably produced” foods in the United States and 
internationally are intended to establish measurable criteria or guidelines for food pro-
ducers and distributors, provide verification to the public, and support claims about sus-
tainability and environmental sensitivity. Many different types of organizations, including 
nongovernmental organizations, trade associations, food industry groups, cooperatives, 
regional organizations, and some university departments, are involved in establishing 
and administering these kinds of certification and standard-setting programs. Through 
such programs, the groups are attempting to verify producers’ and distributors’ efforts to 
reduce environmental impacts, while also gaining market opportunities to meet rapidly 
growing demand for “green” products. Although certification and eco-label programs are 
considered voluntary, an increasing number of food processors, retailers, and distributors 
require producers who sell to them meet these “sustainability standards.” The programs 
are therefore becoming important forces that drive change in practices by producers, in 
many cases making it possible for large-scale production systems to provide the now stan-
dardized products (Vogl et al., 2005). Certification also offers producers additional benefits, 
such as greater marketplace recognition, and might facilitate greater information exchange 
among participating farmers (Klonsky and Tourte, 1998).

Organic agriculture certification is probably the most well-known and well-established 
food standard related to environmental concerns in the United States and around the 
world. As of 2002, organic production standards in the United States have been regulated 
by federal law, and they are administered and enforced by the USDA National Organic 
Program—NOP (7 C.F.R. Part 205). By law, any product labeled “organic” is required to 
be produced and certified according to certain standards, including eliminating synthetic 
pesticides and fertilizers (USDA-AMS, 2008b). The creation of USDA Organic Certification 
codified a set of practices that emerged from an agroecological approach to production that 
emphasizes the use of naturally occurring tools for controlling pest, pathogens, and weeds, 
and the elimination of synthetic inputs. The certification program was created to regulate 
competition and provide uniform information to consumers.

USDA organic certification standards provide consistency, but the extent to which they 
should include criteria beyond environmental or health goals, and the specific practices al-
lowed on organically certified farms, have been the subject of much debate and controversy. 
Although the original Organic Foods Production Act was passed by Congress in 1990, it 
took 12 years to develop and promulgate formal rules to implement the USDA organic 
certification label. The resulting program focuses on health and environmental issues, but 
generally does not address labor, social, economic, or community welfare goals that are 
important objectives of many proponents of organic farming systems (Guthman, 2004; 
Fürst et al., 2005; Bittman, 2009).

Partly in reaction to limitations in the formal USDA organic certification standards, 
programs that have developed alternative or more broadly construed “sustainability” 
standards for agricultural practices have grown rapidly. Some of these programs include 
traceability and tracking of the origin of products, or require the analysis of the complete 
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lifecycle environmental impact in the supply chain of each product. Many have evolved 
into developing “eco-labels,” which are logos or seals that identify products or companies 
that meet certain environmentally preferable standards or criteria. Eco-labels are generally 
intended to enable people to identify, buy, and sell products and services that are consid-
ered environmentally sensitive (Big Room Inc., 2009). More than 100 different eco-label 
programs have been identified for food or agriculture products worldwide, excluding pri-
vate labels developed by individual companies (Big Room Inc., 2009). Other groups have 
developed standards that address nonenvironmental goals, such as fair trade, fair labor, 
and livestock production practices perceived as more humane (Brown and Getz, 2008; Food 
Alliance, 2009). Table 6-2 illustrates some of the eco-labels and sustainability certification 
programs in the food and agriculture sector.

The labeling programs have different levels of quality control and different processes 
for verification. Typically, companies apply to an organization for the right to use its eco-
label on their products. The applicant pays an initial fee and undergoes some kind of 
inspection or audit. If it successfully meets the standard, it pays a fee to use the label, and 
in most cases, it is required to have a regular audit to ensure continual adherence to the 
standards. Although the eco-label would allow producers to access a niche-market and 
could enhance marketplace recognition of their products, the fees for certification and the 
paperwork could deter producers from using the label.

The increase in the use of various eco-labels and environmental certification programs 
in the food sector has created some confusion among consumers and has created challenges 
for producers who are often being asked to fulfill several distinct standards by different 
buyers. As a result, eco-labels and certification programs might not be as effective in moti-
vating producers to adopt certain practices for improving sustainability to seek certification 
as they could be. Some consumer advocacy organizations and government agencies are 
also concerned about the lack of oversight, consistency, and quality control of such pro-
grams. Consequently, some organizations (including Scientific Certification Systems and 
ANSI, Keystone Center, and USDA) have initiated efforts to develop national sustainable 
agriculture standards, which are intended to be similar to the Forest Stewardship Council 
(FSC) certification program in the forest sector, to create score cards, or to monitor different 
certification and eco-labeling programs.

Marketing Institutions for Mid-Sized Commercial Farmers: Branding

Branding is a method for defining a product as unique and building customer loyalty. 
By establishing a proprietary brand that consumers associate with desirable qualities, pro-
ducers can “create” a market for themselves. Marketing studies find that the brand repre-
sents a set of values; therefore, the brand gives the consumer confidence in the product (see 
also the section on low-confinement hog systems in Chapter 5). Branding can provide op-
portunities to reward farmers for using certain socially desired production practices. How-
ever, how branded products actually differ from nonbranded products is not always clear, 
particularly when without governmental or private sector standards against which brands 
can be held accountable. Efforts to develop individual farm brands—such as grass-fed or 
natural beef—can be time consuming and difficult for producers, and rewards depend on 
the ability to develop regional or national markets for their branded products (Gwin, 2009). 
Branding can also be undermined by the rise of private-label products in many grocery 
chains. Efforts to develop private-label organic products, for example, are thought to be 
reducing demand for some branded organic companies’ products (Hills, 2008).
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TABLE �-� Examples of Sustainable Agriculture Standards and Eco-Label Programs

Program/Initiative
Commodity or Food 
Sector 

Sustainability 
Scope

Geographic 
Coverage Participants

Better Sugarcane 
Initiative

Sugar Broad Global Companies, nongovernmental 
organizations (NGOs), unions

California Sustainable 
Winegrowing Program

Winegrapes Broad California Winegrowers

Common Code for the 
Coffee Community

Coffee Broad Global Companies, NGOs, unions

Demeter—Biodynamic All Ecosystems, 
biodiversity, 
spiritual 

Global Not available

Eurep GAP Protocols Horticultural crops, 
coffee newly added

Mainly 
environmental, 
some social

Global Companies

Food Alliance All Mainly 
environmental, 
some social

United 
States

Companies, university, 
stakeholders

Fish Friendly Farming Winegrapes and 
other crops

Environmental, 
focused on 
water

California, 
Oregon 

NGOs, companies, 
government

Global Environmental 
Management Initiative

Many food 
products (and other 
commodities)

Environmental Global Companies (mainly 
multinational corporations)

Good Agricultural 
Practices Standard 
(GAP)

All Safe handling, 
environmental, 
some social

United 
States

Companies, government

Humane Dairy 
Checklist

Dairy animals All Global Companies

ICCO Sustainable 
Cocoa Program

Cocoa Mainly social Global Companies, NGOs, 
government

IISD/UNCTAD 
Sustainable 
Commodities Initiative

Selected 
commodities, 
including coffee

All Global

International Federation 
of Organic Agriculture 
Movements (IFOAM)

Organic certification 
for all agriculture 
products

Mainly 
environmental

Global Companies, NGOs, unions, 
farmers 

Keystone Center All Broad (still in 
process in 2009)

United 
States and 
beyond 

Multiple stakeholder, mainly 
companies

Marine Stewardship 
Council

Wild and caught 
seafood/fish

Mainly 
environmental

Mostly 
temperate 
waters 

Companies, NGOs

Protected Harvest 
(Healthy Grown)

Potatoes, 
winegrapes, and 
developing others

Mainly 
environmental

North 
America

Companies, NGOs

Rainforest Alliance 
Standards for 
Sustainable Agriculture

Coffee, bananas, and 
others

Broad Global Companies, NGOs
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Program/Initiative
Commodity or Food 
Sector 

Sustainability 
Scope

Geographic 
Coverage Participants

SAI 8000 All Social Global Companies

SAI Platform Selected crops, 
including peas, 
potatoes, and coffee

Broad Global Companies

Salmon Safe Several crops Environmental, 
focused on 
water quality 
and fish 
protection 

Western 
United 
States, 
mainly 
Oregon 

Companies, NGOs

Bird-Friendly 
Certification

Coffee Environmental Global Farmers, NGOs, for example, 
Smithsonian, Rainforest 
Alliance, others 

Social Accountability in 
Sustainable Agriculture 
(SASA)

All Broad Global Research program comparing 
standards of 4 schemes of 
the International Social and 
Environmental Accreditation 
and Labelling Alliance

Emerging Markets for Ecosystem Services

Some agricultural practices can provide beneficial ecosystem services (see detailed dis-
cussion in Chapter 3)—for example, regulation functions such as water quality and nutrient 
cycling, pollination, and habitat for wildlife and beneficial species; supporting services, 
such as soil fertility, soil structure and carbon, and carbon sequestration; and aesthetic and 
cultural services, such as open space and cultural heritage (Heal and Small, 2002; Swinton 
et al., 2007).

When managed sustainably, agricultural ecosystems have the potential to deliver di-
verse ecosystem services and to mitigate past ecosystem disservices (Swinton et al., 2007). 
For example, Boody et al. (2005) examined the impacts of a range of practices, such as 
cover crops, riparian buffer strips, conservation tillage, crop rotation, and other increases 
of vegetative cover, and they noted that “environmental and economic benefits can be at-
tained through [these] changes in agricultural land management without increasing public 
costs. The magnitude of these benefits depends on the magnitude of changes in agricultural 
practice. Environmental benefits include improved water quality, healthier fish, increased 
carbon sequestration, and decreased greenhouse gas emissions, while economic benefits 
include social capital formation, greater farm profitability, and avoided costs” (Boody et al., 
2005, p. 27). The quantity and quality of services that are produced by agriculture in a given 
location generally depend on the joint actions of many farmers and other resource users.

Many ecosystem services are appreciated by society and can be interpreted as capital 
assets (Heal and Small, 2002). However, ecosystem services can be indirect, underappreci-
ated, and, in general, undervalued. Because of the lack of markets for ecosystem services, 
farmers cannot add to their revenues when supplying these services (Swinton et al., 2007). 
For example, pollination services, which have recently become threatened by honeybee col-
ony collapse disorder, contribute to fruit, nut, and vegetable production worth $75 billion 
in 2007 (USDA, 2007). Since farm producers typically receive no economic payments for 

TABLE �-� Continued
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possible ecosystem services (for example, pollination) and other social benefits provided 
by their farming operations, they have little incentive to adopt management practices that 
provide ecosystem services if the practices incur additional costs.

Because of the missing markets for valued ecosystem services, there has been an argu-
ment for and experimentation with public provision of such market signals by providing 
ecosystem service markets. The underlying assumption for providing ecosystem markets 
is that paying for ecosystem results will encourage innovation and achieve cost-efficiencies 
in providing services (Shabman and Stephenson, 2007). However, others argue that such 
a provision is sometimes tantamount to paying farmers not to pollute or harm public re-
sources (Box 6-2).

Payment for Environmental Services: Beneficiary Pays

Although practical applications with ecosystem markets are limited, emerging experi-
ences demonstrate promise and value to farmers who are using conservation practices. For 
example, to compensate for a lack of markets for ecosystem services, some have proposed 
using a payment for environmental services (PES) approach in which the beneficiaries of an 
ecosystem service pay for the provision of that service. The PES approach can be contrasted 
with the so-called “green payments,” where the general taxpayer subsidizes farmers for 
desired outcomes or for adoption of desired agricultural practices. The green payments 
are usually discussed as replacing or augmenting Farm Bill commodity subsidy payments, 
which are discussed later in this chapter. In PES approaches, the beneficiaries might be a 
private industry (for example, a private water treatment facility), but the beneficiaries are 
often represented by some agency or institution. For example, Bohlen and his colleagues 
(2009) reported on developing a PES pilot program in the northern Everglades of Florida, 
where beneficiaries (in this case, Florida state agencies) compensate ranchers for providing 

BOX �-� 
Public Attitudes Toward Private Land Management

	 Public	attitudes	toward	private	land	management	have	undergone	a	long	evolution	in	U.S.	history.	
For	much	of	U.S.	history,	the	role	for	public	programs	in	agriculture	was	to	enhance	the	productivity	of	
croplands.	Thus,	taxpayers	subsidized	public	projects	to	provide	the	agriculture	sector	with	low-cost	energy,	
irrigation	water,	and	transportation	and	to	enhance	farmers’	incomes.	That	“progressive	conservation”	at-
titude	has	been	challenged	by	a	rise	in	environmental	attitudes	that	has	meant	the	redesign	of	some	public	
programs.	For	example,	farmers	might	have	received	taxpayer	funds	and	technical	assistance	to	drain	and	
fill	wetlands	at	one	time;	now	they	might	receive	funds	to	protect	wetlands.	Most	environmentally	focused	
programs	for	agriculture	operate	on	the	premise	that	farmers	do	not	want	to	harm	public	resources	but	
need	information,	financial	support,	and	technical	assistance	if	they	are	to	avoid	doing	so	(Batie	et	al.,	
1986).
	 Because	of	 that	history,	disputes	about	whether	 farmers	 should	be	paid	 for	positive	environmental	
outcomes	or	penalized	 for	 environmental	damages	occur	 frequently.	 The	ultimate	 choice	 is	 a	political	
one,	but	with	few	exceptions,	such	as	the	Endangered	Species	Act,	policy	makers	have	favored	voluntary,	
incentive-based	approaches	to	obtain	public	benefits	 from	agriculture.	Thus,	payment	for	the	provision	
of	positive	ecosystem	services	is	generally	viewed	as	the	appropriate	public	response—a	viewpoint	that	
reflects	a	belief	that	farmers	have	the	property	rights	to	pollute	or	harm	ecosystem	services,	but	will	be	
stewards	if	provided	compensation.	A	contrasting	viewpoint	is	one	in	which	farmers	should	be	regulated	
and	penalized	if	they	harm	public	resources.
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water storage and nutrient reduction on their private lands. The authors noted, however, 
such a program has many challenges, including identifying a buyer of the services and 
identifying the services themselves. Insufficient understanding of the underlying ecology 
and environmental services made it difficult to quantify the services. The Everglades PES 
program also had challenges associated with stakeholders, including potential buyers 
(market, state, and civil society organizations) and sellers (primarily the growers or corpo-
rations that manage land) of those services, agreeing on credible, yet practical approaches 
to quantify the services provided.

Studies show that establishing a successful PES is a complex undertaking that requires 
not only scientific understanding, but also consideration of social, economic, political, 
institutional, and power relationships (Perrot-Maitre, 2006). For PES programs to work, 
buyers want documentation and assurance that they are getting what they paid for and 
that sellers (that is, farmers and ranchers) are getting a fair price for what they produce. 
The parties involved would have to agree on a baseline from which to measure ecosystem 
improvements. There also needs to be a satisfactory funding stream and a method to keep 
costs of negotiating contracts between buyers and sellers and other programmatic costs, 
such as monitoring outcomes, manageably low. The latter can be complicated by existing 
policies, regulatory issues, and multiple stakeholders. Beyond such challenges is the need 
to build trust, sometimes through building an intermediary institution that is locally based 
and sympathetic to the farmers’ situations (Perrot-Maitre, 2006).

Despite the complexities, successful examples of experiments of paying farmers for 
ecological services exist in the United States and abroad. Two such examples are the Colo-
rado River Basin Salinity Program, where farmers bid to provide low-cost salinity reduction 
in return irrigation flows and are paid by federal and state agencies, and the New York 
City Catskills–Delaware Project, where New York City paid farmers to protect the water 
quality of an important reservoir for the ultimate beneficiaries, the citizens of New York 
(Box 6-3).

In some cases, beneficiaries of ecosystem services are so diffuse it is difficult to con-
struct a beneficiary payment for services program other than via payments by taxpayers. 
For example, biodiversity in agriculture provides ecosystem services and is gaining increas-
ing attention by economic analysts and biologists. Agricultural biodiversity exists at several 
levels (from genes to species and ecosystems, as noted in Chapter 3); likewise, the value of 
biodiversity can be defined in several ways, including the utilitarian value (direct use) of 
components of biodiversity, such as medicinal values from particular species; functional 
value that biodiversity provides to support life and protect ecological integrity; serendepic 
or “option” value, which is the potential future value from particular species or genes for 
future generations; and intrinsic value, which refers to cultural or aesthetic benefits (Swift 
et al., 2004). The functional values from agrobiodiversity services include formation of soil 
organic matter, nutrient cycling, useful watershed functions (for example, trapping sedi-
ment and mitigating runoff), and mitigation of pests and diseases that can have measurable 
economic benefits.

Most of the existing biodiversity payment mechanisms focus on natural habitat, such 
as forests, conservation easements, or protected areas, rather than biodiversity functions 
provided by agriculture. The programs face challenges partly because many biodiversity 
benefits are difficult to identify as units for transactions. There are debates on the appropri-
ate valuation methods and controversy over the use of conservation funds on agricultural 
lands (FAO, 2009). At the time of writing this report, few producers in the United States 
had received any form of direct compensation or marketing opportunities for biodiversity 
ecosystem services from their conservation practices on farms.
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The USDA Natural Resources Conservation Service and other organizations are devel-
oping tools and protocols for valuing biodiversity functions and other ecosystem services 
in agricultural contexts. Such evaluations could encourage development of PES programs. 
In addition, EPA has begun to support research projects that aim to “establish ecosystem 
service standards, indicators, and measurement protocols that support environmental ac-
counting systems and markets” and to “create institutional capacity for investments in 
natural capital that provides sustainable flows of ecosystems services” (EPA, 2008, p. 1). 
Moreover, ecosystem services have generated considerable attention by decision makers 
and scientists in the public and private sectors. However, additional policy-relevant re-
search, which requires collaboration among many disciplines (including ecology, econom-
ics, sociology, law, decision science, and the agriculture sciences) and with stakeholders is 
needed before robust markets for ecosystem services can be developed.

BOX �-� 
The Colorado River Basin Salinity Program and The 

New York City Catskills–Delaware Project

	 The	salinity	in	the	Colorado	River	is	regulated	as	a	result	of	the	Clean	Water	Act,	other	federal	legisla-
tion,	and	international	treaties.	Designed	in	part	to	ensure	low	salinity	water	for	Mexico’s	portion	of	the	
Colorado	River,	the	Colorado	River	Basin	Salinity	Program	has	evolved	considerably	over	time.	One	of	its	
main	concerns	has	been	salinity	in	return	irrigation	flows	(Adler	and	Straube,	2000).	In	1995,	Congress	
provided	for	an	open	competitive	basin-wide	salinity	program	under	which	any	party—public,	private,	or	
partnerships—could	bid	to	receive	funding	for	salinity	control	projects.	The	bidding	process	was	voluntary	
because	parties,	including	farmers,	can	determine	for	themselves	whether	they	wish	to	bid	and	the	nature	
of	the	project	they	are	proposing	(Batie,	2001).	Program	officials	selected	those	bids	for	controlling	salinity	
on	the	basis	of	their	ability	to	control	the	most	salt	per	taxpayer	dollar	and	the	probability	of	success.	Four	
years	into	the	program,	selected	projects	reduced	salinity	at	prices	ranging	from	$11–$36/ton	of	control,	
less	 than	 half	 the	 previous	 pre-bidding	 costs	 (Adler	 and	 Straube,	 2000),	 although	 the	 prices	 involved	
have	risen	as	the	 low-cost	projects	are	 implemented	and	additional	control	 is	needed	(in	part	because	
the	Colorado	flow	has	diminished).	Significant	salinity	control	resulted	from	implementing	measures	on	
private	agricultural	lands	(U.S.	Department	of	Interior,	2009)	that	were	responsible	for	about	37	percent	of	
the	salinity	problem	(U.S.	Department	of	Interior,	2005).	The	program	has	undergone	some	changes	since	
1995—now	the	Bureau	of	Reclamation’s	Basin	States	Program	and	USDA’s	Environmental	Quality	Incentive	
Program	(EQIP)	provide	cost-share	funds	and	assistance	to	landowners	who	install	salinity	control	measures,	
such	as	lining	on-farm	canals,	level	of	land,	installing	drip	irrigation	systems,	and	creating	on-farm	water	
control	structures	(U.S.	Department	of	Interior,	2005).
	 New	York	City,	in	1997,	developed	a	memorandum	of	agreement	to	protect	the	city’s	drinking	water	
supply	for	its	9	million	citizens.	The	agreement	outlined	protection	strategies	that	would	allow	the	city	to	
obtain	a	waiver	of	the	Environmental	Protection	Agency	(EPA)	Surface	Water	Treatment	Rule	for	its	Catskills–
Delaware	supply	system.	Embedded	in	the	agreement	was	a	voluntary	program	designed	to	standardize,	
improve,	and	fund	environmental	practices	among	the	watershed’s	farmers	(Batie,	2001).	A	unique	feature	
of	that	aspect	of	the	program	was	the	close	connection	with	scientists	from	Cornell	University	who	had	
studied	the	hydrology,	phosphorus	transport,	and	economics	in	the	watershed.	The	partnership	of	the	City	
of	New	York	and	Cornell	University	allowed	farmers	to	develop	whole-farm	plans	for	the	protection	of	the	
watershed’s	water	quality,	guided	by	research	findings.	One	scientific	finding,	for	example,	was	that	85	
percent	of	the	dissolved	phosphorus,	total	phosphorus,	and	manure	loadings	occurred	during	snowmelt	
and	rainfall	events	from	January	to	March.	From	those	findings,	manure	or	management	plans	could	be	
designed	cognizant	of	the	temporal	nature	of	the	loadings	(NRC,	1999,	2000a,b).	Focusing	on	whole-farm	
plans	to	protect	the	watershed	saved	New	York	City	about	80	percent	over	the	building	of	a	billion-dollar	
treatment	plant.
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Cap-and-Trade

Cap-and-trade and offset trading markets that trade allowances to pollute among 
various users are frequently discussed as a potentially cost-effective way to reach environ-
mental goals related to air and water quality. The agricultural sector often is assumed to 
be a potential major supplier of allowances in a trading market and, thus, is assumed to 
be able to obtain revenues for protecting ecosystem services. Fundamentally, the cap-and-
trade versions of markets work with a cap—set by a regulatory agency—on the maximum 
amount of a potential pollutant allowable in a watershed, region, or airshed. To work well, 
cap-and-trade programs require each emitter or discharger of the potential pollutant to 
have a permitted allowance to cover its emissions or discharges. However, the emitter or 
discharger can sell excess, unused allowances to others without the need of permission 
from a regulator. The advantages of such a system are that they reward reductions of 
pollution, stimulate innovation, allow for expansion of an industry without increases in 
pollutant levels, and can be cost-effective in achieving environmental objectives if the ad-
ministrative and enforcement costs are not excessive. Much of the discretion on how much 
to emit or discharge lies with the emitter or discharger. The perceived success of such a 
tradable market system for the reduction of sulfur dioxide (SO2) by U.S. energy producers 
has heightened interest in expanding that type of market into the agricultural sector.

Offsets or Conservation Credit Trading

A variation of the cap-and-trade program design is that of offsets or conservation credit 
trading. These programs are designed to give more flexibility to regulators when adminis-
tering conventional permitting programs. Individual emitters or dischargers can create and 
sell credits when they reduce emissions or discharges below a benchmark that is measured 
and verified by a regulatory agency. The agency must approve credit purchases and sales. 
Credits are created when existing dischargers or emitters permanently reduce discharges or 
emissions below a baseline—usually defined by some rate determined by available technol-
ogy—after the agency verifies the reduction (Shabman et al., 2002).

Because the agriculture sector—with the exception of concentrated animal feeding 
operations (CAFOs)—is subject to few emission or discharge regulations, most experi-
ments with trading markets in agriculture tend to be offset credit sales. For example, the 
Tualatin River Oregon Trading Project used agricultural offsets to mitigate adverse im-
pacts on stream habitat. Clean Water Services (CWS), a sewerage and storm water agency 
in Oregon’s Tualatin River watershed, was faced with high costs of meeting regulatory 
discharge requirements for temperature. Low stream temperatures were viewed as neces-
sary to protect salmon. Because of the high costs involved with other temperature-control 
methods, the regulators allowed CWS to purchase agricultural offsets. The offsets involved 
farmers planting riparian buffers to increase stream shading and thereby reduce stream 
temperatures. CWS was able to leverage and augment funds from the USDA Conservation 
Reserve Enhancement Program (CREP), which pays incentives to farmers to install conser-
vation practices including riparian buffers on sensitive lands.

Although the offsets were only a part of the CWS plan to reduce water temperatures, 
they illustrate the use of agricultural offsets to meet permit regulatory requirements. Fur-
thermore, such experiments also highlight the challenges of designing the programs. Policy 
questions that required answers in the Tualatin case include: How does shading translate 
into impacts on water temperature and salmon survival? How should that temperature 
equivalence then transfer into the permitted requirements for CWS? How will temperature 
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be monitored over what time and space and attributed to the offset credits? How will the 
longevity and maintenance of the shading be enforced and by whom? Who will bear the 
costs? What is the recourse back to the landowner or to CWS if temperature reductions and 
or salmon survival are not adequate?

Programs such as the Tualatin River Project have added to the interest in nutrient water 
quality offset trading as a way of achieving pollutant control requirements stemming from 
the Clean Water Act. When agriculture nutrient trading is involved, the programs are some-
times referred to as point–nonpoint trading. Yet, despite various successes, the potential of 
nutrient-trading programs to generate revenues for agricultural nonpoint sources remains 
problematic. Despite more than 10 years of state and federal promotion of point–nonpoint 
trading, demonstration projects, and research, the total volume and value of offsets involv-
ing regulated point sources’ discharges and nonregulated agricultural nonpoint sources has 
been minimal (Stephenson et al., 2009).

Limitations on such trading can be illustrated by a study of a recent Commonwealth 
of Virginia program. It is one of the largest nutrient-trading programs in the United States 
in which a cap has been placed on nutrients from point sources that drain into the Chesa-
peake Bay, but trading of nutrient credits by point sources with nonpoint sources has been 
allowed. The Virginia Department of Environmental Quality approved a number of best 
management agricultural practices that were eligible to generate nutrient credits as offsets, 
including no-till, reduction in nitrogen application rates, and planting of early cover crops. 
However, a study by Stephenson et al. (2009) concluded that, given the costs and uncertain-
ties involved with the approved agricultural offset options, point sources are unlikely to 
use them. Therefore, the program as designed will not likely motivate changes in farming 
practices.

Carbon sequestration is another valuable ecosystem service that has gained attention 
in the agriculture sector, as new carbon marketing trading schemes can potentially provide 
farmers with financial opportunities. Given the escalating public concern about climate 
change and the emergence of markets to trade carbon credits globally, agricultural produc-
ers in some regions have opportunities to participate in carbon markets and to gain carbon 
credits or offsets when they use practices that sequester large amounts of carbon.

In the United States, the Chicago Climate Exchange operates a voluntary market for 
carbon trading (Evergreen Funding Consultants, 2009). The National Farmers Union (NFU) 
has established a Carbon Credit Program “that allows agricultural producers and landown-
ers to earn income by storing carbon in their soil through no-till crop production, conver-
sion of cropland to grass, sustainable management of native rangelands and tree plantings 
on previously non-forested or degraded land” (NFU, 2009). The capture of methane (CH4) 
from anaerobic manure digester systems can also earn carbon credits. NFU has earned 
approval from the Chicago Climate Exchange to aggregate carbon offsets (carbon credits) 
and sell them on behalf of producers. The NFU Carbon Credit Program earned more than 
$8 million for producers in its first two years of operation (NFU, 2009).

To date, however, few farmers are engaged in supplying actual carbon credits, per-
haps because such programs are in an early stage of development and perhaps because 
the same types of questions need to be answered and challenges met as with water quality 
offset trading. Trading carbon credits (such as offsets) from agriculture has generated con-
troversy; interpretations differ about the appropriate methods for measuring and valuing 
carbon in the context of farming systems. All the design issues raised in the Everglades 
and Tualatin projects, such as the establishment of appropriate baselines, the additivity 
of the carbon sequestration effort to the reduction of greenhouse gases, the permanence 
of such changes, and who bears the costs of enforcement or failure to meet environmental 
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objectives, are important in the cost-effective design of the carbon sequestration trading 
and offset markets.

Nevertheless, the carbon-trading programs are garnering interest. Several proposed 
federal climate bills include cap-and-trade or offset approaches that will limit carbon emis-
sions and increase the value of carbon credits. Passage of those bills could lead to the devel-
opment of additional market or trading opportunities for farmers who are using “carbon-
friendly” practices (AFT, 2009). The increasing attention to carbon sequestration might 
encourage management practices that increase carbon sequestration, reduce greenhouse-
gas emissions, and have other benefits for producers and have positive social impacts. For 
example, conservation tillage, cover crops, habitat buffers, or other vegetative cover can 
be profitable for farmers and are useful to increase carbon storage and other ecosystem 
services (Kolk, 2008).

Role of Valuation of Ecosystem Services

In part because of the increasing interest in providing “markets” for ecosystem services, 
interest in providing monetary values of ecosystem services such as carbon sequestration, 
water quality, soil carbon, and wildlife habitat is growing. Valuations can emerge from mar-
ket trading when willing buyers and sellers of offset credits come to agreements on prices. 
Valuations can also be estimated using nonmarket valuation techniques, such as contin-
gent valuation, hedonic valuation, and cost-based or factor-income approaches (Swinton 
et al., 2007). Nonmarket valuation techniques require distinctive accounting methods and 
policies and integration of ecology into agricultural economics (Heal and Small, 2002). Al-
though valuation of ecosystem services is a relatively new field of economics, methods and 
knowledge for estimating the value of ecosystem services and for identifying cost-effective 
policy designs to create incentives for agriculture producers to provide them are develop-
ing rapidly (Casey et al., 1999).

PUBLIC POLICY AS A CONTEXTUAL FACTOR

A large number of public policies and programs influence farmer decision making: 
production credits, environmental regulations, liability rules, tax incentives, transportation 
policies, antitrust legislation, credit availability, intellectual property rights, disaster pay-
ments, education and research, crop insurance policies, international and domestic trading 
rules, and private contracts. They include incentive programs to address environmental 
goals (such as improving air, water, or grazing lands quality), they might involve public 
investment in infrastructure (for example, road, sewer, or fiber optic locations), or they 
might be macroeconomic policies (for example, tax or labor policies) (Batie, 2001).

So extensive and complicated are the numbers of programs and policies that affect 
farming that it is nearly impossible for policy analysts, economists, and others to predict all 
their direct and indirect impacts. In addition, only after some period of time will sufficient 
data and information become available to know how the policies have affected farmer be-
havior and the collective result of that behavior. This section focuses on some policies and 
programs with particular relevance to sustainable farming practices and systems.

The Food, Conservation and Energy Act of �00�

The Farm Bill, established in 1936 and reenacted every four to five years by the U.S. 
Congress, provides the legal framework for taxpayer support of the agricultural and rural 
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economy, including the promotion of conservation and provision of nutritional assistance 
to needy families. Each Farm Bill has its own name; the 2008 bill is called The Food, Conser-
vation and Energy Act. The Farm Bill is a major influence on many, but not all, producers’ 
choice of crops and land management decisions. About 26 percent of farms, representing 53 
percent of all farmland (Figure 6-3), receive Farm Bill commodity payments; an additional 
10 percent of all farms and 8 percent of farmland also receive conservation payments with-
out participating in commodity payments (Claassen et al., 2007a). Major provisions of the 
Farm Bill are the commodity support programs, the crop insurance and disaster programs, 
conservation programs, and nutritional assistance programs.

Commodity Support Programs

Some provisions of the Farm Bill subsidize the cost of producing commodity crops 
such as cotton, rice, corn, wheat, and soybean and the cost of producing dairy products, 
peanuts, and sugar. These Farm Bill crops and products can be grown using a variety of 
practices and systems, including organic production practices. None of the Farm Bill com-
modity payments go to nondairy livestock, fruits, and vegetables. Current commodity 
support programs include direct payments to farmers based on the historical number of 
acres planted of a particular commodity, and others are tied to target prices that trigger 
payments. In 2003–2006, the Farm Bill provided more than $63.4 billion in farm subsidies 
to recipients (not all of whom were commodity producers) (Environmental Working Group, 
2009). Commodity payments provide strong incentives to plant program crops or produce 
dairy products and to maximize yields.

Partly because of a perception that such subsidies might put nonsubsidized fruits and 
vegetables at a price disadvantage relative to Farm Bill crops, some argue that a portion of 
Farm Bill payments should be directed toward fruits and vegetable production. In other 
words, they suggest that “full planting flexibility” be given to existing Farm Bill partici-
pants so that these farmers could plant fruits and vegetables instead of traditional Farm Bill 
crops. However, there is little evidence that “full planting flexibility” would result in sig-

FIGURE �-� Commodity payments are large relative to conservation payments; overlap is modest.
DATA SOURCE: 2001–2003 Agricultural Resource Management Survey (ARMS).
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nificant increases in the production of fruits and vegetables (Fumasi et al., 2006; Thornsbury 
et al., 2007). Direct subsidies to existing fruit and vegetable growers, however, would likely 
result in an expansion of such production and a lowering of market prices.

Much of the value of commodity payments tends to be capitalized into the price of 
fixed assets such as land, so that if program payments were to decline, so would farmland 
prices. High farmland prices can raise the cost of producing crops and dairy products, but 
farmland can also serve as collateral for loans if a farmer owns the land. However, higher-
priced farmland can serve as a barrier to entry for new farmers. Even if new farmers are 
able to purchase land, they might find the high costs of land make it harder for them to be 
the low-cost producer.

The commodity support programs in Farm Bills have been criticized for encouraging 
farming practices that move away from sustainability. Unless effectively inhibited by envi-
ronmental regulation or other requirements, the commodity programs encourage farmers 
to convert lands—sometimes marginal lands—to agricultural uses and to use intensive pro-
duction practices to produce commodity crops. Intensive production practices could lead to 
farmers using excess inputs (for example, pesticides and fertilizers), neglecting conserva-
tion practices, and modifying the hydrology of the landscape extensively (for example, via 
destruction of wetlands, drainage, or irrigation). The result can be loss of wildlife habitat 
and biodiversity and substantial leaking of dissolved salts, pathogens, and various soil 
and farm nutrients from the farm that impair the functional integrity of ecosystems (NRC, 
1993a; Claassen et al., 2001; Lubowski et al., 2006).

Other criticisms are that the commodity support programs of the Farm Bill accelerate 
the loss of mid-sized farms and the consolidation of agricultural lands under fewer opera-
tors and thereby can undermine the economic viability of rural communities. Because the 
commodity support programs have resulted in more lands dedicated to feed grains such 
as corn and soybean than would otherwise be the case, the Farm Bill has also been accused 
of being a major force in producing a food supply inconsistent with USDA’s dietary health 
guidelines (Hamm and Bellows, 2003). Abundant and low-cost feed grains have reduced 
the costs of confined animal feeding, which some critics claim has led to factory-like prac-
tices for the production of animal products (Pew Charitable Trusts and Johns Hopkins 
Bloomberg School of Public Health, 2008).

On the other hand, it is difficult to know how much of the land use changes and man-
agement would have been the same without the commodity support programs. The Farm 
Bill might have only accelerated underlying forces toward consolidation, certain crops, and 
neglect of off-farm costs such as water pollution (Dimitri et al., 2005). Outcomes associated 
with farm policy deregulation in other countries provide some insights into the U.S. Farm 
Bill’s influences on sustainability outcomes, although each country’s situation has its own 
contextual factors that can influence the outcomes. Box 6-4 summarizes some findings of 
deregulation studies.

The 2008 Farm Bill deviates from earlier Farm Bills in that it provides financial sup-
port to farmers to convert to organic production. The 2008 Farm Bill mandates a five-fold 
increase in research funds for organic production with two research priorities: assessing 
conservation and environmental outcomes of organic practices and developing new and 
improved seed varieties for use in organic production systems. It also includes other pro-
visions that might encourage farmers to adopt organic production or other conservation 
practices, including technical assistance on organic conservation practices and priority 
given to qualified beginning and socially disadvantaged producers, owners, or tenants 
who use the loans to convert to organic or other production systems that could improve 
sustainability (Green, 2009).
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Crop Insurance and Disaster Payments

Federal crop insurance programs subsidize the cost of private insurance purchased by 
farmers in the event of crop failure and enable them to be eligible for disaster assistance. 
Many banks require farmers to buy crop insurance as a precondition for a loan. Crop insur-
ance subsidies are calculated as a percentage of the total premium (Westcott and Young, 
2000). The total premiums depend on the risks of loss associated with each crop on each 
acre of land, and therefore vary across crops and farms. As a result, the premium subsidies 
are higher for coverage for production of riskier crops and for production on riskier lands. 
The premium structure potentially encourages farmers to engage in risky practices and to 
keep some low-productivity land and some environmentally sensitive lands, such as those 
with highly erodible soils, in production (Westcott and Young, 2000). A higher proportion 
of low-quality land than the national average for cultivated cropland is subject to such sub-
sidized payments (Lubowski et al., 2006). Models of crop insurance effects on production 
decisions suggest that resulting land use effects (such as shifting extensive land from hay 
and pasture to corn production) increase total chemical use (Wu, 1999).

Crop insurance can be a disincentive for farmers to diversify their production enter-
prises. One of the reasons that some farmers diversify their production enterprises is to 
reduce income variation (Donoghue et al., 2009). Lowering the risk of income variation 
in specialized production systems by crop insurance coverage might motivate farmers to 
use those systems because of their ease of management and potentially lower production 
costs relative to diversified systems. The Federal Crop Insurance Reform Act of 1994 raised 
insurance subsidies for farmers substantially. An analysis of data from the 1992 to 1997 
Census of Agriculture and the records of crop insurance adoption from USDA’s Risk Man-
agement Agency suggest that farmers increased specialization in response to increases in 
subsidized crop insurance coverage (Donoghue et al., 2009). The increase in crop insurance 

BOX �-� 
Other Countries’ Experiences with Farm Policy Deregulation

	 Declining	Canadian	subsidies	of	agriculture	did	not	result	in	diversification	of	wheat	crops	in	Saskatch-
ewan,	Canada.	Rather,	wheat	plantings	and	a	continued	reliance	on	specialized	production	seem	to	have	
expanded	(Bradshaw,	2004).	In	contrast,	in	southwestern	British	Columbia,	there	was	a	loss	of	the	local	
fruit	 and	processing	 industry,	 forcing	diversification	away	 from	 the	production	of	processed	 fruits	 and	
vegetables,	but	not	in	fresh	crops	(Fraser,	2006).	Those	studies	suggest	that	the	impact	of	farm	policies	on	
crop	and	livestock	specialization	cannot	be	generalized,	because	responses	to	deregulation	appeared	to	
have	been	context	and	locality	specific.
	 Farm	policy	deregulation	in	New	Zealand	and	Australia	has	been	followed	by	fewer	but	larger	farms,	
increased	productivity	 from	adoption	of	new	 technologies	and	 improved	management	practices,	 and	
diversification	of	farm	businesses	and	increased	off-farm	income	(Harris	and	Rae,	2004;	Anderson	et	al.,	
2007).	Real	prices	of	farmland	in	New	Zealand	have	recovered	from	the	deregulation	shock	(Lattimore,	
2006;	Anderson	et	al.,	2007).	Overall,	the	economic	and	environmental	effects	of	the	New	Zealand	de-
regulation	appear	to	be	positive	(Vitalis,	2007).
	 Elimination	of	subsidies	 in	Australia	and	New	Zealand	 included	nonagricultural	subsidies,	and	agri-
cultural	subsidies	in	those	countries	were	smaller	than	agricultural	subsidies	in	the	United	States	or	the	
European	Union.	In	New	Zealand,	after	deregulation,	agriculture’s	share	of	Gross	Domestic	Product	(GDP)	
increased	from	7	percent	in	the	late	1980s	to	9	percent	in	the	early	2000s	(Anderson	et	al.,	2007).	The	
increase	in	share	might	be	an	explanation	for	why	farmland	prices	rebounded	after	substantial	declines	in	
the	mid-1980s.
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might have removed any need for farmers to diversify their production enterprises, which 
can be a key strategy in improving environmental and economic sustainability and com-
munity well-being (Chapters 3, 4, and 5) and an important element for increasing system 
resilience and adaptability (Walker and Salt, 2006; Naylor, 2008). Strong arguments were 
made that public policy needs to recouple agriculture with its environmental resource base 
and to not encourage production systems that are incompatible with resource constraints 
(Naylor, 2008).

However, not all insurance policies discourage diversification of commodities. The 
Adjusted Gross Revenue Lite (AGR-Lite) is a federally subsidized, whole-farm revenue 
insurance policy. AGR-Lite provides higher levels of coverage to farms that have multiple 
commodities and makes loss payments when the eligible AGR-Lite gross income of the 
current year is less than the approved AGR-Lite income. AGR-Lite could protect organic 
production and agricultural production for direct sales (USDA-RMS, 2008).

Organic producers are vulnerable to the same weather risks as other farmers, but also 
face a number of unique production risks (such as contamination from genetically modified 
crops on neighboring farms) and potentially greater income losses (associated with higher 
organic-product premiums in the marketplace). As a result, their participation in traditional 
crop insurance programs has been relatively low (Hanson et al., 2004).

Conservation Programs

One response to the criticisms of the commodity programs has been the enactment of 
voluntary conservation programs within the Farm Bill (Claassen and Ribaudo, 2006). Con-
servation programs include land retirement programs such as the Conservation Reserve 
Program (CRP); working lands or technical assistance programs such as the Environmen-
tal Quality Incentives Program (EQIP) or the Conservation Stewardship Program (CSP; 
formerly Conservation Security Program); and programs that make receipt of Farm Bill 
commodity payments contingent on the reduction of soil erosion losses below a tolerance 
level (for example, the cross-compliance program).

The Conservation Reserve Program is a voluntary program through which agricul-
tural landowners can receive annual rental payments and cost-share assistance to establish 
multiyear, resource-conserving covers on eligible farmland (USDA-FSA, 2009). CRP is 
limited mostly to cropland. In 1997, USDA started the Conservation Reserve Enhancement 
Program (CREP), a federal-state partnership that targets farmland for retirement in specific 
geographic areas to further local conservation goals (Lambert et al., 2006). Budget limita-
tions do not allow all crop farmers to enroll in CRP and CREP; nonetheless, those programs 
contribute to motivating some farmers to improve environmental sustainability by retir-
ing land from agricultural production (Figure 6-4). In general, the retired lands tend to be 
those vulnerable to soil erosion, but they do not have higher potential nutrient runoff and 
leaching to water than other cropland areas (Lubowski et al., 2006). CRP retirements are not 
necessarily permanent because most CRP contracts are for 10 to 15 years. Some research-
ers argue that CRP can improve its environmental cost-effectiveness by increasing the use 
of science-based models to establish links between spatial and dynamic processes of land 
retirement to actual environmental benefits achieved by land retirement (Claassen et al., 
2007b; Khanna and Ando, 2009).

EQIP is a voluntary conservation program that provides technical and financial as-
sistance to help participants install or implement conservation practices on eligible agri-
cultural lands (USDA-NRCS, 2009b). The EQIP program and its predecessors (such as 
the USDA Agricultural Conservation Program and Hydrologic Unit Program) have been 
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linked to significant improvements in soil erosion, water quality, and other environmental 
indictors (Schnepf and Cox, 2006).

Most EQIP funds have gone to livestock producers (Lambert et al., 2006) and are in-
tended to help those operations reduce agricultural impacts on water and air quality and 
improve wildlife habitat. EQIP’s funding has increased substantially over the years, and it 
is widely supported by the farm community (Canada and Zinn, 2005). However, the pro-
gram has been criticized by some for favoring CAFOs because it prioritizes activities that 
CAFOs are more likely to be required to pursue to comply with the Clean Water Act. For 
example, approved activities include improving waste storage facilities, developing com-
prehensive nutrient management plans, and transporting manure to be applied to crops 
at environmentally and agronomically sound rates (Gurian-Sherman, 2008). The focus of 
the program on providing cost-sharing for specific approved best management practices 
(BMPs) might encourage incremental efforts to reduce pollution from existing farming sys-
tems at the expense of encouraging the use of different farming systems that might generate 
fewer pollution risks and thus improve long-term environmental sustainability.

The 2009 Farm Bill includes an Environmental Quality Incentives Program Organic 
Initiative. The initiative has about $50 million per year and is designed to assist farmers 
and ranchers in converting to organic production, to organic farmers and ranchers in ex-
panding existing organic production, and to organic farmers and ranchers in improving 
environmental performance.

The Conservation Stewardship Program (CSP) is a voluntary, working-land program 
that provides technical and financial assistance to farmers to maintain conservation prac-

FIGURE �-� Distribution of acreage enrolled in CRP or CREP and contracts by major conservation 
practice as of November 2001.
NOTE: CRP payments were estimated on the basis of rental and cost-share payments distributed to 
participants between 1997 and 2001.
FIGURE SOURCE: Lambert et al. (2006).
DATA SOURCE: Barbarika (2001).
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tices and to adopt additional conservation practices (USDA-NRCS, 2009a). Payments for 
addressing priority environmental concerns are made over the life of the contract. CSP 
gives priority to farmers who have already demonstrated that they are “good stewards.” 
One justification for the program is the belief that prioritization will motivate the farmers 
who are not already using conservation practices to do so. However, focusing the program 
on existing “good stewards” could mean that farmland that would yield the most environ-
mental benefits from the program might be excluded (Feng et al., 2004). On the other hand, 
CSP can be considered an experiment to design a “green payments” program in which 
farmers are paid for adoption of conservation practices and not for commodity production 
(Horan et al., 1999; Batie and Horan, 2002).

Although conservation programs have always been intertwined with commodity pro-
grams and although the amount of spending on conservation programs is steadily in-
creasing with each Farm Bill, commodity programs have always been dominant (Dobbs, 
2008; Doering, 2008). The dominance of commodity programs is reflected in many of the 
conservation dollars being spread widely to support farmers’ incomes, rather than being 
tightly focused on where agrienvironmental problems would most benefit from program 
attention (Cox, 2007; Batie, 2009). However, CRP has developed environmental indices 
to identify and focus on lands associated with potential environmental benefits. Target-
ing CRP through the use of an environmental benefits index has resulted in a substantial 
increase in overall program benefits when compared to the earlier, less targeted version of 
the program (Claassen et al., 2003; Cattaneo et al., 2006).

Despite the growing importance of conservation programs as the major source of fund-
ing for environmental management on private lands (Cox, 2007) and despite the improve-
ments made in agrienvironmental performance as a result of those programs (Claassen 
et al., 2004; Gagnon, 2004), the programs are criticized as potential barriers to implementing 
more practices and systems to improve sustainability. Criticisms that have been leveled 
at the conservation programs include that they are duplicative and uncoordinated, do 
not focus on the most serious agrienvironmental problems, penalize some crops used in 
diverse rotations, do little to promote vegetable and fruit production, and have inadequate 
environmental performance measures, requirements, and enforcement. Other criticisms in-
volve the impermanence of changes; use of perverse incentives that reward past polluters; 
inadequate cost sharing for information-intensive system management practices, technical 
assistance, or more broad landscape coverage; and inappropriate support of out-of-date 
practices that are ill-suited for environmental management. There is also concern that the 
conservation programs focus too narrowly on Midwest croplands and land retirement 
programs and do not have an environmental unit of interest such as watersheds, instead of 
individual farm fields (Arha et al., 2007; Cox, 2007).

Nutritional Assistance Programs

In Fiscal Year (FY) 2008, about 64 percent of the funding appropriated to USDA was 
spent on domestic food and nutritional assistance to children and needy families (Oliveira, 
2009). The USDA food assistance programs provided $60.7 billion in FY 2008, 11 percent 
more than in the prior fiscal year (Oliveira, 2009). Those programs include the Supple-
mental Nutrition Assistance Program (SNAP) and payments to the Women, Infants, and 
Children (WIC) Program, which provide funds to families with very young children to 
purchase more food, and to the school lunch and breakfast programs. Included in the 
nutritional programs are initiatives that could provide opportunities for small and local 
farmers. For example, the recently expanded WIC and Electronic Banking Transaction pro-
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grams help lower-income families increase their access to fresh foods. The 2008 Farm Bill set 
aside 10 percent of available grant money for new Electronic Banking Transaction projects 
at farmers’ markets. Because all SNAP benefits are provided through such electronic sys-
tems, the technology is essential to open up farmers’ markets to SNAP consumers. The WIC 
Farmers’ Market Nutrition Program (FMNP) provides voucher coupons to WIC mothers 
and children to exchange for fresh fruits and vegetables at farmers’ markets and roadside 
stands. In 2008, 16,016 farmers, 3,367 farmers’ markets, and 2,398 roadside stands were 
authorized to accept FMNP coupons. Coupons redeemed through the FMNP generated 
more than $20 million in revenue to farmers (USDA-FNS, 2009). The program, particularly 
if expanded, could provide incentives for additional farmers (those who directly produce 
for the end-consumer) to become involved in farmers’ markets and, presumably, contribute 
to community well-being.

Trade Policies

Many U.S. farmers’ planting and production decisions are heavily influenced by trade 
and trade policies. Indeed, with the productivity of U.S. agriculture growing faster than 
domestic demand for food and fiber, U.S. farmers rely increasingly on export markets to 
sustain prices and incomes. Imports also influence markets prices. For example, import-
ing fresh fruits and vegetables can stabilize year-round supplies and dampen fluctuations 
in prices for domestic products, but they pose a competitive challenge to U.S. producers. 
Volumes, prices, and content of trade are influenced by many factors, including exchange 
rates and such governmental policies as domestic commodity payments, export subsidies, 
or import rules and tariffs.

Multilateral trade organizations play an increasingly important role in shaping domes-
tic trade policies. The largest and most influential is the World Trade Organization (WTO). 
The United States is a member of WTO, whose objective is to reduce barriers to agricultural 
market access in trading countries, phase out export subsidies, and reduce trade-distorting 
agricultural income support programs, such as direct commodity subsidies. Disputes be-
tween member nations over trade policies and domestic agricultural support can be ad-
dressed by WTO (USDA-ERS, 2009d).

WTO rulings on trade and domestic support policies can have important influences 
on farmers’ production choices. For example, recent WTO trade dispute rulings against 
U.S. support of domestic cotton could have a variety of impacts on U.S. farmers’ produc-
tion decisions. On one hand, if the United States complies with the WTO ruling against its 
domestic cotton programs (it has not yet done so), the resulting modifications in the cotton 
programs could reduce profitability of production. At the same time, U.S. compliance with 
the WTO cotton ruling would likely require a change in U.S. domestic cotton subsidies that 
would eliminate the existing prohibition on the planting of fruits and vegetables on cotton 
program acreage. In either case, such a result demonstrates the effect of trade and domestic 
support policies (both the existing policies and potential changes in policies) on decisions 
of U.S. producers.

In addition to global trade agreements such as those managed by WTO, many regional 
trade agreements (RTAs) affect trade patterns around the world (Burfisher and Jones, 1998). 
The United States participates in the North American Free Trade Agreement (NAFTA) and 
the Central American Free Trade Agreement (CAFTA). Unlike WTO, which is multilateral 
and seeks to reduce trade barriers among all its members, RTAs seek to reduce trade bar-
riers only among the few signatories of the agreement. For example, NAFTA is a compre-
hensive trade-liberalizing agreement among Canada, Mexico, and the United States. Its 
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purpose is to progressively eliminate tariff and quota barriers to agricultural trade, facilitate 
science-based sanitary and phytosanitary standards, and increase cross-border cooperation 
on issues associated with agricultural labor and the environment among the three member 
nations (USDA-ERS, 2009e).

Because global and regional trade agreements often limit the independence of indi-
vidual countries’ farm and environmental programs, there are concerns that they could 
hamper an individual country’s ability to support agricultural sustainability attributes 
(Tothova, 2009). Trade agreements often include some trade-legal mechanisms for countries 
to protect desired landscapes, reduce emissions of greenhouses gases, dictate certain pro-
duction practices (such as the use of pesticides, growth hormones, genetically engineered 
crops, or cruelty-free animal care), or demand certain labor working conditions (such as 
fair trade). However, because many disputes involve disagreements about acceptable risks 
for food safety or appropriate ethics for fair and humane production practices, no clear line 
of demarcation ascertains when such trade protection is a legitimate tool to accomplish 
a country’s desired sustainability outcomes or desire for self-sufficiency in times of food 
shortages versus when it is a means of protecting domestic producers from international 
trade competition. If it is the latter, then such protection could violate international trade 
agreements. Some recent WTO trade disputes between the United States and the European 
Union about hormones in meat or the planting of genetically engineered crops indicate 
the difficulty of determining the line of demarcation between achieving domestic policy 
objectives and protecting domestic producers in such complex issues that involve the at-
tributes of goods or production methods. As a result, legitimate concerns have arisen that 
sustainability attributes might be omitted or impaired in the pursuit of more liberalized 
trade (Batie and Schwiekhardt, 2009; Tothova, 2009) or that the imposition of sustainability 
requirements in traded products (for example, nongenetically engineered) attributes could 
limit U.S. farmers’ ability to profitably supply commodities that have those attributes. 
Indeed, the failure of the 2009 Doha WTO trade rounds to reach a resolution as to how 
to manage countries’ domestic sustainability objectives in the context of liberalized trade 
emphasizes the complexity of these issues. WTO might have to reconsider its policies to 
provide a balance between the objectives of each country’s domestic sustainability and 
trade liberalization (Batie and Schweikhardt, 2009).

Energy Policy

The Energy Independence and Security Act (EISA) of 2007 was enacted to “to move 
the United States toward greater energy independence and security, to increase the produc-
tion of clean renewable fuels, to protect consumers, to increase the efficiency of products, 
buildings, and vehicles, to promote research on and deploy greenhouse gas capture and 
storage options, and to improve the energy performance of the Federal Government, and 
for other purposes.” EISA was signed into law on December 19, 2007, and took effect in 
January 1, 2009. A subtitle within the bill, the Renewable Fuel Standard (RFS), is designed 
to promote the production and consumption of biofuels by requiring minimum annual 
levels of renewable fuels in U.S. transportation fuels. Previously, the Energy Policy Act of 
2005 had established a national renewable fuel standard that mandated an increased use 
of renewable fuels from 4 billion gallons per year in 2006 to 7.5 billion gallons per year in 
2012. EISA amended that standard to set forth a phase-in for renewable fuel volumes begin-
ning with 9 billion gallons in 2008 and ending at 36 billion gallons in 2022. The 2007 EISA 
requires 10.5 billion gallons of conventional ethanol to be used in 2009, 12 billion gallons in 
2010, and continual increases until a maximum of 15 billion gallons in 2015 through 2022. 
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The bill also requires cellulosic biofuels to be used starting in 2010, rising dramatically from 
100 million gallons in 2010 to 16 billion gallons in 2022 (Table 6-3).

To facilitate market penetration of biofuels, the federal government has adopted sev-
eral policies that subsidize biofuels production. Specifically, the USDA Commodity Credit 
Corporation’s (CCC) Bioenergy Program, announced in 2000, has made cash payments to 
commercial bioenergy (ethanol and biodiesel) producers in the United States who increase 
their bioenergy production from eligible commodities. The program was aimed to expand 
markets for agricultural commodities and to promote the use of biofuels (USDA-FSA, 2000; 
USDA, 2000). The American Jobs Creation Act of 2004 provided a $0.51 tax credit per gallon 
of ethanol blended to companies that blend ethanol and a $0.50–$1.00 per gallon tax credit, 
depending on the feedstock, to biodiesel producers.

The impact of those policies on American agricultural practices has been profound. As 
discussed in Chapter 2, the corn ethanol and soybean biodiesel industries emerged rapidly 
and contributed to shifts in the acreages planted to those crops. Whether and how cellulosic 
biofuels consumption mandates will influence farmers’ choice of crops or management 
systems are yet to be seen. In each case, new biofuel policies and market opportunities will 

TABLE �-� Mandated Consumption Targets for Various Biofuels Under the 2007 Energy 
Independence and Security Act (EISA)

Year

(In billions of gallons)

Conventional 
Biofuela

Advanced 
Biofuelb

Cellulosic 
Biofuelc

Biomass-based 
Dieseld

Total 
RFS

2008 9.0 — — — 9.000
2009 10.5 0.600 — 0.500 11.100
2010 12.0 0.950 0.100 0.650 12.950
2011 12.6 1.350 0.250 0.800 13.950
2012 13.2 2.000 0.500 1.000 15.200
2013 13.8 2.750 1.000 e 16.550
2014 14.4 3.750 1.750 e 18.150
2015 15.0 5.500 3.000 e 20.500
2016 15.0 7.250 4.250 e 22.250
2017 15.0 9.000 5.500 e 24.000
2018 15.0 11.000 7.000 e 26.000
2019 15.0 13.000 8.500 e 28.000
2020 15.0 15.000 10.500 e 30.000
2021 15.0 18.000 13.500 e 33.000
2022 15.0 21.000 16.000 e 36.000

 aConventional biofuel means renewable fuel that is ethanol derived from corn starch.
 bAdvanced biofuel means renewable fuel, other than ethanol derived from corn starch, that has lifecycle 
 greenhouse-gas emissions, as determined by the administrator, after notice and opportunity for comment, that 
are at least 50 percent less than baseline lifecycle greenhouse-gas emissions.
 cCellulosic biofuel means renewable fuel derived from any cellulose, hemicellulose, or lignin that is derived 
from renewable biomass and that has lifecycle greenhouse-gas emissions, as determined by the administrator, that 
are at least 60 percent less than the baseline lifecycle greenhouse-gas emissions.
 dBiomass-based diesel means renewable fuel that is biodiesel and that has lifecycle greenhouse-gas emissions, as 
determined by the administrator, after notice and opportunity for comment, that are at least 50 percent less than 
the baseline lifecycle greenhouse-gas emissions.
 eAt least 1.000 (specific amount to be determined by the administrator).

SOURCE: EPA (2009a).
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provide complex new incentives and disincentives for producers to use farming practices 
described in Chapter 3 (for example, crop rotations, cover crops, reduced tillage, and inte-
grated pest management), which will affect the sustainability performance of the U.S. farm 
sector. Science-informed policy is important if the positive social and environmental attri-
butes of biofuel production are to be achieved (Robertson et al., 2008). Research is needed 
to design standardized metrics and approaches and to develop decision-support tools to 
identify and quantify environmental, food versus fuel, water use, or other potential sus-
tainability tradeoffs for biofuel production (Williams et al., 2009). Otherwise, the effect of 
biofuel production on resilience of the food production system and environmental quality 
is uncertain (Naylor, 2008).

Environmental Regulation

The Environmental Protection Agency (EPA) has a number of laws and programs that 
could affect agricultural producers. (Similarly, many states have their own regulations.) A 
description of the major federal laws and programs that could affect farmers and their re-
quirements are listed on EPA’s website (EPA, 2007). This section uses a few of those regula-
tions to illustrate their potential influence on farmers’ adoption of various farming practices 
and systems and their effect on improving sustainability in U.S. agriculture. Other federal 
agencies also administer regulations that affect farmers’ decisions. The Department of the 
Interior, for example, administers the Endangered Species Act, and the Food and Drug Ad-
ministration provides food safety guidelines and administers food safety requirements.

Clean Air Act

The Federal Clean Air Act established the National Ambient Air Quality Standards 
(NAAQS) for criteria pollutants: carbon monoxide (CO), particulate matter (PM), lead (Pb), 
nitrogen dioxide (NO2), sulfur dioxide (SO2), and ozone (O3). It also regulates 188 hazard-
ous air pollutants. The law aims to control “major sources” of emissions that exceed the 
specified thresholds. Although agricultural production is not exempt from the statute, most 
farms do not exceed the specified thresholds (Copeland, 2009). Among the six criteria air 
pollutants, two (PM and NO2) are emitted by animal feeding operations (AFOs). Volatile 
organic compounds are also emitted by livestock production facilities. Large AFOs that ex-
ceed the emissions thresholds are regulated by the Clean Air Act and are required to apply 
for permits. In addition to the Clean Air Act, some livestock operations are subject to report-
ing requirements under the Comprehensive Environmental Response, Compensation, and 
Liability Act (CERCLA, the Superfund law) and the Emergency Planning and Community 
Right-to-Know Act (EPCRA) if large quantities of certain hazardous substances are released 
into the environment, including ambient air. The Clean Air Act, CERCLA, and EPCRA 
might motivate owners and operators of large operations to adopt technologies or practices 
that reduce the emissions of criteria pollutants and hazardous pollutants so that they do 
not exceed the thresholds of emissions to be considered “major sources,” but the acts only 
apply to a small percentage of farm operations.

Clean Water Act

The objective of the Clean Water Act is to “restore and maintain the chemical, physical, 
and biological integrity of the nation’s waters by addressing point and nonpoint pollution 
sources, providing assistance to publicly owned treatment works to improve wastewater 
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treatment, and maintaining the integrity of wetlands” (EPA, 2007). The statute distinguishes 
between point source and nonpoint source pollution. CAFOs are considered a point source 
of pollution. Under EPA’s revised regulations in 2003, AFOs that meet a specific regulatory 
threshold number of animals (see EPA, 2002, for the threshold number of animals) are de-
fined as CAFOs for purposes of permit requirements and discharge allowances. CAFOs are 
required to obtain a National Pollutant Discharge Elimination System (NPDES) permit and 
are subject to effluent limitations on pollutant discharges. An unpermitted CAFO has an 
option to certify to the permitting authority that the CAFO does not discharge or propose 
to discharge and thus avoid the necessity of a permit. Other animal feeding operations are 
not required by the Clean Water Act to obtain a NPDES permit; however, they might be 
regulated by state programs. As a result, only about 15,500 of the largest animal feeding 
operations that confine cattle, dairy cows, swine, sheep, chickens, laying hens, and turkeys, 
or about 6.5 percent of all animal confinement facilities in the United States, are required 
to obtain NPDES permits under the Clean Water Act (Copeland, 2009). The Clean Water 
Act contributes to preventing those 6.5 percent of CAFOs from unpermitted discharges 
into water bodies, but does not necessarily encourage them to improve in environmental 
sustainability. Studies suggest that the Clean Water Act and Clean Air Act regulations, along 
with state regulations, encouraged a shift in production of hogs from the Southeast to the 
Midwest during the late 1990s to the mid 2000s. The regional shifts were in response to 
regulations that require reducing waste and odor from large manure lagoons and reducing 
land applications of manure (Key et al., 2009).

Most other agricultural activities are considered nonpoint sources of pollution, which 
are generally governed by state water quality planning provisions of the act. Section 319 
of the Clean Water Act was enacted to guide states in conducting nonpoint source assess-
ments and in developing and implementing nonpoint source management programs, but 
there are no federal regulatory requirements. The states have a wide array of enforceable 
mechanisms for controlling nonpoint source pollution, some of which pertain to agricul-
ture. Some states prohibit the discharge of pollutants or waste without a permit and have 
enforceable laws for the control of erosion of sediments, but agricultural enterprises are 
often exempt from those laws (Environmental Law Institute, 1997). Most state plans rely 
primarily on voluntary programs to promote the adoption of practices for reducing non-
point source pollution (Feather and Cooper, 1995). Such voluntary programs as education 
and technical assistance seem to be most effective in encouraging adoption if the practices 
involve only small, inexpensive changes in the farming operation and are profitable to the 
farmer. Incentive payments or cost-sharing can encourage adoption of best management 
practices, but the adoption rates vary across practices and geographic areas (Feather and 
Cooper, 1995).

In addition to regulating discharges, the Clean Water Act provides funding to states, 
territories, and Indian tribes to support a wide variety of activities aimed at reducing 
nonpoint pollution under Section 319(h). For example, Indiana uses some of its Section 
319(h) funds in an agricultural cost-share program that encourages the implementation of 
BMPs.

Food Quality Protection Act

Many regulations are designed to ensure food safety, most of which affect processes 
beyond the farm gate. One exception is the Food Quality Protection Act (FQPA) of 1996, 
which can affect on-farm practices. Signed into law on August 3, 1996, FQPA amended the 
two major pesticides law at that time—the Federal Insecticide, Fungicide, and Rodenticide 
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Act and the Federal Food, Drug, and Cosmetic Act1—to establish a consistent, protective 
regulatory scheme for both fresh and processed foods (EPA, 2009b). FQPA is a major change 
in U.S. pesticide policy because it requires a single, health-based standard for all pesticides 
in all foods. Under FQPA, all exposures to pesticides (including exposure to pesticide resi-
dues through food and water and such nonoccupational exposures as lawn and garden 
treatments) are added together to determine aggregate risk. Cumulative risks also are 
considered. EPA is also required to review pesticide registrations and allowable tolerances 
on food products. In doing so, EPA is to provide special protections from pesticide residues 
for infants, children, and other susceptible consumers.

FQPA requires that regulatory action be taken before uncertainty about possible envi-
ronmental or health damages is scientifically resolved. That is, FQPA uses a “reasonable 
certainty of no harm” as the general safety standard (EPA, 2010). That approach is some-
times referred to as implementing the “precautionary principle,” which rejects the asser-
tion that absence of evidence of harm necessarily equates with safe food. As such, FQPA 
represents a major break with earlier legislation in that it is a reversal of the burden of 
proof for pesticide safety (Swinton and Batie, 2001). FQPA requires an explicit determina-
tion that pesticide tolerances are safe, particularly to infants and children, and the absence 
of evidence of harm is not adequate to meet the requirements of FQPA. Conceptually, the 
use of the precautionary principle could reframe the policy question from “how much of 
a pesticide is safe?” to “are there alternative agricultural systems that do not require pes-
ticides to be productive?” (NRC, 2009).

FQPA also provides for quick review of reduced-risk pesticides to enable them to reach 
the market sooner to replace older, potentially riskier chemicals and to provide information 
to farmers on crop protection alternatives. In addition, FQPA requires EPA to reevaluate 
pesticide registrations and tolerances every 15 years and to include endocrine disruption 
potential in their reevaluations. Farmers would have to adopt reduced-risk pesticides or 
biological control methods as a result of FQPA (Wheeler, 2002). However, EPA is lagging 
in its implementation of FQPA and has been sued for failure to pull pesticides considered 
by some to be particularly dangerous (Fortrin, 2009). Some refer to the EPA process of risk 
assessment as being “bogged down” as EPA struggles to keep up with demands for hazard 
and dose-response information. Major risk assessments of some chemicals take as long as 
10 years (NRC, 2009).

To comply with FQPA, some processors specify in their contracts with farmers which 
pesticides and fungicides to avoid and the length of post-harvest intervals. As EPA contin-
ues to implement FQPA and as more is learned, adjustments in how farmers could apply 
pesticides and which pesticides will be available are likely. Some farmers might be more 
likely to adopt pest management approaches other than synthetic pesticides as some of the 
synthetics become unavailable.

Food Safety Guidelines and Standards

Since the 1990s, researchers, agencies, and agriculture industries have worked toward 
developing food safety guidelines to minimize the risk of food contamination. Those guide-
lines are frequently embedded in marketing agreements. For example, more than 99 percent 

1 Under the Federal Insecticide, Fungicide, and Rodenticide Act, EPA registers pesticides for use in the United 
States and prescribes labeling and other regulatory requirements to prevent unreasonable adverse effects on 
human health or the environment. Under the Federal Food, Drug, and Cosmetic Act, EPA establishes tolerances 
(maximum legally permissible levels) for pesticide residues in food (EPA, 2009b).
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of the leafy greens produced in California come from growers who have agreed to adhere to 
best management practices detailed in the Commodity Specific Food Safety Guidelines for 
the Production and Harvest of Lettuce and Leafy Greens (California Leafy Green Handler 
Marketing Board, 2007). In addition, many retailers who handle or sell leafy green produce 
have developed their own safety requirements (Beretti and Stuart, 2008). Many retailers 
require certain approved agricultural practices as part of a hazard analysis critical control 
point (HACCP) management approach. HACCP is a management system in which food 
safety is addressed through the analysis and control of biological, chemical, and physical 
hazards from raw material production, procurement, and handling to manufacturing, dis-
tribution, and consumption of the finished product. The principles of HACCP have been 
universally accepted by government agencies, trade associations, and the food industry 
around the world. Sometimes, on-farm food safety audits to ensure that farmers are fol-
lowing food safety principles have resulted in buyers, auditors, or others discouraging or 
eliminating noncrop vegetation, water bodies, and wildlife in and around the fields. Some 
California growers, for example, are encouraged to or are actively removing conservation 
practices in response to food safety audits (Beretti and Stuart, 2008). A 2007 survey of 600 
California row crop operations found that 21 percent of the leafy green growers have ac-
tively removed one or more conservation practices because of food safety concerns. Con-
servation practices removed include ponds and reservoirs, irrigation reuse systems, and 
noncrop vegetation such as grassed waterways or trees and shrubs. Many growers felt they 
were pressured into making those changes in their management practices, and they felt the 
changes would have adverse effects on the environment (Beretti and Stuart, 2008).

Endangered Species Act

The Endangered Species Act (ESA) provides a program for the conservation of threat-
ened and endangered plants and animals and the habitat in which they are found. Any 
private landowner, such as a farmer, who might incidentally harm such plants and animals 
is required to obtain an incidental take permit from the U.S. Fish and Wildlife service to 
be protected from ESA violation. To obtain a permit, the applicant needs to develop an 
approved habitat conservation plan (HCP) designed to offset any harmful effects of the 
proposed activity (U.S. Fish and Wildlife Service, 2009).

Farmers who are farming land on which threatened or endangered plants and animals 
might reside could find their farming choices constrained. In addition, as Box 6-5 illustrates, 
conflicts arise over water use for protection of endangered animals.

Water Use Policies

As discussed in Chapter 2, water availability is a growing concern, particularly in the 
U.S. West and Southwest, because of increasing demand driven by population growth and 
by the specter of climate change diminishing future supplies. The availability of water and 
the price of water influence the choices made by farmers who rely on irrigation in times of 
drought. Availability and pricing are affected by water law and by biophysical supplies. 
Under U.S. law, water is deemed “personal property.” A water right is a right to use a cer-
tain quantity of water at a certain place each year as long as the water right holder follows 
the law and the prescribed conditions of the water right (Peck, 2007), which could include 
attention to negative impacts on other uses and users. The federal government manages 
one-third of the nation’s land and associated water resources. Aside from water resources 
in federally managed lands and lands of Indian Tribes, water rights are mostly regulated 
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at the state level. Special water districts are tasked to supply water to communities below 
the state level (Leshy, 2009). Water rights and disputes over them have profound effects 
on water availability for agriculture. As illustrated in this section through a few examples, 
water rights regulations could affect agricultural production’s movement along the sustain-
ability trajectory.

Surface Water

Most surface water law in the western regions of the United States began as “prior 
appropriation” water law doctrine—sometimes referred to as “first in time, first in right.” 
With this doctrine, the first individual(s) to claim water in a waterway for beneficial use 
has the first priority to the water, and a water right not exercised for a period of years is 
relinquished (Howitt and Hansen, 2005). For example, Utah has a “use it or lose it” law 
related to water rights, and its intent is to discourage efforts to speculate in or monopolize 
the resource (Utah Division of Water Rights, 2009). Such a relinquishment provision dis-

BOX �-� 
The Endangered Species Act and Water Allocations

	 Farmers’	choices	are	heavily	influenced	by	their	ability	to	access	water	with	certainty	over	time.	Cer-
tainty	in	water	access	can	be	compromised	when	various	other	policies	interact	with	water	law	doctrine	
and	agreements.	Some	policies	have	goals	other	than	protection	of	farmer	incomes,	such	as	protection	of	
habitat.	Cases	related	to	the	Klamath	River	Basin	and	the	Delta	smelt	in	the	San	Francisco	Bay	delta	illustrate	
some	of	the	potential	conflicts.
	 The	Klamath	Project	in	California	was	authorized	by	the	U.S.	Congress	in	early	1905	to	supply	farm-
ers	with	irrigation	water	and	farmland.	The	project	involved	the	construction	of	storage	and	distribution	
systems,	and	extensive	drainage	of	lakes	and	wetlands	around	Tule	Lake	and	Lower	Klamath	Lake	so	that	
agriculture	could	displace	natural	aquatic	habitats	(USBR,	2000).	Farmland	from	the	Klamath	Project	was	
to	be	sold	to	people	(mostly	veterans)	by	the	federal	government	in	parcels	of	up	to	80	acres,	but	not	the	
water	rights.	Irrigators,	however,	were	promised	use	of	sufficient	water	each	year.	During	the	early	1900s,	
farmers	and	ranchers	removed	riparian	vegetation	and	valley	forests	along	the	lower	Klamath	River	and	
its	tributaries	(CDFG,	1934).	The	extensive	modifications	of	the	Klamath	Basin	led	to	changes	in	the	basin’s	
biota	and	led	to	particular	concern	in	the	abundance	and	distribution	of	fish	species	(NRC,	2008).	Now,	
the	Endangered	Species	Act	requires	that	the	U.S.	Bureau	of	Reclamation	(USBR)	make	assessments	of	the	
effects	of	Klamath	Project	operations	on	fishes	listed	as	threatened	or	endangered	and	consult	about	their	
assessments	with	the	U.S.	Fish	and	Wildlife	Service	(USFWS)	for	Lost	River	and	shortnose	suckers	in	Klamath	
Lake	and	with	the	National	Marine	Fisheries	Service	(NMFS)	for	coho	salmon	in	the	lower	Klamath	River.	As	
a	result	of	consultations	in	2001,	USBR	was	required	to	allot	more	water	to	the	lake	and	to	the	river	than	
had	been	planned,	leaving	less	water	for	agriculture	than	had	previously	been	allocated.	The	restrictive	
water	allocation	and	the	fact	that	2001	was	a	dry	year	led	to	hardship	for	farmers	in	the	Klamath	Basin	
(NRC,	2008).
	 In	1993,	a	coalition	of	conservation	groups	successfully	brought	 lawsuits	against	 the	U.S.	Fish	and	
Wildlife	Service	to	force	the	agency	to	protect	California’s	Delta	smelt	as	an	endangered	species	under	the	
Endangered	Species	Act	and	as	an	important	part	of	the	food	chain	for	fisheries	such	as	salmon.	That	deci-
sion	meant	that	enough	water	had	to	be	left	in	the	San	Francisco	Bay	Delta	water	systems	to	protect	the	
smelt’s	habitat.	Thus,	when	the	current	severe	drought	in	this	region	meant	that	junior	water	appropriators	
were	unable	to	obtain	enough	water	for	irrigation,	the	possible	provision	of	more	water	to	fill	their	water	
claims	was	blocked	because	of	the	legal	requirement	to	protect	the	Delta	smelt	(The	Wall	Street	Journal,	
2009).	The	decision	to	protect	the	Delta	smelt	rather	than	pump	more	water	remains	highly	controversial	
and	contested.
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courages conservation and leasing of water. Therefore, some states (such as Texas) have 
modified their water rights to allow water rights holders to retain for future use the rights 
to water conserved through efficiency (Texas Center for Policy Studies, 1995). Some western 
states’ laws allow leasing of water rights to others for a period of time and for a price. Water 
banks that function to manage water supplies to meet demands facilitate trade of water as 
a commodity between willing buyers and sellers, but without relinquishing existing water 
right entitlements and without injury to other water rights holders or the public interest 
(Pratt, 1994).

Because the water laws were first formulated in the late 19th century—when most 
senior claims on water were filed and when water transfers between users were not envi-
sioned—reallocation of rights to use water have frequently been difficult, costly, and time 
consuming, or legally blocked. Although many western states have made the selling and 
transferring of water rights possible on a short- or long-term basis since then, many obsta-
cles remain, including high costs and negative impacts on third parties and on endangered 
species (Howitt and Hansen, 2005). (See Box 6-5.) Although flexible transferability is highly 
advantageous for managing water on a statewide basis during drought or in supplying 
rapidly growing population centers, there is concern that the higher value of water for ur-
ban and industrial use will funnel substantial water from agriculture and cause permanent 
productivity losses (WTW, 2002). That concern is particularly strong because some sales of 
water from agricultural to urban uses have netted millions of dollars for the selling farmer 
(see, for example, Nidever, 2009).

Ground Water

California’s ground water is largely unregulated (NSTC and BLM, 2001). With the 
exception of ground water that is classified as return flow or adjudicated basins subject to 
monitoring by a court-appointed Water Master, overlying landowners in California are al-
lowed to make reasonable use of ground water without obtaining permission or approval 
and can continue to extract water irrespective of the condition of the aquifer (Cooley et al., 
2009). In the absence of ground water monitoring and oversight, aquifers in California have 
been seriously overdrafted. A new study from the U.S. Geological Survey (USGS) estimates 
that the volume of ground water in California’s Central Valley aquifer has declined by 60 
million acre feet since 1961, with water table declines as much as 400 feet in certain regions 
(Faunt, 2009).

In contrast to California, Arizona’s State Legislature passed a Groundwater Manage-
ment Code that created “Active Management Areas” to respond to severe overdraft. The 
code restructured water rights, prohibited irrigation of new agricultural lands in Active 
Management Areas, created a comprehensive system of conservation targets updated every 
decade, developed a program that requires developers to demonstrate a 100-year assured 
water supply for new growth, and required ground water users to meter wells and report 
on annual water withdrawal and use (Cooley et al., 2009).

Other important disincentives against water conservation are the underpricing and 
subsidies of water for agricultural use and the absence of a tiered increase in cost as the 
volume of water consumed increases. The low cost of water to farmers encourages the use 
of high-water-consumption irrigation practices, such as flood or furrow application. Low 
water cost discourages adaptation of capital-intensive, but highly efficient technology, such 
as drip irrigation.
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Conjunctive Use

Conjunctive use of ground and surface water acknowledges the inherent hydrological 
interconnections between these apparently different sources of supply. At its simplest, con-
junctive use entails the reliance on surface water during times of average or above average 
precipitation and runoff. During drought periods or other times when surface water avail-
ability is constrained, use shifts to ground water, which tends to be buffered to some extent 
from the variability to which surface water is subject. One suggestion is to manage ground 
water as a reservoir for use during periods of surface water shortfall and recharge it during 
periods of normal or above normal availability of surface water. Sophisticated schemes of 
conjunctive use employ managed recharge whereby excess surface waters are captured and 
transformed into ground water. Managed recharge can be accomplished simply through 
the use of surface spreading or through direct injection, which generally requires significant 
investment in facilities (Jury and Vaux, 2007). Economic-engineering models have been 
developed to optimize the California water supply system, and these models suggest that 
water transfers and exchanges and conjunctive use could contribute to improved water use 
performance (Draper et al., 2003; Jenkins et al., 2004).

Animal Welfare Regulations

Several states have passed legislation, termed animal welfare legislation, which man-
dates certain practices to follow for livestock production. Maine and California, for ex-
ample, have statutes that require any enclosures or tethers confining specified farm animals 
allow the animals to fully extend their limbs or wings, lie down, stand up, and turn around 
for the majority of the day. Specified animals include calves raised for veal, egg-laying hens, 
and pregnant pigs. Exceptions are made for transportation, fairs, rodeos, research, and 
veterinary purposes (Swanson, 2009). The new statutes reflect a growing public interest in 
the treatment of animals, and many producer associations are responding with their own 
codes of ethical treatment (Swanson, 2009). Because those statutes, which include fines 
and imprisonment penalties for noncompliance, are now law, other states will likely add 
similar legislation; some producers will have to change management of their livestock and 
poultry.

KNOWLEDGE INSTITUTIONS AS CONTEXTUAL FACTORS

Research and experimentation, whether by scientists or farmers, contribute to the de-
velopment of specific agricultural tools and approaches that help farmers address vari-
ous sustainability objectives. Previous chapters provided numerous examples of farming 
practices designed to improve sustainability, most of which have been shaped by public 
and private sector scientific research and development activities. Moreover, understanding 
the effects of different types of farming practices or systems on productivity, the environ-
ment, and economic and social outcomes is informed by both formal scientific studies and 
years of farmers’ experiences with those approaches. Options that farmers have and their 
decisions to use a particular practice or type of production system are thus shaped by the 
availability of appropriate technologies or techniques, and by their understanding of the 
impacts of the practices on their farm, the environment, their community, and the nation 
as a whole. Importantly, the breadth of possible agricultural sustainability research top-
ics greatly exceeds the time and resources available to scientists and farmers. As a result, 
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choices about the organization and focus of agricultural research activities can drive and 
constrain movement along the sustainability trajectory.

Publicly Funded Agricultural Research and Extension

Many of the changes over the past century in agricultural sector productivity, farmer 
quality of life, livestock animal health, and environmental performance associated with 
U.S. agriculture have been shaped by public sector investments in agricultural research, 
education, and extension programs at the state and federal level (NRC, 2002). Numerous 
studies have shown that investments in public agricultural research have demonstrated 
consistent economic rates of return of $10 in social benefits for every $1 invested (Fuglie 
and Heisey, 2007).

The large public investment in agricultural research and extension has long been justi-
fied based on the social benefits—in terms of improved factor productivity and a sustained 
supply of inexpensive and high-quality food—associated with technical gains in farming 
practices and growing labor efficiency in the farm sector. Examples of public welfare ben-
efits include the often-cited high rates of return on public research investments (Huffman 
and Evenson, 2006). Publicly funded scientific research has been viewed as necessary be-
cause of inherent problems in the economic incentives of private sector inventors, who 
might find it impossible to capture the benefits of new innovations through market mecha-
nisms because of insecure intellectual property rights (Fuglie et al., 2000).

Land-Grant Universities

Most publicly funded research and extension takes place at the state level, where a 
network of Land-Grant Universities (LGUs) and State Agricultural Experiment Stations 
(SAES) spends over $3.3 billion annually on agricultural research, education, and extension 
programs (Holt, 2007). The federal vision for the LGUs began with the 1862 Morrill Act, 
which gave states parcels of public land (“land grants”) to sell to raise revenues to create 
public universities in every state in the Union. The Morrill Act gave LGUs their teaching 
responsibilities and was expanded with the 1887 Hatch Act to create SAES, which use a 
mix of state and federal funds to support the research activities of LGU scientists work-
ing on rural, food, and agricultural research topics. In 1914, the Smith-Lever Act provided 
additional funds to support the development of agricultural extension systems designed 
to extend new scientific knowledge, technologies, and management ideas to farmers and 
others in rural America. The tripartite LGU mission of teaching, research, and extension 
is a uniquely American invention designed to democratize institutions of higher learning, 
apply the principles of science to solve applied problems in agriculture and industry, and 
ensure that the benefits of research are made widely available to people throughout society 
(McDowell, 2001).

U.S. Department of Agriculture

In addition to the SAES system, USDA conducts a large proportion of publicly funded 
agricultural research and extension. Specifically, the USDA Research, Education and Eco-
nomics (REE) mission area includes three major agencies that carry out important agri-
cultural scientific research at the federal level. The largest is the Agricultural Research 
Service (ARS), which maintains a network of regional research stations organized into 
eight geographic areas. Research within the ARS system currently occurs within 19 national 
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program areas within 4 broader areas: animal production and protection; crop production 
and protection; nutrition and food safety and quality; and natural resources and sustain-
able agriculture (Knipling and C.E. Rexroad, 2007). The other major REE agencies are the 
Economic Research Service (ERS), the National Agricultural Statistics Service (NASS), and 
the National Institute of Food and Agriculture (NIFA; formerly known as Cooperative State 
Research, Education, and Extension Service).

Distribution of Federal Funds for Agricultural Research

In discussions about improving the sustainability of U.S. agriculture, one of the most 
commonly suggested policy levers is the use of publicly funded research programs to bol-
ster innovation and overcome obstacles to innovative agricultural practices and farming 
systems. The distribution of public agricultural research and development (R&D) funding 
from different sources is highlighted in Figure 6-5, which illustrates the importance of pub-
lic agricultural research funding in three different ways. At the top of the figure, the entire 
federal research and development budget is disaggregated to highlight the importance of 
expenditures on research channeled through USDA. In 2005, USDA managed roughly 2 
percent of total federal R&D. The middle of Figure 6-5 disaggregates the total amount of 
public spending on agricultural research from all sources in 2005. USDA research spending 
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FIGURE �-� Estimated importance of publicly funded agricultural research in the United States, 
by major funding source, 2005.
DATA SOURCE: Pollak (2009), and Schimmelpfennig and Heisey (2009).
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makes up just over 40 percent of the total public agricultural science portfolio, and roughly 
two-thirds of the USDA budget is committed to in-house spending through the ARS, ERS, 
and NASS, with an additional $668 million sent to state-level agricultural researchers (pri-
marily at LGUs) through various programs administered by USDA-NIFA. Other important 
public sources of agricultural research funds include state appropriations ($1.3 billion, 
or roughly 27 percent of the national total), funding of state-level research by other non-
USDA federal agencies (15 percent), and private industry funding of state-level research 
(15 percent). For example, California’s SAES spent more than $276 million in 2005 alone, an 
amount that exceeds the entire USDA competitive research grants budget (Holt, 2007).

The bottom of Figure 6-5 illustrates the distribution of USDA funds that are provided 
to state-level agricultural researchers and institutions. Although the original Hatch Act 
established a formula for the distribution of federal funds to each LGU based on rural 
populations and farm numbers, “formula funds” are currently one-third of the total USDA 
support of the SAES system. The most important source of funding for the SAES are ap-
propriations from state legislatures, some portion of which is required to match any federal 
formula funds received. State appropriations contribute roughly 40 percent of the total 
SAES expenditures (Holt, 2007).

A second major mechanism for distributing USDA funds is through national peer-
reviewed competitive research grant programs, renamed Agriculture and Food Research 
Institute (AFRI; formerly the National Research Initiative) in 2008. NIFA administers this 
program (Jacobs-Young et al., 2007). The USDA Competitive Grants Program began in 
response to a National Research Council report (NRC, 1972) that criticized the quality of 
agricultural research in the United States and the traditional formula funding approach to 
allocating resources. The original USDA Competitive Grants Program was created in 1977 
and received $15 million in congressional appropriations in its first year. In 1989, another 
NRC report (NRC, 1989b) and a report by the U.S. Congress’ Office of Technology Assess-
ment (U.S. Congress Office of Technology Assessment, 1990) recommended expanding and 
refocusing the USDA Competitive Grants Program with a funding level of at least $500 
million per year. Congress created the new National Research Initiative (NRI) in 1990, but 
has never appropriated more than $190 million for the program, which is well below the 
maximum level authorized in the founding legislation.

In 2008, USDA reorganized its research programs under the umbrella of AFRI, modeled 
after the successful National Science Foundation (NSF) and National Institutes of Health 
(NIH). Expenditures by the AFRI program areas in FY 2009 are listed in Table 6-4. Overall, 
AFRI allocated 57 percent of grant funds to plant and animal productivity research; 17.6 
percent to food safety; 17.2 percent to renewable energy, natural resources, and the environ-
ment; 2.8 percent to agricultural systems; and 5 percent to agricultural economics and rural 
communities. Much of AFRI’s research focuses on process-level science and component 
interactions in applied agricultural systems, so it is positioned between the basic research 
of NSF programs and the applied research done through farmer collaboration. Most AFRI 
research is integrated among biological and natural resource-based disciplines, but a small 
part has significant economic or social science integration at the systems level. In some 
program areas, research is integrated through the mandatory inclusion of educational and 
extension outreach activities to disseminate results of applied research projects.

Other sources of USDA funding for the SAES system include special grants (typically 
legislative earmarks for specific research programs in particular states) and cooperative 
research agreements between CSREES (or other USDA agencies) and state research insti-
tutions. In most years, those projects have received federal research allocations that have 
exceeded the size of competitive granting programs.
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TABLE �-� USDA-AFRI Competitive Grants Funding by Program, 2009 Request for 
Applications

Program Category/Name Million $ Integrateda

ALL PROGRAMS COMBINED: 189,050 $64,200

Plant Health and Production and Plant Products 73,450
Arthropod and Nematode Biology and Management 12,500 no
Plant Biology 12,250 no
Microbial Genomics 11,000 no
Applied Plant Genomics CAPb 10,000 yes
Microbial Biology: Microbial Associations with Plants 7,400 no
Plant Genome, Genetics, and Breeding 6,500 no
Plant Breeding and Education 6,500 yes
Plant Biosecurity 4,300 yes
Protection of Managed Bees CAP 3,000 yes

Animal Health and Production and Animal Products 35,000
Animal Genome, Genetics, and Breeding 11,000 no
Animal Health and Well-Being 11,000 no
Animal Growth and Nutrient Utilization 4,500 no
Animal Reproduction 4,500 no
Integrated Solutions for Animal Agriculture 4,000 yes

Food Safety, Nutrition, and Health 33,300
Food Safety and Epidemiology 11,200 mixed
Human Nutrition and Obesity 11,000 yes
Improving Food Quality and Value 6,500 no
Bioactive Food Components for Optimal Health 4,600 no

Renewable Energy, Natural Resources, and Environment 32,500
Air Quality 5,000 yes
Biology of Weedy and Invasive Species in Agroecosystems 4,600 yes
Managed Ecosystems 4,500 yes
Global and Climate Change 4,500 no
Enhancing Ecosystem Services from Agricultural Lands 4,500 no
Water and Watersheds 4,300 no
Soil Processes 4,100 no
Sustainable Agroecosystems Science Long-Term Agroecosystem Program 1,000 yes

Agriculture Systems and Technology 5,400
Biobased Products and Bioenergy Production Research 5,400 no

Agriculture Economics and Rural Communities 9,400
Agricultural Prosperity for Small and Medium-Sized Farms 4,800 yes
Agribusiness Markets and Trade 4,600 no

 aIntegrated projects require major efforts in at least two of three areas: research, outreach, education.
 bCAP = Coordinated Agricultural Project.

Broadening Review of Public Competitive Grant Programs

The issue of balancing competitive and non-peer-reviewed (formula funding) mecha-
nisms for allocating federal research dollars to agriculture has been discussed in some 
research and policy literature (Huffman and Evenson, 2006; Schimmelpfennig and Heisey, 
2009). Most observers argue that a competitive peer-reviewed allocation process would 
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more closely approximate the process used in most other federal agencies (for example, 
NIH and NSF) and would be more likely to generate high-quality basic science research, to 
encourage scientists to address national priorities, and to create greater incentives for the 
publication and dissemination of scientific research findings (NRC, 2000c, 2003).The pro-
portion of total SAES funding delivered through competitive grant processes has increased 
significantly in the past 25 years (Schimmelpfennig and Heisey, 2009). Supporters of the 
formula funding system highlight the need for states to be able to set their research agendas 
to respond to regional agricultural problems and sustain locally adapted crop and livestock 
management systems (Huffman and Evenson, 2006). If formula funds are eliminated or 
drastically reduced, LGU research and extension faculty would spend a greater proportion 
of their state-funded time writing proposals for federal grants (Huffman et al., 2006). As a 
result, they will likely spend an increased proportion of time conducting research funded 
by grants based on federal priorities and a decreased proportion of their time addressing 
state-level research needs. Some experimental stations could lose matching state funds 
that are tied to the amount of federal formula funds received. At present, formula and 
state funding allow scientists from different disciplines to undertake projects that require 
sustained multiyear efforts to reach research objectives. In some states, a significant reduc-
tion in formula funds might erode their overall capacity to undertake agricultural research 
and result in the closure of outlying research facilities and research farms (Huffman et al., 
2006). However, programs supported by formula funds need to be reviewed periodically to 
ensure that they are productive and responsive to the state’s agricultural research needs.

In one study, Rubenstein et al. (2003) confirmed that competitive grants are more likely 
to support basic research among SAES institutions, but also tend to award federal grants to 
a smaller number of high-status state research universities than formula funding. Overall, 
they did not observe much change in the substantive focus of federally funded agricultural 
research. Rather, they conclude, “competitive funding seems even more focused on produc-
tion cost reduction [research objectives] than [is] formula funding” (Rubenstein et al., 2003; 
p. 359). Similarly, a recent ERS report suggested that shifts toward competitive funding did 
not have much effect on the overall amount of basic research conducted in the SAES and 
that most public agricultural research funds (both basic and applied) are still spent on farm 
commodity research, with relatively small fractions devoted to issues of natural resource 
and environmental topics, family and community research, and investigation of markets, 
economics, and policy topics (Schimmelpfennig and Heisey, 2009).

Private Sector Agricultural Research

Under pure free market conditions, economists would expect private sector research 
to underinvest in research because the private sector would be unable to capture the full 
economic returns from its investments. As a result, for much of its history, the U.S. public 
agricultural research and extension community has viewed its role as increasing the vi-
ability and competitiveness of farmers and private sector agricultural and food companies 
(Kloppenburg, 1988). Private sector spending on agricultural research, however, has in-
creased substantially and now makes up more than half of total expenditures in the United 
States (Figure 6-6).

Several factors have encouraged the rapid rise of private agricultural research in recent 
decades (Caswell and Day-Rubenstein, 2006). First, a series of important legislative and 
legal changes in U.S. and international patent law in the 1970s allowed the patenting of 
biological inventions, including new agricultural crop varieties and genetically engineered 
crops and livestock. This expanded protection of intellectual property rights enabled pri-



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

DRIVERS AND CONSTRAINTS ���

vate firms to capture a greater share of the benefits of their research efforts than they used 
to. Second, the dramatic growth in molecular biology and genetics and genomics created a 
new set of tools well suited to developing proprietary agricultural products.

Private agricultural research can be expected to focus nearly exclusively on near-
market R&D and on topics likely to create products that can be sold in the marketplace—
for example, developing new chemical technologies, breeding and genetic engineering 
of certain crops, and developing agricultural equipment for large-scale farms (Reilly and 
Schimmelpfennig, 2000; Heisey et al., 2005). It is unreasonable to expect investor-owned 
firms to spend scarce research dollars unless they are able to control benefits from their in-
novations (Alston et al., 2000). Because of those potential incentives, private sector research 
focuses primarily on productivity and production efficiency. However, some of the private 
sector research certainly contributes to other sustainability goals. For example, irrigation 
technologies developed mostly by the private sector contributes to improving water use 
efficiency and reducing runoff from overirrigation or precision agriculture technologies 
contribute to improving efficiencies of water, nutrient, or pesticide use.

In a study of the history of plant breeding, Kloppenburg (1988) suggested that the 
development of hybrid corn seed was particularly well suited to private sector research be-
cause farmers who use hybrid seeds have to buy their seedstock from private seed compa-
nies every year (as opposed to open-pollinated varieties that could be saved for replanting). 
Although the commercialization of new agricultural technologies is essential to rewarding 
private sector investment, concern is growing about the increasing dominance of a few 
seed companies and their control over new genetic engineering (GE) crops and technolo-
gies. The concerns include seed company patents and control on genes, DNA fragments, 
and GE technologies. They also include seed companies’ ability to block independent 
research on GE crop performance and environmental impacts, when such research has the 
potential to provide useful information on how to best grow those crops and give timely 
alerts to potential drawbacks. A similar pattern has been observed in the development 
of hybrid poultry varieties, which poultry processors and integrators almost universally 
now required (Fuglie et al., 2000). Green et al. (2007) suggested that the private sector has 
shown great capacity to sustain gains in livestock productivity, but that gains in produc-
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FIGURE �-� Real public and private agricultural research and development expenditures in the 
United States since 1970.
SOURCE: Schimmelpfennig and Heisey (2009).
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tion efficiencies have generated side effects on animal well-being and longevity in modern 
production environments.

Division of Labor Between Public and Private Agricultural Research

Incentives for public agencies and private firms to fund agricultural research are dif-
ferent (Spielman and von Grebmer, 2004). Public agencies typically are mandated to fund 
research topics of wide social significance with outcomes that have public goods charac-
teristics (for example, nonexcludability and nonrivalry). The research is likely to require 
longer time horizons to yield results or to cater to end users with limited purchasing power 
or market access. Private firms are expected to conduct research that could increase a 
company’s profits and hence the likelihood to engage in research that will potentially result 
in marketable products.

The differences in incentives for research between the two sectors and the rise of pri-
vately funded research are associated with an increasing division of labor between public 
and private sector agricultural institutions (Dahlberg, 1985). The public sector has been 
increasingly responsible for conducting basic research and is less engaged in applied re-
search that can produce innovations or products that farmers can directly use (Reilly and 
Schimmelpfennig, 2000; Caswell and Day-Rubenstein, 2006). The growing division of labor 
has also led to increased calls for a redirection of public agricultural research away from 
productivity-increasing or other commodity-focused topics, toward areas of research that 
can generate public benefits but are unlikely to receive attention from the private sector 
(Huffman and Evenson, 2006). Examples of such research include environmental and natu-
ral resource conservation, food safety and nutrition, poverty reduction, research on public 
policy impacts, and research targeting small, disadvantaged, or underserved groups of 
farmers or consumers (Fuglie, 2000; NRC, 2003). Spielman and von Grebmer (2004) saw 
opportunities for increasing interactions between public and private sector agricultural 
institutions despite the difference in incentives and growing division of labor in research. 
For example, the large biotechnology companies have patented products and processes 
that can advance the public research agenda, and the public institutions have plant genetic 
resources (for example, germplasm collection) and access to local knowledge resources 
that could be useful to private firms. However, the authors concluded that “public-private 
partnerships are significantly constrained by insufficient accounting of the actual and hid-
den costs of partnership; persistent negative perceptions across sectors; undue competition 
over financial and intellectual resources; and a lack of working models from which to draw 
lessons and experiences” (Spielman and von Grebner, 2004, p. 38).

Expanding Beyond Productivity Research

Efforts to reform and refocus public agricultural research programs typically highlight 
research priorities that would enhance the sustainability performance of most U.S. farms 
by addressing sustainability goals in addition to productivity and production efficiency 
(see Box 6-6 and Dahlberg, 1985; Sauer, 1990; Duram and Larson, 2001). Some of the most 
intense efforts have been within the area of agricultural conservation and environmental 
issues. A growing number of integrated disciplinary and interdisciplinary research proj-
ects have been devoted to improving the understanding of the environmental impacts of 
typical farming practices and assessing the effectiveness of conservation practices designed 
to minimize these impacts. The proportion of research spending on productivity and tra-
ditional commodity-focused research relative to total USDA research spending declined 
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BOX �-� 
National Research Council and Other Reports Call for Reform of the 
U.S. Public Agricultural Research, Education, and Extension System

	 The	National	Research	Council	(NRC)	has	facilitated	a	number	of	studies	of	the	U.S.	agricultural	research	
system	(see	list	below).	Those	reports	have	consistently	called	for	increased	funding	for	competitive	agri-
cultural	research	programs.	They	have	also	called	for	greater	attention	to	emerging	issues	in	food	safety,	
health	and	nutrition,	protection	of	environmental	and	natural	resources,	and	rural	community	well-being	
(to	complement	conventional	research	goals	designed	to	increase	the	productivity	and	competitiveness	of	
the	U.S.	farm	sector).	Similar	reports	by	agricultural	foundations,	policy	researchers,	and	advocacy	groups	
have	echoed	these	concerns	(Rockefeller	Foundation,	1982).	For	example,	in	the	book	Agricultural Re-
search Policy,	Vernon	Ruttan	argued	that:

	 	society	should	insist	that	agricultural	science	embrace	a	broader	agenda	that	includes	a	concern	for	
the	effects	of	agricultural	technology	on	health	and	safety	of	agricultural	producers,	a	concern	for	the	
nutrition	and	health	of	consumers,	a	concern	for	the	impact	of	agricultural	practices	on	the	aesthetic	
qualities	of	both	natural	and	artificial	environments,	and	a	concern	for	the	quality	of	life	in	rural	com-
munities.	(Ruttan,	1982,	pp.	350–351)

	 More	 than	 10	 years	 later,	 the	 Council	 for	 Agricultural	 Science	 and	 Technology	 published	 a	 report	
entitled	Challenges Confronting Agricultural Research at Land Grant Universities	(CAST,	1994).	
The	report	targets	four	areas	as	research	priorities	for	the	SAES:	the	environment,	sustainable	production	
systems,	economies	of	rural	communities,	and	consumer	interests	(for	example,	food	safety	and	quality).	
Although	many	examples	of	tangible	changes	in	the	structure	and	administration	of	CSREES	competitive	
grant	programs	exist,	recent	reports	and	criticisms	of	the	public	agricultural	science	system	suggest	that	
fundamental	problems	still	remain	(NRC,	2003;	Huffman	and	Evenson,	2006;	Robertson	et	al.,	2008).
	 Selected	NRC	reports	on	the	U.S.	agricultural	research	system,	and	their	dates	of	publication	beginning	
with	the	most	recent,	are	as	follows:

•	 2009:		Transforming Agricultural Education for a Changing World
•	 2008:		Agriculture, Forestry, and Fishing Research at NIOSH
•	 2003:		Frontiers in Agricultural Research: Food, Health, Environment and Communities
•	 2002:		Publicly Funded Agricultural Research and the Changing Structure of U.S. 

Agriculture
•	 2000:		NRI: A Vital Competitive Grants Program in Food, Fiber and Natural Resources 

Research
•	 1999:		Sowing the Seeds of Change: Informing Public Policy in the Economic Research 

Service of USDA
•	 1996:		Colleges of Agriculture at the Land Grant Universities: Public Service and Public 

Policy
•	 1995:		Colleges of Agriculture at the Land Grant Universities: A Profile
•	 1994:		Investing in the NRI: An Update of the Competitive Grants Program of the USDA
•	 1989:		Investing in Research: A Proposal to Strengthen the Agricultural, Food and 

Environmental System

from 1986 to 1997, whereas the relative proportion of spending on research on water, air, 
soil, forests, wildlife, sustainable resources management, disease control, and community 
impacts increased (NRC, 2002).

Nevertheless, a large proportion of public agricultural research (both within USDA and 
throughout the SAES system) remains focused on improving productivity and production 
efficiency systems (Caswell and Day-Rubenstein, 2006). An increasing number of specific 
federal and state agricultural research, education, and extension programs are explicitly 
designed to support agricultural systems that focus on more than one or two goals of sus-
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tainability. In this section, the committee uses some programs and institutions as examples 
to illustrate how they support agriculture that balances multiple sustainability goals.

Federal Sustainable Agriculture Research Programs

Several government programs have gained increases in funding to support innovative 
approaches in alternative or “systems” agriculture in the United States since 1989. The 
funding available through the federal government has been dedicated to research, educa-
tion, extension, and technology transfer projects.

One growing category of public funding involves “integrated” or systems science fund-
ing within the major USDA competitive grant programs. For example, many NIFA research 
programs2 listed in Table 6-4 include language encouraging an interdisciplinary or systems 
approach, and some are explicitly designed to improve understanding of agroecological 
processes at the landscape or watershed scale. In addition, other federal agencies are invest-
ing in agrienvironmental research—for example, the EPA water quality research program, 
Pesticide Environmental Stewardship Program, and Sustainable Agriculture Partnerships 
Grants (regional). Meanwhile, NSF has funded basic research into plant genomics on eco-
nomically important crops and has supported development of a university and industry 
collaborative center to study integrated pest management, and a number of agriculture and 
food-oriented research projects.

However, observers of the projects funded through past grant cycles have commented 
that long-term, systems-oriented research is still largely lacking among the projects funded 
by USDA and other federal agencies (Robertson et al., 2008). Moreover, as noted above, 
competitive grant programs represent only a small percentage of the total public agricultural 
research portfolio. Unless research agendas within USDA-ARS, USDA-ERS, and the larger 
SAES system incorporate similar language and priorities, long-term, systems-oriented re-
search will unlikely constitute a substantial portion of the public research portfolio.

The difficulty in reshaping conventional agricultural scientific institutions has led to 
support for the creation of new programs and funding streams specifically aimed at ecolog-
ical and sustainable agriculture (Batie and Taylor, 1994). A program that addresses not only 
agricultural productivity but also other sustainability goals in the United States is the Sus-
tainable Agriculture Research and Education (SARE) program within USDA-NIFA. Since 
its inception in 1988, SARE has provided grants for farmer research and education projects, 
supported farmer learning networks and alternative market development efforts, and sus-
tained professional development programs designed to provide opportunities for training 
extension specialists and researchers within the SAES system. Most SARE programs require 
a university partner to strengthen research input and to include SARE experience and re-
sults in the classroom. The program increased in funding from $4 million in 1988 to almost 
$19 million in 2009, an increase of more than 160 percent even after controlling for inflation 
(Figure 6-7). An administrative council in each USDA region governs SARE. The council 
is coordinated through a central office and administered through a contract with one of 
the LGUs in the region. Each region has a technical committee that oversees the awarding 
of grants in each research category. The administrative councils and technical committees 
have representation from farmers, agri-industry, and educational institutions. The SARE 
program is often cited as an example of how federal funding can effectively and efficiently 
achieve results in the adoption of sustainable farming practices (Allen, 2004). It has been 

2 The five priority areas of NIFA in 2010 are global food security and hunger, climate change, sustainable energy, 
childhood obesity, and food safety.
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FIGURE �-� USDA funding for the Sustainable Agriculture Research and Education (SARE) pro-
gram, 1988–2009.
DATA SOURCE: USDA-NIFA.

praised for its strong reliance on participatory approaches to agricultural research and 
training. Participatory approaches to research are discussed in more detail below.

State and Civil Society Support for Sustainable Agriculture

Every state supports its own agricultural experiment station and associated extension 
service. As mentioned above, the total for state support for experiment station maintenance 
and research was $1.3 billion in 2005. Funding normally goes through the state land-grant 
university and is matched by federal money in several ways. In Michigan, for instance, the 
budget from state appropriations has been around $80 million each year, which funds some 
80 percent of the Michigan Agricultural Experiment Station annual base budget and sup-
ports 15 experiment stations and about 3,000 associated workers (Michigan State University 
Board of Trustees, 2009). The work encompasses activities of some 300 scientists in six col-
leges at Michigan State University: Agriculture and Natural Resources, Communication 
Arts and Sciences, Engineering, Natural Science, Social Science, and Veterinary Medicine. 
The $80 million is leveraged at an average rate of 2.3 from federal, foundation, industry, and 
other funding sources. The programs might be reduced because of the budgetary problems 
as a result of the economic downturn in 2008–2009.

In addition to a department of agriculture, most states have departments of natural 
resources and the environment that provide services, regulatory activity, and education to 
agriculture. The Michigan Department of Agriculture is the primary agency for interaction 
with the Great Lakes Commission (established in 1955) to protect and manage the Great 
Lakes watersheds. Nearly every Michigan county, for instance, falls within the mandate 
of the commission, which opens several avenues of funding for agricultural research and 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

��� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

extension to protect and manage surface and ground water through agriculture. Most 
agencies that focus on agriculture in Michigan have influence through direct farmer sup-
port, policy, and regulatory activity. In Michigan, as in most states, many applied research 
programs are shared and supported among these agencies. Agricultural “service centers” 
throughout the state provide “one-stop shopping” of state and federal agencies programs 
for farmers and the public. On-farm research and other programs, such as SARE, are usu-
ally supported through state-funded infrastructure. Identifying and quantifying agricul-
tural research that focuses on multiple sustainability goals in the complex mix of activities 
in the state-sponsored programs is difficult. Many states have specific programs for im-
proving sustainability with identified budgets, but they capture only a small portion of the 
relevant work. Most agricultural research funded at the state and regional levels from state 
or regional collaborative publicly-funded programs is targeted toward applied research 
and technology development for production efficiency and for environmental protection 
or remediation. Coordinating all on-farm and farmer-involved agriculture research for im-
proving sustainability within the states with the existing network of agencies and programs 
would be important to avoid redundancy and ensure efficiency.

University Sustainable Agriculture Programs

Many land-grant universities and other colleges and university departments have 
established programs to support agricultural research that focus on more than one goal of 
sustainability. An increasing amount (and percentage) of funding in university agriculture 
colleges has been dedicated to systems approaches to agriculture. USDA’s Alternative 
Farming Systems Information Center of the National Agricultural Library compiles a list of 
educational and training opportunities in sustainable agriculture (Thompson, 2009). Most 
colleges and universities have some research programs on agricultural sustainability. A few 
of those programs are noted in Table 6-5 as examples.

Beyond designated “sustainable agriculture” programs, a much larger percentage of 
publicly funded research is directly or indirectly oriented to improve the sustainability 
of farming systems in the United States. A study of publicly funded agricultural research 
suggests that roughly 21 percent of funds were directed toward natural resources and 
environmental topics, up from 17 percent in 1998 (Caswell and Day-Rubenstein, 2007). 
Although comparable data for the 1980s are not readily available, it has been suggested 
that the state-funded and federally funded research portfolio at most LGUs has expanded 
from focusing on the sustainability goal of improving output and reducing production 
costs to encompassing a wider range of goals including environmental impacts, social and 
economic well-being, food safety, and animal welfare (NRC, 2002). Calls for increasing the 
“sustainability” share of the portfolio remain strong (Sustainable Agriculture Coalition, 
2005; Robertson et al., 2008). At the same time, the broader shift toward privately funded 
research in the overall agricultural research system is less likely to embrace those topics 
(NRC, 2002).

Cooperative Extension

The Cooperative Extension System (CES) is a partnership of LGUs with federal, state, 
and local governments to enable the delivery of educational programs and information 
at the local level. As of 2009, there were about 2,900 extension offices in the United States. 
NIFA defines six national priorities for CES: 4-H youth development, agriculture, leader-
ship development, natural resources, family and consumer sciences, and community and 
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TABLE �-� Examples of Agriculture Programs in Universities Aimed at Improving 
Sustainability

University Sustainable Agriculture Program/Dept
Year 
Formed

Budget ($)
Staff 
(FTE)

Number of 
Affiliated 
Faculty 1st Year 2007

University of California
Sustainable Agriculture Research and Extension 
Program (SAREP)

1987 775,000 574,000 6 10

North Carolina State University and North 
Carolina A&T State University
Center for Environmental Farming Systems (CEFS)

1994 0 120,000a 21 37

Washington State University Center for Sustaining 
Agriculture and Natural Resources

1992b 40,000c 340,000 12 >100

University of Maine
Sustainable Agriculture (SAG) Program

1988 N/Ad N/Ad 4.5 8–10

Colorado State University
Interdisciplinary Program in Organic Agriculture

2005 0 2,500 1.25 9

Clemson University 2000 10,000e 40,000 1 Unknown

 aAmount listed does not include funding provided by the North Carolina Department of Agriculture and Con-
sumer Services for infrastructure and operation of the field facility.
 bThe center was legislatively mandated in 1991 and became operational in 1992.
 cAmount listed does not include salaries of part-time director and part-time administrative staff.
 dBudget for sustainable agricultural program is not separated from the departmental budget.
 eAmount listed does not include director’s salary.

economic development (USDA-NIFA, 2009). In addition, CES is developing a nationally co-
ordinated Internet information system called eXtension to provide up-to-date and special-
ized information and educational programs on a wide range of topics (eXtension, 2010).

In 1999, the Kellogg Commission on the Future of State and Land-Grant Universities 
(1999) published Returning to Our Roots: The Engaged Institution and urged land-grant 
universities to expand their mission beyond outreach and service to full engagement with 
their communities. In 2002, the Extension Committee on Organization and Policy (ECOP) 
of the Association of Public and Land-Grant Universities published the report The Extension 
System: A Vision for the 21st Century (2002). It outlined a vision for CES to address contem-
porary issues and to respond to changing societal needs. Later, ECOP (2010) published a list 
of strategic opportunities for extension in the report Strategic Opportunities for Cooperative 
Extension. The strategic opportunities listed include:

• Sustain profitable plant and animal production systems.
• Prepare youth, families, and individuals for success in the global workforce and all 

aspects of life.
• Create pathways to energy independence.
• Ensure an abundant and safe food supply for all.
• Assist in effective decision making regarding environmental stewardship.
• Assist communities in becoming sustainable and resilient to the uncertainties of 

economics, weather, health, and security.
• Help families, youth, and individuals to become physically, mentally and emotion-

ally healthy.
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This list broadly encompasses the four goals for sustainability described in Chapter 1 of 
this report.

Some observers charge that extension has experienced “mission creep” and should 
return to a focus on agriculture, while others argue that extension should serve a broad 
national purpose (Hefferan, 2004; McDowell, 2004). The traditional extension model is 
based on the “extension expert” who provides research and educational information to 
solve local problems. Although this model has clear benefits, it does not facilitate region-
ally based collaborative approaches to problem-solving or catalyze local stakeholders to 
develop their capacity to solve socially shared problems (Sandmann and Vandenberg, 1995; 
Pigg and Bradshaw, 2003).

A catalytic model shifts the role of extension from a leader expert to a coordinator and 
facilitator. The Food System Economic Partnership (FSEP) program, which combines effort 
from five county administrations in southeast Michigan, farm organization leaders, food 
industry heads, community groups, food system and economic development experts, and 
resource providers, is an example of the new model. FSEP’s mission is to improve the viabil-
ity of the agricultural sector in the region; provide economic revitalization opportunities for 
urban areas; improve consumer understanding of what is produced, processed and mar-
keted in the region; and improve farmers’ understanding of consumer needs. Lyson (2004) 
describes such initiatives as “civic agriculture,” which can provide new market opportuni-
ties for producers and can enhance the social and human capital of the community in which 
it is embedded. When value chains are shortened to bring producers and consumers closer 
together, social and environmental values can be more fully articulated and monitored.

As CES expands beyond its traditional mandate, federal funding for extension through 
the Smith-Lever Act has decreased by $68 million over the past two decades (Association of 
Public and Land Grant Universities, 2009). Moreover, cost-sharing in the costs of extension 
programs by state and local governments has also declined in many cases. The funding 
decrease resulted in the elimination of some county and regional extension positions and 
reduced face-to-face services that extension programs had offered in the past. Some states 
are replacing county programs with in-state regional centers. Regionalization of exten-
sion programs could lower costs compared to individualized state programs (Laband and 
Lentz, 2004).

Some universities are shifting their extension resources toward sustainable agriculture 
and the green economy and away from traditional production agriculture to increase their 
competitiveness for funding. With half of all current farmers in the United States likely to 
retire in the next decade, extension programs will be critical in providing educational and 
networking opportunities for new farmers and for developing networks of information and 
resources needed to move U.S. agriculture toward greater levels of sustainability.

Farmer Participation and Innovation in Research and Development

Although an increasing proportion of public agricultural research focuses on enhancing 
the sustainability performance of modern framing practices, many cutting-edge or more 
broadly systemic alternative farming systems in the United States have been developed by 
farmers and continue to benefit from farmer innovation and experimentation (Kloppen-
burg, 1991; Hassanein, 1999). The heavy reliance on participatory research methods and 
farmer innovation is partly explained by the slow growth of publicly funded research on 
many emerging farming systems. It also demonstrates that research on complex systems 
dynamics can benefit enormously by taking place within the context of actual working 
farms. Recognition of the importance of farmer and knowledge innovation is reflected 
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by the fact that many programs on agricultural sustainability include active participation 
of farmers and local communities in the R&D process of new practices (Wortmann et al., 
2005). The USDA Alternative Farming Systems Information Center lists 91 U.S. organiza-
tions devoted to sustainable agriculture. Most are civil society organizations, including 
farmer-organized groups, regional and national civil society centers, and associations. 
Many organizations either support or conduct farm-based research. The Practical Farmers 
of Iowa, for instance, has been sponsoring and organizing on-farm research in Iowa for 
more than 20 years (Box 6-7).

Participatory approaches typically involve local farmers in agenda-setting, rely on 
farmers as critical players of innovation and development of new agricultural systems, and 
often include technical advisors and scientific researchers (Pretty et al., 1995; Farrington and 
Martin, 1998; International Institute for Environment and Development, 2005). When farm-
ers are engaged as partners with scientists in innovation, development, extension, and out-
reach processes, technology adaptation and adoption have often been more effective and 
sustained over time than if farmers were not engaged. Such participatory farmer-centered 
approaches contrast with the “technology transfer” strategy, which tends to be “top-down” 
and “one-way” (from scientists or research centers to farmers) and is not always well suited 

BOX �-� 
Examples of Organizations That Promote Farmer Participation in Research

Practical Farmers of Iowa

	 Practical	Farmers	of	Iowa	(PFI)	is	a	nonprofit,	educational	organization	that	began	in	1985	and	now	
has	more	than	700	members	in	Iowa	and	neighboring	states.	PFI’s	mission	is	“to	research,	develop	and	
promote	profitable,	ecologically	sound	and	community-enhancing	approaches	to	agriculture.”	PFI	mem-
bers	are	engaged	in	what	they	describe	as	a	“movement	to	farm	in	ways	that	are	both	profitable	and	
respectful	of	the	natural	environment.”	PFI	supports	research	and	information-sharing	through	its	Farming	
Systems	Program	and	On-Farm	Research	projects,	and	through	resources	available	in	a	newsletter	and	
website.	Recognizing	that	farmers	 learn	best	 from	other	farmers,	PFI	helps	farmers	connect	with	peers	
through	Field	Days,	conferences,	and	a	web-based	listserve.	PFI	also	works	closely	with	researchers	and	
extension	professionals	from	Iowa	State	University	to	address	a	diversity	of	issues,	trials,	and	practices	that	
are	generally	tied	to	sustainable	farming	themes.	The	members	have	completed	more	than	600	replicated	
on-farm	experiments	since	1987.	(See	PFI’s	website	at	www.practicalfarmers.org	for	more	information.)

California Sustainable Winegrowing Alliance

	 The	 California	 Sustainable	 Winegrowing	 Alliance	 (CSWA),	 launched	 in	 2002,	 encourages	 practices	
that	are	sensitive	to	the	environment,	responsive	to	societal	needs	and	interests,	and	economically	feasible	
to	implement.	CSWA	includes	a	sustainable	wine	program	(SWP)	that	establishes	voluntary	standards	of	
practices	in	all	aspects	of	grape	and	wine	production	to	promote	sustainability.	SWP	facilitates	peer-to-peer	
education	about	those	practices	through	workshops,	reporting,	and	other	activities.	In	addition,	it	devel-
oped	a	comprehensive	self-assessment	workbook,	the	California Code of Sustainable Winegrowing 
Practices Self-Assessment Workbook for the California Wine Community,	to	guide	growers	and	
vintners	in	their	efforts	to	improve	sustainability	of	their	systems.	As	of	late	2008,	CSWA	involved	more	than	
1500	growers	and	vintners	who	had	completed	a	comprehensive	self-assessment	evaluation,	and	CSWA	
educational	seminars	have	reached	more	than	5,000	growers,	vintners,	and	vineyard	or	winery	managers.	
The	combination	of	SWP	self-assessment	and	educational	activities	is	designed	to	enable	a	cycle	of	con-
tinuous	improvement	for	increasing	sustainability,	and	to	continually	engage	growers	and	vintners	actively	
in	the	learning	process.	(See	SWP’s	website	at	www.sustainablewinegrowing.org	for	more	information.)
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for problem-solving, particularly in complex and variable environments (Farrington and 
Martin, 1998).

Examples of successful participatory agriculture programs in the United States, in addi-
tion to the Practical Farmers of Iowa, include the Biologically Integrated Farming Systems 
program in California, the California Sustainable Winegrowing Alliance, and Wisconsin 
potato farmers (see Box 6-7). In Agroecology in Action (Warner, 2006), Warner documents 32 
case studies that illustrate the effectiveness of farmer–researcher partnerships in catalyzing 
changes toward increasing sustainability in agriculture. In Europe, participatory learning 
programs and methodologies have been developed systematically in agriculture programs 
(Wageningen International, 2009).

Many organizations that have participatory agriculture programs provide a grassroots 
public education and awareness function. They often focus on upcoming public policy and 
program formulation. Few, if any, do direct lobbying, as most are nonprofit. Collectively 
these educational and service organizations provide a sizeable infrastructure and momen-
tum to drive sustainable agriculture and to guide public policy. They have websites, and 
most provide electronic access to their research reports and to other sustainable agriculture 
literature and information. They form an important link to agricultural development and 
are a driver of agriculture toward sustainability.

Structuring Systems Research for Improving Agricultural Sustainability

Agricultural research is largely organized by discipline. The disciplinary research has 
raised awareness of the importance of environmental, economic, and social sustainability, 
in addition to increasing productivity, in agriculture. That research also led to incremental 
improvements in improving sustainability, particularly in environmental sustainability. 
Much more research on economic sustainability and community well-being is needed to 
complement the existing research on productivity and environmental sustainability. Yet, 
Chapters 3 to 5 in this report show the importance of interconnections and functional rela-
tionships between different components of the farming system.

The slow movement of public scientists toward more holistic and agroecological ap-
proaches to agricultural science and technology has been explored by several recent stud-
ies (Morgan and Murdoch, 2000; Vanloqueren and Baret, 2008). Aside from the influence 
of formal research program funding priorities, long-term cultural and cognitive routines 
of agricultural scientists generate assumptions about the current and future importance of 
different kinds of agricultural systems and influence their views of the viability of alterna-
tive approaches to scientific research (Blattel-Mink and Kaslenholz, 2005). Moreover, insti-
tutional and disciplinary reward mechanisms, publication opportunities, and increasingly 
specialized skill sets mitigate against the likelihood that young agricultural scientists will 
be successful pursuing careers using interdisciplinary, holistic, or alternative technologi-
cal approaches (Lattuca, 2001; NRC, 2005). Efforts to overcome these institutional barriers 
include incentive grants, new interdisciplinary units, and new modes of faculty hiring and 
evaluation (Creso, 2008).

Several applied research programs in major land-grant and other universities and 
centers (such as the Leopold Center in Iowa, the Michael Fields Agricultural Institute in 
Wisconsin, and The North Central Regional Center for Rural Development at Iowa State 
University) have “research platforms” that provide infrastructure, partner research link-
ages, and access to databases that encourage and support interdisciplinary research beyond 
traditional biological integration to economics and social sciences. By facilitating coordina-
tion and providing access to databases, such platforms offer short- to intermediate-term 
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options for scientists from a range of disciplines to add to ongoing systems research ac-
tivities. To maintain and sustain those activities, the platforms (centers) require reasonably 
long-term funding for supporting systems research and for providing matching funds for 
certain grants. Those established institutions and the platforms they support have built 
linkages with civil society groups and programs, and they give rapid and easy access to 
the complex agricultural public and civil infrastructure necessary for systems-scale and 
landscape-scale studies.

STAKEHOLDERS AND SOCIAL MOVEMENTS

The development and evolution of markets, policies, and knowledge institutions in 
U.S. agriculture are shaped by a wide range of stakeholders (including civil society actors) 
and social movements. The diverse arrangement of civil society actors—including farmer 
organizations, farm commodity groups, food industry and environmental interest groups, 
global corporations, public health advocates, immigration and labor activists, civil rights 
groups, and others—also influence consumer, public, and farmer attitudes and percep-
tions of the sustainability of current food production practices, as well as the behaviors of 
key actors throughout the agrifood system. Collectively, these efforts appear to comprise a 
broad and important social movement that is influencing markets and farmers’ choices in 
significant ways. The social movement includes a diverse and growing collection of people 
participating to achieve some desired social change and social, political, and economic 
agricultural reforms (Thompson, 2010).

In terms of public policy, sustainability continues to be a particularly contested concept, 
with dramatically different interpretations advocated by mainstream industrial farmers 
and their representatives and by alternative or ecological agricultural stakeholders. Dif-
ferent stakeholders have their preferences of which aspects of sustainability are the most 
important or of which indicators of system performance should guide public policies. For 
example, there is much dissension about which indicators are most appropriate for mea-
suring farm viability, ecological impacts, and animal welfare (Thompson, 2010). Questions 
include: Do economic indicators need to include affordability for low-income consumers? 
Should public subsidies be included when evaluating economic sustainability? Do mea-
sures of the costs of production need to be adjusted for off-farm impacts associated with 
farming activities? Do changes in disease risk to animals that are outdoors need to be 
factored into animal welfare norms? Ultimately, the answers to those questions determine 
whose values are going to count in the development of indicators and norms. Different 
agricultural stakeholders lobby in favor of public policies that reflect their particular beliefs 
and interests, seek to create markets or influence the purchasing decisions of the general 
public, and support public investments in the R&D that support the types of agricultural 
production systems that they believe are most desirable.

A Brief History of Agricultural Stakeholders and Social Movements

For much of the middle 20th century, a small number of interest groups and stakehold-
ers were deeply involved in public policy discussions about American agriculture. Since the 
establishment of the major U.S. farm commodity programs in the 1930s, the “conventional” 
stakeholders included farmers, commodity groups, and agribusinesses, and the focus of 
most debates on agricultural policy related to the levels and types of government subsidies 
and protections of different commodity sectors from market downturns (Browne, 1988). 
Until recently, many mainstream farm producers and producer organizations have op-
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posed the movement for sustainability (Thompson, 2010). Although there are many excep-
tions to such opposition nowadays, the organizations and interest groups that participate 
in conventional agricultural politics remain strong and numerous. They focus on working 
with mainstream agrifood actors to maximize food output, increase the competitiveness of 
U.S. farm products in international trade, keep food prices down, and provide protections 
for the incomes of farmers, processors, and distributors. In other words, those groups tend 
to ascribe to and lobby for the more industrial philosophy of agriculture outlined in Box 1-7 
(Chapter 1).

Since the 1970s, increasing awareness of unintended environmental, health, and food 
security problems have led some environmental and consumer groups to become engaged 
in farm and food policy debates. Their efforts have focused on creating new government 
programs (such as expanded food assistance and nutrition programs) or regulations (such 
as the Clean Water Act) to address specific problems associated with modern agricultural 
production systems. For the most part, their efforts led to parallel policies and programs 
that created new incentives (or disincentives) for farmers without confronting core ele-
ments of agricultural commodity or research policies and programs, or promoting dramatic 
changes in the organization or practices of farming enterprises.

More recently, a qualitative change has occurred in the size, sophistication, and orga-
nization of groups seeking to promote a fundamental transformation of the U.S. farm and 
food system. Some of the most effective efforts have been led by nonprofit organizations, 
including farmer-based groups and community organizations, and broader coalitions and 
national nonprofit organizations. (See the detailed discussion of the “Good Food Move-
ment” in Box 6-8.) Hundreds of these organizations and groups have sprouted up in all 
parts of the United States and in other countries. Books and films on food and food pro-
duction practices, many of which promote the agrarian philosophy discussed in Box 1-7 
(Chapter 1), have gained broad public audiences. Producer associations and commodity 
groups are recognizing that they have to address environmental, community, and social 
and animal welfare issues that were not widely recognized concerns in the past. In gen-
eral, these groups help to spread information, education, and technical support regarding 
practices that can achieve multiple sustainability goals, and some groups also promote 
policy and institutional changes to support improvement in agricultural sustainability. (See 
Box 6-7 regarding the Practical Farmers of Iowa and the California Sustainable Winegrow-
ing Alliance, as examples.)

Many organizations have worked to create new marketing opportunities, such as 
 farmers’ market associations and nonprofit sustainable certification programs, or to pro-
mote changes in public food-buying and eating habits. There are more than 200 “Slow 
Food” local chapters in the United States. Chefs and educators also have formed influential 
organizations, such as the Chefs Collaborative, an organization that has contributed to 
increased demand for foods produced in ways that balance various sustainability goals. 
In some situations, organic farmers have formed local or state organizations tied to their 
particular concerns or educational needs, such as the Hawaii Organic Farmers Associa-
tion, Texas Organic Farmers and Gardeners Association, and Northeast Organic Farming 
Association. Some organizations have emerged to address special interests of minority or 
immigrant communities, such as the Hmong Farmers Association in Washington State, the 
Agriculture and Land-Based Training Association (ALBA) for Latino farm workers and 
farmers in central California (ALBA, 2009), and Growing Power, a nonprofit organization 
in Milwaukee that supports people from diverse backgrounds through community food 
systems, providing high-quality, safe, healthful, and affordable food to all in the commu-
nity, and directly benefits inner city youth (Growing Power, Inc., 2009).
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BOX �-� 
The Good Food Movement

	 Recently,	a	coalition	of	diverse	social	movements	has	grown	in	size	and	significance	around	the	so-
called	Good	Food	Movement	(see	Figure	6-8,	Flora	2009).	These	groups	are	distinctive	in	that	they	are	
increasingly	raising	broad	challenges	to	the	dominant,	conventional	agrifood	system	in	the	United	States.	
The	new	social	movements	that	make	up	the	Good	Food	Movement	are	often	based	on	an	identity	that	
transcends	economic	interests.	They	are	attempting	to	transition	the	conventional	agriculture	sector	toward	
agrifood	systems	that	have	several	key	attributes:	green,	healthy,	fair,	affordable,	and	local	(W.K.	Kellogg	
Foundation,	2009).	Principles	of	sustainability	included	in	this	movement	reflect	strong	interests	in	com-
munity	well-being,	ecosystem	health,	and	economic	security.	The	diagram	below	shows	the	array	of	social	
movement	organizations	(SMOs)	associated	with	the	Good	Food	Movement	and	their	areas	of	overlap.	A	
helpful	way	to	understand	the	diverse	drivers	that	bring	different	groups	to	the	Good	Food	Movement	is	
the	Multiple	Capitals	Framework,	which	is	an	analytical	tool	for	organizing	and	explaining	land-based	social	
movements	(Flora	and	Flora,	2008).	The	growth	and	development	of	the	Good	Food	Movement	is	likely	
to	shape	future	public	discussions	about	agriculture	and	food	markets,	policies,	and	research	agendas.
	 The	social	movements	seem	to	be	gaining	strength	and	influence	as	represented	by	the	response	of	
retailers	and	others	to	market	opportunities	that	reflect	the	Good	Food	Movement’s	desired	agricultural	
attributes.	As	such,	social	movements	like	this	one	could	provide	new	market	opportunities	for	farmers	and	
influence	farmers’	production	decisions.

6-8 in box.eps
bitmap

SOURCE: C. Flora (2009).

The growth and connections among such organizations have increased through the use 
of the Internet and networking via web-based technology. As a result of Internet connec-
tions, producers, consumers, and others logically have far greater opportunities to acquire 
information about a range of practices and issues related to the food they produce and con-
sume, and to exchange ideas and concerns. At the same time, other social networking has 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

��� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

continued to be important in many areas, especially for producers who are attracted to work-
shops and meetings, farmers’ markets, and other activities where they can talk and observe. 
For example, Communities of Practice that link local food movements provide ways for 
producers, consumers, and activists to come together to improve their good food practices. 
The Alternative Farming Systems Information Center lists many associations and nonprofit 
organizations in the United States (outside of universities and colleges) that have state-level 
training and education opportunities in sustainable agriculture (USDA-NAL, 2009).

Although the majority of those nonprofit groups are local or regionally oriented, some 
of them have formed into broader initiatives or coalitions at the state and national levels. 
They provide support and information to farmers and consumers. Some groups engage in 
advocacy related to sustainable agriculture. Some well-known organizations that have had 
influential roles at the national level in recent years include the American Farmland Trust, 
ATTRA—National Sustainable Agriculture Information Service, Organic Farming Research 
Foundation, Organic Center, Henry Wallace Center, and Heifer International (Morgan, 
2010). The SARE program and its regional offices also play a major role by supporting the 
work of local farmers, groups, and organizations.

The National Sustainable Agriculture Coalition (NSAC), formed from a merger of two 
national policy groups linked to a network of local and regional groups, is an important 
national-level policy group. NSAC’s vision of agriculture is one where “a safe, nutritious, 
ample, and affordable food supply is produced by a legion of family farmers who make 
a decent living pursuing their trade, while protecting the environment, and contributing 
to the strength and stability of their communities” (NSAC, 2009). Members include 73 en-
vironmental, rural development, faith-based, research (including university centers), and 
social justice organizations, and producer organizations. NSAC activities include gathering 
input from farmers and ranchers and from grassroots organizations that work directly with 
them, developing policy through participatory issue committees, providing direct repre-
sentation in Washington, D.C., on behalf of its membership, and strengthening the capacity 
of member groups to promote citizen engagement in the policy process.

The combined efforts of these coalitions and other allies have focused on influencing 
the content of the Farm Bill, annual legislative budget allocations, and agency policy deci-
sions. For example, NSCA successfully advocated to increase funds to the SARE program 
of USDA, and it proposed and defended provisions for funding farmland conservation 
programs and organic research in the recent Farm Bills. In addition, dozens of private 
foundations have increased support to sustainable and organic farming organizations in 
recent years. (See a partial list of resources at USDA-NAL, 2007).

DIVERSITY OF FARMER RESPONSES TO CONTEXTS

Market, policy, and institutional contexts are important drivers of the overall trajectory 
of U.S. agriculture, but how individual farmers respond to the incentives and disincentives 
created by those contexts differs widely. The diversity of farmers, farm types, and farming 
practices in the United States is testimony to the fact that past market, policy, and knowl-
edge conditions have not dictated the detailed paths that farmers have pursued.

To encourage movement toward an increasingly sustainable farm sector, knowing 
the reasons why farmers have not universally adopted practices and systems that can 
maximize societal sustainability goals and objectives would be helpful (Rodriguez et al., 
2009). Some farmers might be relatively satisfied with their current farming practices and 
do not think the reasons are strong enough to change their behaviors. The benefits of some 
practices might accrue off-farm, but the farmer must bear the costs. Some farmers might be 
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reluctant to change their practices, even if they want to, because they lack the basic infor-
mation to decide whether and how to change, or receive conflicting advice from govern-
ment agencies, land-grant universities, agribusinesses, and financial lenders. Others might 
perceive changes in their farming practices to be too complex, the perceived additional 
operating costs might be viewed as too high, or the return on investment might seem either 
too risky or too lengthy for their planning horizon (NRC, 1993b). Some farmers might find 
that financial institutional managers, landlords, or business partners are resistant to their 
ideas for innovation or change (NRC, 1993b).

The sections below discuss research on factors that influence farmers’ decisions to 
adopt new practices or systems designed to improve the sustainability impacts associated 
with their farming activities. Important influences on farmer behavior include the oppor-
tunities and challenges posed by variability in local biophysical conditions, local farm and 
non-farm economic conditions, and each individual farm’s existing stock of physical assets. 
They also reflect differences in the skills, goals, and values of individual farmers (and their 
families). However, past research does not necessarily predict future outcomes. Ongoing 
public debates, emerging market opportunities, new programs and policies, and innova-
tions in farming practices and systems are likely to continue to affect farmer perceptions, 
goals, and behaviors.

Local Conditions and Farm Sustainability

The performance of any new farming practice or system is mediated by the diverse 
biophysical resource conditions found in different regions of the United States. Impor-
tant biophysical resources include soil quality, topography, climate, and water availability. 
Farms in areas with longer growing seasons and more moderate winters, for example, are 
able to cultivate particular kinds of crops that do not thrive in harsher climates, but also 
experience distinctive patterns of weeds, pests, and disease problems. Landscapes with 
greater variability in soils or topographic features might be particularly well suited to 
diversified farming systems that take advantage of diverse local biophysical niches. Flat 
homogenous production conditions might enable larger-scale specialized operations. Bio-
physical resource differences suggest that the specific tillage practices, crop rotations, and 
pest and disease management strategies appropriate for a particular region (for example, 
the Corn Belt) might differ from those for another region (for example, the humid Southeast 
or arid West). Thus, farming practices and system redesigns for improving sustainability 
often need to be tailored for micro climates and soil conditions; few practices and system 
redesigns will be appropriate for all situations.

Options for increasing the sustainability of U.S. farms are also shaped by the regional 
availability of a supportive agribusiness infrastructure and markets for particular farm prod-
ucts. Traditional vegetable production or dairy farming areas, for example, tend to have a 
critical mass of input suppliers, agribusiness professionals, and marketing and processing 
facilities that can easily handle those particular commodities. Similarly, farms located in re-
mote areas are less likely to have opportunities to take advantage of emerging urban-oriented 
value-trait food markets. The lack of an appropriate agricultural infrastructure can constrain 
the ability of farmers to adopt new commodities or marketing approaches on local farms. 
 Efforts to increase sustainable farming systems would need to focus as much on infrastruc-
ture and market development as on production techniques or practices.

At the farm level, historic investments in buildings and equipment suited to the pro-
duction of particular commodities can present obstacles to the rapid retooling or restruc-
turing of the farm production process (Barham et al., 1998; Clark, 2008). In particular, U.S. 
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commercial farms have become much larger in scale and increasingly specialized (Gardner, 
2002; MacDonald, 2007). One of the most striking specialization trends has been the in-
creasing separation of crop and livestock production (Powell and Unger, 1998; Russelle 
et al., 2007). Specialized crop farms have typically expanded in scale through the use of 
highly specialized machinery. Specialized livestock farms have usually made significant 
investments in buildings and equipment to support modern production processes (Boetel 
et al., 2007). Gollehon et al. (2001) documented a 40 percent decline in available land for 
recycling livestock waste through cropping enterprises on U.S. farms between 1982–1997, 
which can generate structural problems for the effective recycling of livestock nutrients 
through local crops (Kellogg et al., 2000; Naylor et al., 2005; Ribadau and Gallehon, 2006). 
Efforts to encourage greater diversification in crop enterprises, or to reintroduce integrated 
crop–livestock enterprises, could be complicated by commitments to modern specialized 
production systems and the current geographic separation of crops and livestock in many 
parts of the United States. Conversely, regions that have maintained highly diversified or 
integrated production systems might be well positioned to take advantage of many types 
of farming practices for improving sustainability (Singer et al., 2007; Prokopy et al., 2008).

The impact of government programs and policies on local farmer behavior can be 
expected to vary across regions. Farm commodity programs have the largest influence 
in communities where local farmers have the ability and propensity to cultivate program 
crops. The relative competitiveness of bids to enroll lands in CRP depends on the compa-
rable erodibility of lands across regions and other environmental factors, and on the levels 
of productivity and opportunity costs associated with expected economic returns from 
locally dominant farming activities.

Farm and Farmer Characteristics and the Use of Sustainable Agricultural Practices

The characteristics of farms and farmers most likely to adopt new farming practices 
have been researched extensively (Rogers, 2003). A major subset of that research focuses 
specifically on the adoption of agricultural conservation practices (Prokopy et al., 2008) or 
the use of organic or other farming techniques to improve sustainability. The literature sug-
gests that farmer demographic characteristics, knowledge and skills, and goals and values 
are weakly correlated with the likelihood of using agricultural practices to improve sustain-
ability. Empirical studies have been able to explain only a small percentage of variation in 
adoption of those farming practices (Napier et al., 2000; Fuglie and Kascak, 2001). However, 
some patterns and lessons learned shed light on the ways that farm and farmer character-
istics are likely to influence the ability or propensity of individual farms to increase their 
use of sustainable practices or approaches.

Farm Characteristics
Most researchers assume that economic factors—including costs, benefits, economies 

of scale, uncertainty, and policy incentives and disincentives—influence the attractiveness 
of different types of farming production practices and overall trajectories of technological 
and structural change in agriculture (Chavas, 1997, 2001; Halloran and Archer, 2008). That 
assumption holds true for most practices designed to enhance the sustainability perfor-
mance of U.S. agriculture (Rodriguez et al., 2009). However, the relative economic costs 
and benefits of any given farming practice can differ across farm types and regions and 
are influenced by a wide range of farm characteristics, including scale, enterprise diversity, 
land tenure, indebtedness, and sunk costs associated with previous investments (Hall and 
Leveen, 1978; Hallam, 1993; Barham et al., 1998; Marra et al., 2004).



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

DRIVERS AND CONSTRAINTS ���

Simple, widely generalizable conclusions cannot be drawn about the relationship be-
tween farm size and the use of different sustainable agricultural practices. In their detailed 
review of 55 empirical studies of the adoption of agricultural conservation BMPs, Prokopy 
et al. (2008) found weak evidence that larger farms (with greater capital investments and 
land resources) and farms with more diverse cropping or livestock systems were somewhat 
more likely to be using most types of BMPs than smaller and less diverse farms. Lambert 
et al. (2007) analyzed data from the large-scale USDA Agricultural Resource Management 
Survey (ARMS) to assess the characteristics of U.S. corn, soybean, and cotton farms using 
conservation-compatible practices. They found that farm scale and reliance on farm income 
do not appear to be related to the use of standard conservation-compatible practices (such 
as conservation tillage or crop rotations), but residential or lifestyle farms and lower-sales-
volume farms were significantly less likely to use decision-aids (such as soil tests and pest 
scouting) or management-intensive practices (such as integrated pest management or vari-
able rate application). Participation in land retirement programs (such as CRP) was more 
common on smaller or noncommercial farms than on larger ones. Use of practices that are 
compatible with ongoing farming operations (such as grass waterways, riparian buffers, and 
filter or contour strips) was positively related to farm size, despite the fact that relatively few 
farms that use those practices received any government conservation program payments. 
They concluded that the larger the farm, or the more dependent on farm income is the house-
hold, the more receptive the farm operator will likely be to use practices that potentially 
reduce costs or increase yields. Conversely, smaller and less commercially oriented farms 
might be most likely to adopt conservation practices that are the least complex or demand-
ing, and are less sensitive to the effects of those practices on their business’ bottom line.

Similar studies of farmers using a package of production practices to improve sustain-
ability in the Midwest and Great Plains found that the farmers tended to have lower levels 
of capital investment and smaller acreages (Bird et al., 1995). However, the association be-
tween farm scale and use of farming practices for improving sustainability depended on the 
nature of the practice; larger farms were somewhat more likely to use reduced agrichemical 
input strategies, while smaller and more diverse farms were more likely to adopt inte-
grated, holistic practices. In a study of Montana farms, Saltiel et al. (1994) found that larger 
specialized farms (particularly crop or grain farms) are more likely to use management-
intensive techniques to increase the sustainability of their farms, whereas a larger propor-
tion of smaller diversified crop–livestock operations prefer low-input practices that do not 
require as much information or management effort (particularly land retirement, fallowed 
or perennial crop rotations, and use of manure as a fertilizer source).

Implications for the Adoption of Farming Systems for Improving Sustainability
Some authors link long-term trends in size structure and spatial organization of agri-

cultural enterprises, in particular the growth in the average size, capital investment, and 
degree of specialization among U.S. commercial farms, to potentially negative environmen-
tal outcomes (Strange, 1988; Buttel, 2006). For example, the growth of larger-scale, more 
specialized farming systems has been associated with a general trend in the latter half of the 
20th century toward greater use of continuous monocropping instead of crop rotations, or 
the production of more intensive crops (corn and soybean) in place of less intensive crops 
(hay and pasture). Monocropping and growing intensive crops have been associated with 
increased rates of soil erosion, heightened vulnerability to pest damage, and potentially 
higher rates of chemical application (NRC, 1989a).

Similarly, large specialized livestock facilities tend to put more emphasis on productiv-
ity of the animals and purchase more of their livestock feed from off the farm than small 
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livestock farms. The tendency for specialized livestock operations to purchase a higher 
percentage of their livestock feed requirements has led to growing farm-, watershed-, and 
regional-level imbalances in the supply of nutrients in livestock manure relative to the 
crop nutrient requirements in fields surrounding livestock operations (Kellogg et al., 2000; 
Ribadau and Gallehon, 2006).

Atwood and Hallam (1993) noted several reasons to believe that larger and more 
specialized farms might exhibit structural tendencies that can both increase and decrease 
environmental performance. Specifically, larger specialized farm operations tend to use 
their land base more intensively, resulting in greater use of chemical inputs and energy 
consumption per acre. More specialized cropping or livestock operations have created 
more homogeneity in crop or livestock species composition, creating the potential for wide-
spread outbreaks of pests or diseases, increasing resistance to pesticides, and decreasing 
biodiversity (Butler et al., 2007). As noted above, the concentration of livestock onto large 
operations generates structural problems for the recycling of livestock nutrients through 
local crops (Naylor et al., 2005). The increasing concentration of livestock on single produc-
tion units requires the use of large manure storage facilities, which can become potential 
point sources for ground water pollution or accidental release of manure into surface wa-
ters. The storage facilities reduce chronic discharges of manure into waterways but increase 
the risk of catastrophic acute discharges if a storage unit is overtopped or fails.

Conversely, there is evidence that larger and more specialized farms can offer some 
structural environmental advantages when compared to smaller, more diversified op-
erations. First, the overall input use might be higher on larger farms, but resource use 
per unit of output might be lower given higher levels of productivity than smaller or 
more diversified farms (Capper et al., 2009). Second, larger farms are more likely to adopt 
many recommended conservation BMPs than smaller farms—particularly those that in-
volve decision-aids such as soil testing and integrative pest management or those that are 
management intensive (Lambert et al., 2006). Third, the large scale of many commercial 
farms is typically associated with heightened division of labor, higher levels of human capi-
tal, and greater use of computerized information resources and hired consultants. Those 
traits enable larger farms to devote more time to managing their environmental resources. 
Similarly, economies of scale for many environmental BMPs make them more economically 
attractive to farms at the upper end of the size spectrum. Fourth, larger livestock farms are 
often subject to stricter regulatory oversight from state and federal environmental agencies 
than smaller livestock farms.

As discussed in previous chapters, sustainability involves balancing goals that go 
beyond merely improving environmental performance. Rather, to be sustainable over the 
long term, farming systems have to address and balance critical productivity, environmen-
tal, economic, and social goals. While systematic research that includes all these topics 
is rare, it has been suggested that some small and medium-sized farms with diversified 
operations might be more likely to orient their production systems toward enhancing lo-
cal food security and access, animal welfare, and community acceptability (Lyson, 2002; 
Lyson et al., 2008). Nonetheless, the studies cited above demonstrate the lack of clear cor-
relation between farm size and use of practices for improving sustainability. Ultimately, all 
farms irrespective of size have opportunities to move agriculture along the sustainability 
trajectory.

In terms of farming strategies discussed in Chapters 3 and 4 of this report, two distinct 
approaches toward improving the sustainability of U.S. farming will be needed. First, given 
the growing dominance of large specialized crop or livestock farms, farming strategies and 
incentives could be developed to increase resource use efficiencies, develop resilience to 
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environmental changes, and produce environmental benefits on these types of large farms. 
Expanded use of technological innovations (such as minimal tillage, low-input or organic 
methods, precision farming, and new environmentally friendly genetic varieties) will be 
critical components to improve the sustainability of large-scale specialized agriculture. 
Although early advocates of “alternative” agriculture (such as organic farming) suggested 
that large farms were not as likely to adopt those systems, recent trends suggest that prac-
tices such as organic farming and conservation can be attractive to the largest farming 
enterprises (Guthman, 2004). The sheer scale of the large farm sector in the United States 
suggests that adoption of farming systems for improving sustainability by those farms 
could have a dramatic influence on the speed and extent of growth in these types of farm-
ing systems.

At the same time, structural constraints could be a disincentive for operators of large 
specialized farms to pursue systemic changes in their farming approaches. Those changes 
include increasing diversification (which will be more labor intensive and management 
intensive), developing integrated cropping and livestock systems, and using farming sys-
tems that rely more on natural processes and less on purchased chemical inputs for fertility 
and pest management. The success of some of these changes might depend in part on high 
levels of local knowledge and hands-on management skill; hence, they might be more suit-
able for the resources and approaches of smaller, more diversified farms. Efforts to sustain 
and expand the small-sized and medium-sized farming sector might be important to enable 
the spread of these farming systems.

Farmer Knowledge, Skills, and Perceptions

Individual farmers develop a wealth of knowledge and skills from their farming expe-
riences (and from their formal education and training) that can both enable and constrain 
their ability to use farming practices and systems to improve sustainability (Bell, 2004). 
For example, Morgan and Murdoch (2000) noted that conventional farms, which rely on 
intensive use of external farm inputs, tend to obtain much of their information on how to 
produce crops and livestock from input suppliers and university experts who provide stan-
dardized knowledge to farmers (with the goal of reducing production costs). Because the 
knowledge is standardized, the local knowledge of the farmer is less important or valued. 
On the other hand, Morgan and Murdoch (2000) also noted that the detailed local knowl-
edge of farmers can be important in the operation of highly diversified agroecological-
oriented farm systems. Because these farms rely heavily on natural systems and on-farm 
resources to manage fertility, pests, and diseases, farmers are forced to pay closer attention 
to the wider social and ecological impacts of their farming decisions; indeed these farmers 
often report that they need to “forget much of the knowledge they have acquired with in-
tensive production” (Morgan and Murdoch, 2000). Researchers have found that loss of local 
farming knowledge is one of the key barriers to converting farming systems toward greater 
sustainability (Padel, 2001). Adjusting a farming system to improve multiple aspects of sus-
tainability is a continuous process that requires ongoing experimentation and learning. The 
role of outside experts (from agribusinesses and universities) is diminished if they provide 
standardized knowledge, although they could facilitate experimentation and learning.

In their review of the literature, Prokopy et al. (2008) found that the age of a farmer and 
years of farmer experience are negatively correlated to their likelihood to adopt conserva-
tion BMPs. Data from USDA suggest that organic operations have a higher proportion of 
female operators compared to the entire agriculture sector. The average age and years of 
farming experience of operators are lower in organic operations compared to all farms 
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in the United States (USDA-ERS, 2009c). Those trends suggest that farmers with more 
marginal positions in farming social networks (for example, women and youth) might be 
more likely to break away from tradition and to experiment with nonconventional farming 
practices and systems.

Meanwhile, social context can also affect the use of farming practices and systems to 
improve sustainability. Farmers in regions where many neighbors practice similar or the 
same farming techniques that can improve sustainability are more likely to have access to 
information, examples, and peer support that would facilitate their ability to adopt similar 
practices. Farmers with better connections to local social and institutional networks are 
more likely to adopt conservation BMPs successfully (Nowak, 1987, 1992; Van Es and 
 Notier, 1988). Farmer learning networks have been critical components of the development 
and spread of innovative farming practices such as management-intensive rotational graz-
ing (Hassanein, 1999).

Farmer Values, Goals, and Perceptions

Farmers are motivated by diverse personal goals and values that affect their decisions 
to use new production or marketing practices or strategies. As discussed in Chapter 4, some 
goals reflect economic objectives—for example, achieving an acceptable level of financial 
return, ensuring the ability of the farm household to meet consumption needs and plan for 
the future, and balancing economic risks and rewards. Other goals reflect important non-
economic objectives of farmers and farm households, such as effects of farming practices 
on the enjoyment and safety of farm-work tasks, the ability to involve children in farming 
activities, and other quality-of-life considerations. Farmers can be motivated by values that 
subordinate personal or family goals to those of a wider community, society, or the environ-
ment. Examples include consideration of the effects of farming practices on neighbors or a 
local community, a desire to provide quality food or fiber to consumers, and a stewardship 
or conservation ethic.

Much published research explores the relationship between farmer values, goals, and 
perceptions and their decisions to use conservation practices, organic farming techniques, 
and other approaches to improving the sustainability of their operations. In general, eco-
nomic considerations tend to play an important role, but they are not the only factors used 
by farmers to evaluate new agricultural innovations (Loftus and Kraft, 2003; Nowak and 
Cabot, 2004; Lamine and Bellon, 2009). Practical noneconomic considerations, such as a 
desire to limit time and energy spent farming, have been linked to the adoption of farming 
practices that can improve sustainability (Lobley and Potter, 1998; Leeuwis, 2004; Nowak 
and Cabot, 2004).

Many have argued that farmers who adopt unconventional farming practices or sys-
tems have different values or are motivated by broader noneconomic objectives than con-
ventional farmers (Lund et al., 2002; Lockie and Halpin, 2005; Ahnstrom et al., 2009; Greiner 
et al., 2009). Empirical evidence is inconsistent. In their comprehensive review of studies, 
Prokopy et al. (2008) found that pro-environmental attitudes were only weakly related to 
BMP use, although they noted that positive associations were more common than negative 
relationships. Participation in voluntary farm environmental planning programs has been 
shown to be influenced most by stewardship and other nonfinancial motivations, whereas 
rigid regulatory contexts generate pragmatic types of decision making (Plummer et al., 
2007; Atari et al., 2009). Early studies indicated that philosophical or moral considerations 
were important to first-generation organic farmers, while farmers who have recently tran-
sitioned their farms to organic are motivated by the price premiums and other economic 
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advantages available from organic markets (Best, 2005; Lockie and Halpin, 2005; Lamine 
and Bellon, 2009).

Farmer actions are also shaped by perceptions of the objective realities of their politi-
cal, economic, and natural contexts, which can vary from individual to individual, even 
within the same location (Bieling and Plieninger, 2003; Burton, 2004; Ahnstrom et al., 2009). 
Heightened awareness about environmental impacts associated with farming practices, for 
example, can increase use of conservation BMPs (Prokopy et al., 2008).

The local sociocultural context of farming can influence the willingness of farmers to 
experiment and use nontraditional farming practices. For example, peer pressure to con-
form to dominant ideas of what “real farmers” would do can hinder the spread of farming 
practices that push the envelope of those definitions (Bell, 2004; Leeuwis, 2004; Rodriguez 
et al., 2009). However, Flora (1995) found that in communities accepting of innovation in 
general, farmers were more likely to adopt practices for improving sustainability.

Although many farmers share common goals, values, or motivations, most scholars 
recognize that distinct subgroups of farmers emphasize different priorities and thus pursue 
different technological or management strategies (Vanclay and Lawrence, 1994; van der 
Ploeg, 2003; Bell, 2004). For some farmers, differences in their choices of farming practices 
are related to their moral convictions about what constitutes “good farming”; for others, 
practical considerations dominate (Schoon and Grotenhuis, 2000). Differences in attitudes 
and values exist within subgroups of farmers (such as those using conservation practices 
or organic farming techniques). Padel (2001) emphasized that economic and noneconomic 
motivations are not mutually exclusive. Farmers are also not isolated individuals who 
make decisions entirely on the basis of innate preferences or characteristics. Their goals 
and motivations are best viewed as dynamic states shaped by their relationships to key ac-
tors across a range of social contexts (for example, interactions with other farmers, friends, 
neighbors, extension workers, and regulators) (Leeuwis, 2004). Complex combinations of 
different individual motivations are reflected in complex management styles that respond 
to similar pressures and incentives in unique ways (Nowak and Cabot, 2004).

SUMMARY

The decisions of farmers to use particular farming practices and their ability to move 
forward along the sustainability trajectory are influenced by many external forces, such as 
markets, public policies, available science, technology, knowledge and skills, and the farm-
ers’ own values, resources, and land tenure arrangements. The market, policy, and knowl-
edge structure are in turn influenced by efforts of broad social movements and organized 
interest groups that have different perspectives about how agriculture should be organized 
and how food should be produced and distributed. A discussion of the sustainability of 
U.S. agricultural practices and farming systems is incomplete without discussion of some of 
the driving forces for improving sustainability and trends. Understanding the drivers and 
the trends can direct policy attention to where changes can be made to influence farmers’ 
decisions to effectively address the challenges identified in Chapter 2. Key points from this 
chapter are summarized below.

Markets

•  Increasing concentration of ownership and control in the U.S. agricultural sector can, 
through influences on costs, prices, and contractual arrangements, reduce farmers’ 
flexibility in selecting farming practices. American farmers’ decisions about planting, 
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input use, investments, and marketing are heavily influenced by the prevailing prices 
of and access to farm commodity markets.

•  Increasing interest by consumers in various types of “value-trait” foods, including 
organic, natural, free-range, hormone-free, local, direct, or family-farm raised foods, 
has increased incentives for producers to use production practices that can serve those 
markets.

•  Sustainability initiatives by major food retailers can contribute to moving more farmers 
toward practices and systems that can improve sustainability, as defined by the retailers. 
As the supply of some types of value-trait foods catches up to demand, there are con-
cerns that price premiums received by producers would diminish, and therefore would 
reduce incentives to use associated farm practices.

•  Access to local niche and direct-sales markets has allowed many small and medium-
sized farm to find economically viable options to conventional commodity outlets and 
to use farming practices that could improve sustainability. Despite rapid growth, direct 
sales to consumers are less than 1 percent of total U.S. farm sales.

•  Marketing tools such as certification, grades and standards, and branding can create 
niches of profitability for farmers whose produce meets specific requirements. Those 
tools have mixed effects on driving farmers to improve sustainability. Federal involve-
ment in the creation and enforcement of standards for organic food labels has contrib-
uted to rapid growth in the sector, but the federal standard is narrowly focused on 
environmental and health issues. An increasing number of “sustainability” labels and 
certifications have broader definitions than the federal organic standard. They might 
identify food products produced in ways that address labor, community, or animal 
welfare concerns. However, the proliferation of sustainability labels and certifications 
has created some confusion among both producers and consumers and has led to calls 
for harmonization of standards across states and nations. Disputes over the stringency 
of certification or labeling requirements affect the types of practices that farmers will 
be allowed to use when producing for these markets.

•  Interest has increased in public and private programs designed to create markets for 
ecosystem services to compensate farmers who use ecologically beneficial practices. 
Examples include payment for environmental services, cap-and-trade, and offset trad-
ing markets. To date, those programs have been experimental and have produced only 
modest success in changing producer behaviors.

Public Policies

•  Major federal commodity and crop insurance programs have been linked to a decrease 
in the diversity of cropping systems, increases in the use of external farm inputs, and 
the extensive hydrologic modification of landscapes in the United States. Insurance 
programs encourage more acres to be planted to major commodity crops and on mar-
ginal or risky agricultural landscapes, and can disadvantage producers of commodities 
not covered by these programs.

•  Although conservation programs have encouraged use of a range of best management 
practices, the voluntary nature of the programs and a lack of targeting in implementa-
tion have limited their impacts on air and water quality. Federal conservation programs 
have focused the use of cost-sharing to reduce the financial expenses associated with 
particular farm practices. However, minimal standards for qualifying for cost-sharing 
dollars and decisions about which types of practices are eligible for support have failed 
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to create effective incentives to use some important types of farming practices for im-
proving sustainability, such as complex long-term crop rotations, information-intensive 
or management-intensive farming systems, and alternative livestock systems.

•  One possible policy response to reach more sustainability objectives would be to redi-
rect and redesign the Farm Bill programs so that they cost-effectively pursue such goals 
as controlling nonpoint pollution via landscape management, sequestering carbon on 
agricultural lands, providing habitats for wildlife, reducing pesticide use, and enhanc-
ing farmers’ knowledge and skills on available practices and approaches to achieving 
various sustainability objectives.

•  Traditionally, federal nutritional assistance—which represents a large proportion of the 
Farm Bill budget—had little impact on markets for foods produced in more sustain-
able ways. In the last few years, an increasing portion of the food assistance and school 
lunch program budget has been designed to encourage consumption of fresh fruits and 
vegetables and to be available for purchase of foods directly from local farmers. The 
changes could influence the adoption of farming practices for improving sustainability, 
but any effects have yet to be documented.

•  To date, many environmental regulations have exempted agricultural operations, but 
recent changes to the Clean Air Act, the Clean Water Act, the Food Quality and Protec-
tion Act, the Endangered Species Act, and food safety guidelines have had important 
impacts on farmers’ use of agrichemicals, conservation practices, and management of 
livestock wastes. Some of those impacts on farmers’ behavior could lead to unintended 
consequences, such as accelerating structural change toward larger farms and tradeoffs 
among different environmental objectives (for example, landscape biodiversity, water 
quality, greenhouse-gas emissions, and food safety).

•  U.S. agricultural markets are influenced by trade and trade policies. The most influen-
tial trade policy is that of WTO. Some recent WTO trade dispute resolutions have raised 
legitimate concerns as to whether certain sustainability attributes might be omitted or 
impaired by the pursuit of trade liberalization. Emerging debates over federal and state 
legislation addressing farm labor working conditions and farm animal welfare could 
become important drivers of farm practices and changes in the organization of farming 
systems in the United States.

Knowledge Institutions

•  As of 2009, the U.S. public research system spends almost $5 billion per year on agricul-
tural research and development. Although roughly a third of public research spending 
is devoted to examining environmental, natural resource, social, and economic aspects 
of farming practices, the other two-thirds is focused on improving the productivity and 
efficiency of conventional farming systems. A relatively small portion of public dollars 
has been devoted to the investigation of complex farming systems and long-term agri-
cultural research.

•  Cooperative extension has expanded its mandate beyond traditional agriculture to 
provide outreach and services to address a broad set of communities and their needs, 
despite declining funding from federal, state, and local governments. The regionaliza-
tion of extension programs was proposed as one way to reduce costs. Extension would 
function as a catalytic coordinator and facilitator and work with a broad constituency 
to improve the viability of the agricultural sector in a region. A nationally coordinated 
eXtension Internet system is being developed to provide timely and specialized infor-
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mation and educational programs to the public. The role and mission of cooperative 
extension to provide education and networking opportunities for farmers is critical to 
moving agriculture toward improved sustainability.

•  Privately funded industry research in the United States has surpassed the public sector 
in spending to develop new farm practices and technologies. Research on the impact of 
farming practices and systems on various indicators of sustainability is much less com-
mon in the private sector, because such research is unlikely to lead to the development 
of marketable products or otherwise generate financial returns on private research and 
investments.

•  A small but increasing amount of public research dollars is invested in programs de-
voted specifically to research on sustainable farming systems. The effects of those 
programs on the development and adoption of new farming practices or systems is not 
well documented.

•  Much of the technical and managerial innovation in improving agricultural sustain-
ability has occurred through farmer innovation and experimentation. Recognition of 
the wealth of farmer knowledge about farming practices and systems for improving 
sustainability has led to increased public support for farmer-to-farmer mentoring pro-
grams and farmer learning networks.

•  Opportunities for collaboration between public agricultural scientists and farmer inno-
vators are still relatively rare but offer a potentially important model for future research 
and development efforts.

Stakeholders and Social Movements

Agricultural markets, policies, and knowledge institutions are shaped by the relative 
influence and power of various stakeholders and interest groups in the United States. 
Public awareness of issues of sustainability will depend, in part, on the organization and 
efforts of individuals and groups that are dissatisfied with the current agrifood system. 
The number of groups and organizations that are working to support innovative farmers, 
develop new markets, and expand public programs designed to move agriculture toward 
sustainable agriculture has been increasing. However, their efforts and successes are con-
strained by the needs and goals of conventional agrifood system stakeholders, who have 
traditionally dominated public discussions of farming issues. Changes in markets, policies, 
and research institutions to encourage sustainable agriculture will depend on finding areas 
of common ground or negotiated compromises among various stakeholders.

Diversity of Farmer Responses

•  Although market, policy, and institutional contexts are important drivers of the tra-
jectory of U.S. agriculture, the response of individual farmers to the incentives and 
disincentives created by those contexts can be quite diverse. Local biophysical re-
sources, proximity to markets, and existing investments in land, equipment, and build-
ings all affect the adoption of farming practices to improve the sustainability of U.S. 
agriculture.

•  Farm business attributes (such as scale and land tenure arrangements), farm household 
characteristics (including age, formal education, and lifecycle stage), and farmer values 
and beliefs can affect the ability and desire of individual farmers to use many of the 
practices mentioned in Chapters 3, 4, and 5 of this report.
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Illustrative Case Studies

T he committee that authored the report Alternative Agriculture (NRC, 1989) commis-
sioned case studies of 14 farms to illustrate the wide range of alternative farming 
systems that were operating in the United States in the 1980s. Those case studies 

provided important details about the complexity of individual farming practices and the 
diversity of approaches used to improve the sustainability of farming systems. The commit-
tee for this report commissioned two sets of case studies. Initially, the committee followed 
up with the operators or owners of the 14 case-study farms featured in Alternative Agri-
culture to see whether their approaches to farming have changed over time and how their 
approaches have affected the viability of their farms.

In addition to following up with those case-study farms, the committee selected nine 
new farms to serve as informative case studies for this report. The purpose of the new case 
studies was to illustrate the diverse production and management practices used to improve 
sustainability across different farm commodity types, to highlight how innovative produc-
ers address common challenges associated with moving toward greater sustainability, and 
to better understand the role of larger social, economic, and institutional contexts in the 
emergence and development of these farms. The assumption is that successful farmers, 
operating in real-world environments, are a key source of knowledge for innovative agri-
cultural production systems design and management. The case-study farms were chosen to 
provide insight into how different segments of U.S. agriculture are implementing sustain-
ability concepts in the 21st century. Each farm is located within biogeophysical, economic, 
and sociopolitical realms with scales varying from family to farm, local landscape, local 
community, regional, and global. Their stories are necessarily complex, and their success 
at improving different measures of sustainability illustrates the balancing of various goals 
and objectives faced by most real-world farmers. In most cases, their farming systems build 
on positive synergies and interactions among different aspects of the social and natural 
elements of their farms, which are manifested at various scales (for example, households, 
farms, watersheds, and niche markets). Those interactions are dynamic and are expected 
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to change in response to or anticipation of opportunities and constraints. Many of the key 
technologies and interaction processes for sustainability have been well studied by scien-
tists, and are summarized in the main body of this report. But the current state of farming 
systems science is far from adequate to effectively model, in a holistic way, the complexities 
of interaction illustrated by the case-study farms.
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Follow-up of the Case Studies Featured 
in Alternative Agriculture

The report Alternative Agriculture (NRC, 1989) used 11 case studies that included 14 
farms to provide in-depth examples of the wide range of “alternative” agricultural farm-
ing systems discussed in the report. The case studies were conducted in 1986 and in-
cluded 5 integrated crop and livestock farms1, 7 fruit and vegetable farms2, 1 beef cattle 
ranch3, and 1 rice farm4. The current committee attempted to contact these farms to find out 
how they have performed since 1986. This type of longitudinal study is a valuable way to 
identify the factors that influence long-term successes and challenges, and to highlight the 
organizational and management strategies associated with a farm’s long-term viability.

STATUS OF THE FARMS

The committee was able to obtain current information and contacted the persons who 
owned or operated the farms for 10 out of the original 14 farms (Table 7-1). The committee 
was unable to confirm the operating status of 4 of the farms because it could not locate or 
reach the current owners, operators, or other people interviewed in 1986. Of the 10 farms 
contacted, 2 were no longer in business. One farm (Stephen Pavich and Sons) reported that 
they had ceased operation in 2001 as a result of several unfortunate events, including three 
insurance claims during the time that the farm was expanding. Although the case-study 
farm business no longer exists, Stephen Pavich Sr.’s children remain involved in agriculture 
as farmers or agricultural consultants. Another original case-study farmer (Ted Winsberg 
of Green Cay Produce) has retired, although other people are farming some of the land he 
used to farm.

Although Rex Spray of Spray Brothers’ Farm and Mel Coleman were interested in 
providing an update of their farms, they were unable to participate in in-depth interviews 
because of time constraints. Both farms were still in operation in 2008. Spray Brothers’ Farm 
was using mostly the same management practices and crop rotations reported in Alterna-
tive Agriculture. Rex said that the economic viability of the farm has not changed, but he 
indicated that weeds and changes in weather patterns were two of his biggest concerns.

When the committee reached Mel Coleman of Coleman Natural Foods (known as 
Coleman Natural Beef in NRC, 1989) in late 2007, he said that the family’s cattle ranch had 
reduced the size of its herd considerably since 1989 because of drought. Coleman Natural 
Foods, however, was in a better financial position in 2007 than in the 1980s because of ex-
panded product lines and a premium for its certified-organic and naturally raised livestock 

1 Spray Brothers Farm, BreDahl Farm, Sabot Hill Farm, Kutztown Farm, and Thompson Farm.
2 Ferrari Farm, Hundley Farms, Winsberg Farm, Garguillo Farm, Barfield Farm, Stephen Pavich and Sons, and 

Kitamura Farm.
3 Coleman Natural Beef.
4 Lundberg Family Farms.
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TABLE �-� Description and status of farms featured as case studies in the report 
Alternative Agriculture (NRC, 1989)

Farm Name Location
Primary Products 
in the 1980s

Acres Operated in the 
1980s Status in 2008

Spray Brothers Morgan, Ohio Milk, beef, 
vegetables, small 
grains, soybean

720 acres In operation.
Declined to be interviewed.

Mormon Trail 
Farm (known as 
BreDahl Farm 
in NRC, 1989)

Adair County, 
Iowa

Lamb, beef, swine, 
vegetables, small 
grains, soybean

160 acres In operation.
Farmed acreage = 320 acres.
Livestock = 80 cows, 55 ewes, 
a small flock of sheep, and 
broiler operation that was 
being scaled back.

Brookview 
Farm (known as 
Sabot Hill Farm 
in NRC, 1989)

Goochland 
County, Va.

Beef, forage, cash 
grain

3,530 acres of land, of 
which 815 acres were 
farmed
500 beef cattle

In operation.
Farmed acreage = 980 acres.
Livestock = 140 beef brood 
cows and 140 calves.

Kutztown Farm Kutztown, 
Pa.

Beef, forage, small 
grains, soybeans

305 acres
250–290 beef cattle

In operation.
Farmed acreage = 400 acres.
Livestock = 117 cows.

Thompson 
Farm

Boone 
County, Iowa

Milk, swine, 
vegetables, 
soybeans, forage

282 acres
50 cows, 90 swine

In operation.
Farmed acreage = 300 acres.
Livestock = 50 beef cattle and 
90 sows.

Ferrari Farm Linden, Calif. Vegetables, small 
fruit, nuts

223 acres In operation.
Farmed acreage = 450 acres.

Hundley Farms Loxahatchee, 
Fla.

Vegetables, 
oranges, 
sugarcane, cattle

5,640 acres Could not reach owner.

Ted Winsberg’s 
Farm

Palm Beach, 
Fla.

Peppers 350 acres Retired.

John Garguillo’s 
Farm

Naples, Fla. Tomatoes 1,300 acres Could not find information 
on farm.

Fred Barfield’s 
Farm

Immokalee, 
Fla.

Vegetables, 
oranges, beef, 
cattle

1,550 acres,
1,000 Beefmaster cattle,
1,200 cow mixed breed, 
commercial herd

Could not find information 
on farm.

Pavich Family 
Farms

Maricopa 
County, Ariz.
Delano, Calif.
Kern County, 
Calif.

Small fruit and 
grapes, vegetables

1,432 acres Ceased operation.

Kitamura Farm Colusa 
County, Calif.

Tomato, vine 
seeds, beans

305 acres Could not find information 
on farm.

Coleman 
Natural Beef

Saguache, 
Colo.

Beef 21,500 acres owned, 
13,000 leased, 250,000 
available by grazing 
permits, 2,500 beef 
cattle

In operation.
Declined to be interviewed.

Lundberg 
Family Farms

Richvale, 
Calif.

Rice 3,200 acres In operation.
Farmed acreage = 14,000 acres.
Cash crop = rice
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and products. The beef division of Coleman Natural Foods was sold to Meyer Natural 
Angus (another firm) in June 2008.

The committee obtained information on Kutztown Farm from Jeff Moyer of Rodale 
Institute. However, that case-study farm is not included because NRC could not reach the 
owner of the family farm to obtain informed consent for using it as a case study.

The committee commissioned consultant Susan Smalley (Michigan State University) 
to conduct follow-up interviews on 8 of the 14 farms featured in Alternative Agriculture 
(NRC, 1989) using a protocol designed by the committee (see Appendix D for protocol). 
The follow-up interviews included the 2 farms no longer in business and 5 farms still in 
operation—Mormon Trail Farm (known as BreDahl Farm in NRC, 1989), Brookview Farm 
(known as Sabot Hill Farm in NRC, 1989), Thompson Farm, Ferrari Farm, and Lundberg 
Family Farms.

COMMONALITIES AMONG THE FARMS

The follow-up interviews include examples of farms that used conventional and or-
ganic practices. Although organic farming has become much more common since the 
mid-1980s, two of the farms (Mormon Trail Farm and Thompson Farm) suggested that 
conversion did not seem suitable for their situation. The three originally organic farms 
(Brookview Farm, Ferrari Farm, and the Lundberg Family Farms), however, have in-
creased the proportion of or shifted completely to organic production. Nonetheless, all 
of the 1989 case-study farms still in operation appear to exhibit qualities that are associ-
ated with movement toward greater sustainability (for example, robustness, resistance, 
and resilience). In the follow-up interviews, many farmers emphasized the importance of 
maintaining or building up their natural resource base and maximizing the use of internal 
resources as key parts of their farming strategies. Those farming philosophies are consis-
tent with the committee’s discussion on environmental sustainability and the importance 
of a closed nutrient cycle (Chapter 3).

Almost all the five restudied farms are using farming practices and management strate-
gies similar to those described in the 1989 report. That observation reinforces that farming 
systems can maintain or improve natural resource quality and maintain economic sustain-
ability over time. The crop farms emphasize the importance of careful soil management and 
use crop rotations and cover crops to reduce erosion and manage fertility. Crop diversity 
has also remained a key feature of these farms, some of which have increased crop diver-
sity (for example, the Lundberg Family Farms). The farms with livestock each continue to 
pursue management practices that do not use hormones or antibiotics.

Despite strong continuity in their core farming practices, most of the 1989 case-study 
farms have adjusted and adapted their mix of crops and livestock, their scale of opera-
tions, and their marketing strategies in response to changes in environmental conditions, 
their family situations, customers’ preferences, and market opportunities. Their ability to 
make changes in operations to adapt to new contexts reflects a form of resilience that was 
discussed in Chapter 2.

Most of the 1989 case-study farms participate in nontraditional commodity and direct-
sales markets to some extent (for example, Ferrari Farm sells a small proportion of its fruit 
at a farmers’ market and Brookview Farm sells most of its products via direct sales). They 
produce some, if not all, their products for value-trait markets—for example, organic crops 
and organic or naturally raised livestock.

Each of the five farms continues to rely heavily on family members for labor and 
management of farming operations. The Lundberg Family Farms also hires a number of 
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nonfamily workers, through the use of “good” labor practices discussed in Chapter 4, and 
recently was named California Workplace of the Year by the Employer Resource Institute 
and the top Small Workplace by a nonprofit group, Winning Workplaces™.

Although all the 1989 case-study farms still in operation reported to be robust and 
successful, a few of the farms highlighted threats to their long-term viability. Those threats 
include high land-rental costs and rising land values associated with development pres-
sure. Operators of two case-study farms in California (Bryce Lundberg and Wayne Ferrari) 
mentioned availability of water for farming as one of their concerns. Other challenges 
mentioned include spread of new weed species.
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Mormon Trail Farm

Mormon Trail Farm (known as the BreDahl Farm in NRC, 1989) is located about 60 miles 
southwest of Des Moines, directly on the historic pioneer route that runs through southern 
Iowa. The home place, now owned by Clark BreDahl and his wife, Linda, has been in the 
BreDahl family since 1927. In 1974, Clark began operating the farm where he and three 
other siblings grew up. In the 1980s, he and Linda cash rented the farm from his mother. 
Since their interview for the original Alternative Agriculture study, they have been able to 
purchase the 160-acre home place along with an additional quarter section a few miles 
away. Although the farm consists of 320 acres, it is smaller than the Adair County average 
of 407 acres, according to the 2007 Census of Agriculture. The farming operation is similar 
in many ways to what it was 20 years ago, although several components have changed as 
conditions have dictated.

FARMING PHILOSOPHY

The BreDahls’ farming philosophy has not changed over the years. They try to operate 
the farm using internal resources to the largest extent possible. Farm inputs are evaluated 
on the basis of how they will affect net income rather than gross production. Sometimes, 
maximum yields and maximum profits move in a direct correlation, but frequently they do 
not. The BreDahls stress that concerns for family and the environment often rank equally 
with economics when final decisions are made. Two examples illustrate this philosophy.

First, the BreDahls emerged from the farm crisis of the mid-1980s in stable financial 
condition. They could have attempted to expand the farm’s land base more rapidly, but 
chose instead to pursue additional careers for which both had college training and previous 
job experience. It also fit with Clark’s idea of diversifying the family’s income as much as 
possible. Shortly after the original study, Linda quit her full-time teaching job to be a stay-
at-home mother and farming partner while the children were young. After a 12-year hiatus, 
she returned to the classroom and, at that time, Clark also accepted a part-time job in the 
communications field. Thus, one of the biggest challenges with the farming operation in the 
years since has been tailoring the enterprise mix to fit the available labor supply.

Second, the BreDahls have countered state and national trends by steadily decreas-
ing the amount of row crops grown on their farm, moving instead to more grass and 
livestock—a combination they feel is better suited to their highly erodible soils and the 
environment. They have also found success with several smaller niche enterprises that, 
cumulatively, have made a significant contribution to the farm’s income.

MANAGEMENT FEATURES

Crop Rotations and the Soil

The overall mix of crops and livestock on the BreDahl farm has shifted steadily toward 
livestock over the past 20 years. In 2008, the BreDahls produced only 25 acres of field corn 
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and 45 acres of soybean (the first they had grown in five years) on their 300-plus acres. Typi-
cally 40–50 acres of oats and alfalfa are grown, while the acreage of mixed grass-legume 
pasture has increased significantly. Intensive row-crop production is confined to the best 
upland soils (Sharpsburg, Macksburg, and Winterset) and river bottoms (mostly Colo-Ely) 
with high corn suitability ratings and little slope. On rotated acres, corn, soybean, oats, 
alfalfa or clover, and occasionally turnips or rye are grown. A small apple orchard and 
planting of fall-bearing raspberries are microenterprises.

Although crop rotations and manure applications remain essentially unchanged at the 
farm, planting practices have shifted heavily towards no-till. For the most part, contact 
herbicides are used that leave little or no long-term residue. In some cases, resistant corn 
varieties are used to eliminate insecticide applications. In rare instances where second-year 
corn has been grown, hybrids with genetic resistance to rootworms have performed as well 
or better than first-year corn. A heavy emphasis on grass, no-till planting practices, and row 
crops grown on only the best land have helped cut soil losses from the farm to near zero, a 
fact affirmed by soil tests for organic matter that show a steady rise.

Long-term yield trends on both the home farm where Clark’s father was an early 
adopter of soil conservation practices more than 60 years ago and the neighboring farm 
which they purchased have been rising steadily, and year-to-year variations have become 
smaller. Soils in the area of southwest Iowa where Clark farms tend to have wet, clay out-
croppings on hillsides that were once relatively unproductive. Combine yield monitors in 
recent years, however, have verified little or no difference in yields for many of these spots. 
Clark attributes the positive changes to better soil aeration resulting from installation of 
field drainage tile, manure applications to improve soil fertility, no-till planting practices 
that enhance soil structure, and the regular inclusion of deep-rooted legumes to penetrate 
any remaining hardpan soils. Crop varieties have also improved.

Livestock

Livestock numbers (and species) on the BreDahl Farm have also undergone changes. 
In the 1980s, the BreDahls had two flocks of sheep—one a flock of 40 registered Rambouil-
let ewes and another of approximately 150 commercial crossbred ewes bred annually to 
produce market lambs. They also maintained a small sow herd in a farrow-to-finish swine 
operation, and sometimes purchased lightweight beef calves that were fed to market on 
homegrown grains.

Two successful livestock enterprises that emerged on the BreDahl farm during the 
1990s were the custom finishing of feeder lambs for other owners and the addition of broiler 
chickens sold direct from the farm to customers. Lambs were brought in from ranches in 
western range states, finished on grain, and marketed to Midwestern packing plants. The 
BreDahls were paid a monthly fee for the animals’ care, plus the feed they ate. The ar-
rangement worked well because it gave western ranchers a new marketing option for their 
lambs while adding a predictable source of income for the BreDahls’ labor and a portion 
of their grain.

Broiler chickens emerged as an enterprise almost by accident. A few chickens raised 
strictly for family use while Linda was pregnant with their second child mushroomed by 
word of mouth into a business that eventually attracted customers from as far away as Des 
Moines and Omaha. An additional benefit was that chicken customers visiting the farm 
frequently asked about other meats, leading to the direct sale of beef, lamb, and, initially, 
pork. Broiler chickens were a labor-intensive project, but worked well for their young fam-
ily. For 17 years, the BreDahls grew, processed, and direct-marketed up to 1,200 broilers 
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per summer season with the help of their daughters. As their last daughter leaves home, 
Clark and Linda are in the process of phasing back broiler production, but direct sales of 
beef and lamb remain strong. Pork is no longer included in the direct-sale mix as outdated 
facilities, poor prices, and competing outlets for their labor led the BreDahls to exit pork 
production in the late 1990s.

Part of the product appeal of the BreDahls’ poultry, beef, and lamb was that they were 
marketed as produced “naturally” without any introduced hormones or antibiotics. While 
the BreDahls experimented briefly with organic production, they learned that most of their 
meat customers were more interested in natural husbandry practices than organic certifi-
cation. This was especially true as those customers discovered that organically produced 
meats came at a significantly higher price due to higher production costs.

Although direct sales represent only a small part of total beef and lamb production 
(about 10 percent), they have been an important source of additional revenue to the farm. 
Because the BreDahls have the ability to set their own prices on direct-sale items and those 
prices remain relatively stable, they provide critical income support, especially in years 
when commodity prices are low.

In 2008, the BreDahls still ran about 55 commercial crossbred ewes along with a small 
flock of registered Finnsheep. Lack of competitive markets for their commercially grown 
lambs has limited growth of that enterprise. Partially offsetting that obstacle, however, 
are lambing percentages well above industry averages with the inclusion of the prolific 
Finnsheep in their crossbreeding mix.

A big gain in livestock numbers has been growth of a commercial cow herd. In 2008, 
the herd numbered approximately 80 cows, with ownership of all calves retained through 
slaughter. Growth of the herd, started in 1988, was “haphazard” until Clark began identify-
ing all newborn calves with ear tags and keeping detailed records on their growth charac-
teristics and carcass merit. He also began purchasing bulls based on their expected progeny 
differences (EPDs). EPDs use measured data to scientifically rate an animal’s ability to pass 
along key genetic traits to its offspring. Some of the traits evaluated include birth, weaning 
and yearling weights, calving ease, and factors related to carcass quality. The combination 
of using performance-tested bulls, maintaining detailed cow herd records, and basing 
cull decisions on hard data has led to steady gains in productivity. Feedlot and carcass 
data gathered on all slaughter cattle have charted similar improvements in rate of gain, 
percentage of carcasses grading choice or prime, and number of animals qualifying for 
the Certified Angus Beef® designation. Participation in a producer-verified program (PVP) 
that documents the origin, age, and history of each animal nets the BreDahls an additional 
premium for their commodity cattle that end up in lucrative foreign markets.

As pasture acres have increased, so has the intensity of production. The BreDahls use a 
system of planned grazing that limits the amount of time animals spend in each pasture. By 
grazing quickly, removing the animals, and giving the forage more time to rest and regrow, 
stands are improved and production increased. Electric fence, centralized watering sites, 
and careful attention to maintaining mixed stands of grasses and legumes have been key 
tools to making the system work.

Another change related to the livestock business has evolved out of necessity. In re-
cent years, the farm has gone to composting nearly all the dead animals. They started 
by composting waste parts from broiler chickens that were processed on the farm. The 
practice worked so well that when commercial rendering companies quit accepting sheep 
and drastically increased their fees for removing cattle, the BreDahls began composting 
those species as well. Using mainly cornstalks, straw, and other bedding materials as their 
carbon source, they have found the practice to be clean, odor-free, and much less expen-
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sive than commercial disposal. The process also results in valuable recycled nutrients to 
return to their fields as fertilizer. All of these efforts represent examples of using internal 
resources—time and knowledge—to add value to the farm’s production.

LEARNING NETWORKS

Clark has been involved with several farm organizations—Farm Bureau, Practical 
Farmers of Iowa, and numerous sheep and cattle groups, and he has served on the steering 
committees of two university research farms in his area. He likes attending field days and 
open houses to observe first-hand how practices work, often recalling his father’s advice: 
“You won’t live long enough to make all the mistakes yourself, so do your best to learn 
from others.”

He has seen what he considers a positive shift in attitude in recent years by some of 
the larger farm organizations and the Iowa Department of Agriculture to provide more 
support for small, beginning, and niche farming operations. Overall, he thinks that type of 
assistance is more readily available today than it was 15 or 20 years ago. Countering that, 
in his opinion, are traditional farm commodity programs that reduce risk for established 
farmers, but make it harder for beginning farmers to compete.

USE OF GOVERNMENT PROGRAMS

As in the 1980s, the BreDahls today use government programs selectively. Twenty years 
ago, Clark felt that most family farms would be better off without commodity support pro-
grams. He also concluded that those programs encouraged many farmers to convert non-
program acres to subsidized crops such as corn and soybean at the expense of livestock. 
History since has tended to confirm that theory as pasture, forage, and small grain acres 
have declined dramatically in Iowa over the past two decades along with the number of 
farms raising livestock.

Today, most federal and state programs require farmers to follow rigid guidelines or 
use specific practices in order to qualify for payments. Yet, Clark is not convinced that 
government agencies know better than individual farmers what is best for their land, their 
farming operations, or their communities. One size does not fit all, he maintains, and feels it 
is critical that farmers choose wisely the technologies and funding sources they will accept, 
even if it sometimes affects revenue.

The BreDahls have used funding available through the Environmental Quality Incen-
tives Program (EQIP) to assist with some of their pasture renovation, but have largely self-
financed farm improvements through private lenders. They began their shift to managed 
grazing in the late 1970s, long before most current government grazing incentive programs 
existed. Since then, they have invested heavily, at their own expense, in electric fencing, wa-
tering equipment, and solar-powered energizers that allow them to pasture more animals 
per acre in an environmentally sound manner.

Clark believes farm commodity programs have encouraged many producers to sub-
stitute the external resources of technology and capital for the internal resources of labor 
and management. As production has shifted heavily to corn, soybean, and other program 
crops, farms have lost diversity, become more open to risk, and, ironically, more reliant on 
future government support. He also feels the security afforded by commodity programs 
has dampened farmers’ interest in trying new alternative approaches.
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TRIAL OF ORGANIC PRODUCTION

The BreDahls’ attitude of using internal resources to the fullest ultimately led them to 
experiment with organic production in the mid-1990s. They were considering organics at 
the time of their original interview for Alternative Agriculture in the late 1980s. They be-
gan the transition process on cropland in 1995 and maintained all of their home farm in a 
certified-organic regimen for 10 years. Although both Clark and Linda embraced the idea 
of eliminating synthetic fertilizers and pesticides from their operation, the results of their 
experiment did not meet expectations. Clark’s biggest concern was soil loss from the tillage 
associated with organic production. “I knew that erosion on our farm previously had been 
extremely low and tillage just seemed like a giant step backwards,” Clark said. “Besides 
that, soil tests showed organic matter starting to decline in some of the fields receiving 
multiple tillage passes.”

Other shortcomings with organic production included marketing contracts that were 
sometimes deceptive, price premiums that were less than expected, burdensome paper-
work, and, in the case of direct-sale meats, customers reluctant to pay the added costs. 
While organics aligned well with their philosophical beliefs, bottom-line costs and returns 
did not point to long-term sustainability.

BENEFITS FROM THE BIOFUEL INDUSTRY

In recent years, Iowa has become a national leader in the production of biofuels, and 
this new industry has had a positive effect on the BreDahls’ farming operation. While pro-
viding an additional cash market for excess grain, the industry has also helped them lower 
feed costs for their cattle and sheep. They use both wet and dry forms of corn gluten and 
distillers grains to stretch summer pastures, extend the fall grazing season, and utilize low-
quality crop residues for feed that otherwise would have little value. Ethanol co-products 
have especially improved the efficiency of their pasture and forage-based diets because, 
with starch removed, those feeds do not upset the balance of roughage-digesting microbes 
populating the rumen. The BreDahls have relied heavily on research done at Iowa State 
University to help them turn this new energy source into an asset for food production 
as well.

SUMMARY AND FUTURE OUTLOOK

The BreDahl Farm’s management strategy of internalizing operating costs and mini-
mizing purchased inputs while maintaining soil quality and animal health is a key factor 
of the farm’s success. Their experience shows it is not necessary to farm thousands of acres 
or rely heavily on government safety nets to be profitable. An active management style, 
committed family involvement, and diverse mix of enterprises have helped the BreDahls 
make a comfortable living while improving soil health and contributing to their commu-
nity. Clark’s outlook on farming remains positive. He still very much enjoys the challenges 
associated with production agriculture and looks forward to implementing more new ideas 
as he “retires” to full-time farming again in the near future. Although they recognize change 
as a certainty, Clark and Linda believe the farm has potential to provide both an adequate 
living and satisfying life style to another generation of the family. Talks are currently under 
way, but no specific plans have been made.
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Ferrari Farms, Inc.

Ferrari Farms, Inc. is a family-owned and family-operated farm located in California’s 
San Joaquin Valley. The farm specializes in certified-organic fruits and nuts. George Ferrari 
and his son Wayne established the farm in 1963. It is currently operated by Wayne, his wife 
Irene, and their sons Jeff and Greg. Wayne and Irene have started to make the transition 
of ownership to their sons. Ferrari Farms, Inc., includes 450 acres of farmed land, 340 of 
which the Ferraris own and 110 of which are leased. Wayne and Irene have built the farm 
to provide opportunities for their sons to participate and have continued to expand.

FARMING PHILOSOPHY

When Wayne Ferrari was attending a cherry growers’ meeting, he concluded that he 
needed to figure out a different way to farm. The customers at a farmers’ market were 
asking for organic produce, and he determined that organic production would not require 
a lot of changes to the practices and approaches he already used on his farm. Wayne has 
continued to fine-tune his organic production system. As stated on the farm’s website 
(www.ferrarifarms.com), the Ferraris “hope to not only provide you with the most natu-
rally wholesome and delicious fruits and nuts around, but also to help restore the land to 
its natural balance” by using organic methods.

MANAGEMENT FEATURES

Crops

Ferrari Farms currently produces 20 acres of cherries, 20 acres of plums, 100 acres of 
peaches and nectarines, 20 acres of apples, and 190 acres of walnuts (including some leased 
land). Transition to organic takes about three years and all newly acquired production acre-
age becomes certified organic after three years, except for walnuts. The new acreages for 
walnut are grown using conventional production for the first three years. Building a walnut 
orchard requires substantial investment in the trees. The Ferraris use conventional fertil-
izers to obtain high yields for the first three years so that those acreages are economically 
viable. The orchard then undergoes transition to organic production during the fourth to 
sixth year and becomes certified organic thereafter.

Pest Management

Pest management practices on Ferrari Farms have expanded from using biocontrol 
initially to now including more dependable organic pest control methods and products that 
were developed in recent years. A wider variety of commercial products is now available 
for use in organic systems and provide the Ferraris with more options. They use bat houses, 
owl houses, and selected plantings to attract natural predators. They planted sunflowers 
to attract beneficial insects to counter peach borers and peach aphids. Greg’s expertise in 
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disease and insect management is a valuable asset, and the Ferraris find scouting for pests 
a valuable practice. Selecting the most effective and efficient practices is critical because the 
production costs of the crops are so high that they cannot afford to miss a crop. In addition, 
they find value in crop insurance, especially for cherries, to protect their investments.

Fertility Management

Purple vetch is used as a cover crop, and composted steer manure is incorporated to 
help build the soil organic matter. Local regulations mandate that orchard waste be shred-
ded and not burned. When Ferrari Farms renovates orchards, they pull trees, grind them, 
and put the material back on the land. Walnut shells are also returned to the land. That ap-
proach of fertility management has costs and benefits; spreading compost uses fossil fuels 
and creates dust, but those additions help to build soil organic matter.

Labor Management

Both sons have joined Wayne in the farming operation. Greg, the older son, who had 
always been interested in the farm, earned a bachelor’s degree in plant science from Fresno 
State University and a master’s degree with a double major in integrated pest management 
and in horticulture and agronomy from University of California, Davis. He handles prun-
ing, picking, and spraying. Jeff, the younger son, had not originally planned to be involved 
in agriculture. He studied finance at Santa Clara University and earned a law degree at 
University of California, Davis. He now handles packing and sales. Irene is the book keeper 
and Wayne fills in any jobs that need help and works on big projects.

Ferrari Farms employs a labor force of 25–30 workers on a year-round or nearly year-
round basis. It is important to the Ferraris that they employ these workers without exposing 
them to potentially harmful chemicals. Winter pruning and walnut cracking balances the 
growing season field work. They have not experienced problems in finding labor.

Equipment

Specialized machinery and equipment is essential to the Ferrari operation. Harvesting 
machinery is used just three weeks each year. During that time, machinery use is intense. 
They built a cracking plant to add value to their walnuts and installed forced-air coolers 
to upgrade postharvest handling. Hydrocooling was the previously used method, and if 
brown rot mold spores were present, the problem could spread and spoil everything in 
the cooler. Now they pack the products and cool with forced air. Excellent field manage-
ment is important to getting fruit in and cooled right away. Precise temperature control is 
essential.

The purchase of a $240,000 laser infrared walnut shell sorter encouraged the Ferraris to 
reduce fruit production and expand walnut production to maximize the use of the equip-
ment purchased. The sorter ensures that no metals are inadvertently mixed with the wal-
nuts. Investments in larger and more effective equipment and machinery are an important 
part of the Ferraris’ efforts to stay competitive in their market.

Marketing

Ferrari Farms has been selling its produce at the original San Francisco farmers’ market 
for the past 37 years. Its goal is to provide consumers a tasty product at a reasonable price. 
The farmers’ market is a good venue because it is not a high-end market, and consumers 
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there are willing to purchase small or blemished fruits. Currently, a workman goes to the 
San Francisco market, and Jeff goes to the weekend market in Sacramento. The percent-
age of their products sold through farmers’ markets is lower now than previously, but the 
markets still provide an outlet for their products and important source of income.

The farm sells wholesale through Veritable Vegetable, a company that focuses on its 
relationships with the farmers from whom it buys. It also sells to Whole Foods and Wild 
Oats, and used to sell to Albert’s until it was bought out. Wholesalers are bigger and fewer 
today, with only about 18–20 wholesalers that might be interested in Ferrari Farms products. 
Much of the Ferraris’ products go to Los Angeles where they are consolidated with other 
goods and shipped across the country. A small proportion of their products are shipped into 
Canada. The National Organic Program has added credibility to organic goods, especially 
for exporting. Within the United States, any organic certification is acceptable.

LEARNING NETWORKS

Wayne considers farming magazines an important source of ideas and information. He 
used to attend and speak at the Asilomar Eco-Farm Conference. However, he felt it had too 
much “story telling and sugar coating,” with too little honest discussion of problems, so he 
stopped attending. He characterizes himself as an independent thinker who reads to gain 
valuable information and proceeds in his own way.

The University of California, Davis, is now doing quite a bit of organic work. Ferrari 
Farms hosted some on-farm trials with them several years ago. Wayne noted that extension 
farm advisors influence the farmers with whom they interact. If the extension agents are 
pro-organic, farmers begin shifting to organic; if not, farmers do not change. Presently, most 
of the Ferraris’ neighbors still farm conventionally.

PERFORMANCE INDICATORS

The Ferraris manage the farm in a way not to threaten the natural resources. Wayne has 
observed that the soil organic matter is building up slowly.

Ferrari Farms, Inc. is not in any subsidy programs, and it generates enough income to 
provide for three families. The knowledge and expertise of Greg and Jeff contribute to the 
success of the farm.

KEY CHANGES

Ferrari Farms, Inc. has increased from 223 acres of farmed land in the 1980s to 450 
acres in 2009. Because of increasing production expenses, Wayne feels that the farm has to 
increase total sales by increasing acreage and improving yield to earn enough income to 
support three families.

When Wayne first started using organic practices, the risk was high. There were few 
shipping channels, and the Ferraris had to grow many different types of produce to entice 
truckers to ship their products. Up until the late 1990s, the Ferraris grew walnuts, fruits, 
and vegetables (corn, tomatoes, cauliflower, broccoli, onions, red onions, and garlic). The 
diversity became unfeasible because of the increasing competition in the organic market. 
The bigger organic farms were getting better at what they did, but it was difficult for the 
Ferraris to improve their knowledge on the yields of all the different crops they raised to 
compete with the large growers. Moreover, the small acreage allocated for each crop made 
it difficult to use machinery that would improve efficiency. About nine years prior to the 
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2009 interview, Ferrari Farms dropped vegetables from its production and specialized in 
fruits and nuts. That way, it could also get larger accounts.

Another apparent change in the Ferrari operation over the past 20 years has been its 
vertical integration. Machinery investments have allowed it to add value to the crops it 
grows and have forced it to focus its efforts.

The local farming support network has started to change, with the agriculture commis-
sioner becoming more supportive of organic farming. Agribusiness and service providers 
are also incorporating some alternative approaches.

CHALLENGES

Although the farm has an adequate water supply, the water table is dropping and is 
now at 135–140 feet. Where the farm is located, there are no places to put a small dam to 
collect rainwater. The Ferraris are learning to grow crops with less water by using drip ir-
rigation. In their organic system, however, it is not feasible to control the weeds that grow 
around the irrigation emitters with limited flaming options.

Managing finances on Ferrari Farms is a challenge. They have to spend money to make 
money. Land rental requires upfront investment, which causes financial strain. Input costs 
for Ferrari Farms are about $3,500/day, with $1.3 million or more in annual expenses. 
Wayne feels caught in a cost/price squeeze, even with organic prices. He has observed the 
organic premium greatly decreasing as time passes.

The fuel needed to operate critical machinery also presents a challenge. There is some 
evidence of fuel additives contaminating area ground water, and the cost of diesel fuel was 
close to an all-time high at the time of the interview.

SUMMARY AND FUTURE OUTLOOK

Wayne Ferrari sometimes finds it a challenge to stay motivated after 63 years of farm-
ing. He sees that Ferrari Farms needs to be big enough to stay competitive, but not become 
too leveraged. Farming is hard work, six days a week, year-round. Today’s farms have 
become so big that farmers cannot do all the work themselves and pay as they go. He and 
his wife are happy that their sons are involved in the farm. It has been expensive to expand, 
but they are finding ways to make it work.

Jeff and Greg Ferrari are farming because they enjoy the way of life. As Wayne said, 
it is not about the money but about being happy and gaining satisfaction from the work. 
They are willing to make a decent living in a way that they can feel good about how they 
manage the land.

Wayne believes that many farmers are choosing organic or sustainable farming nowa-
days for the wrong reasons (for example, because loss of pesticides and new government 
rules are driving them out of conventional farming). He urges efforts to raise awareness of 
such benefits of organic and sustainable farming to farmers as increased profits and better 
personal and family health. Wayne came from a conventional farming background, and he 
sees the good and the bad in both approaches. For him, the middle of the road is a good 
place to be.
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Brookview Farm

Brookview Farm (known as Sabot Hill Farm in NRC, 1989) is located in Manakin-Sabot, 
northwest of Richmond, Virginia. Sandy and Rossie Fisher own and manage the farm, 
which has been developed to balance nature with profitable livestock production. It is a 
destination for people interested in good, healthful food. The Fishers own 480 acres and 
rent about 500 additional acres from their neighbors at Sabot Hill.

FARMING PHILOSOPHY

Brookview Farm’s mission is “to sustainably produce the highest quality food and 
farm products, in a manner that preserves and enhances our community and natural re-
source.” Sandy Fisher’s farming philosophy was shaped in part following his Peace Corps 
experience in Colombia. He worked for nine years growing grass-fed beef. Years later, he 
drew on that experience when he shifted the Brookview Farm beef operation to become 
grass-based. Rossie Fisher’s background in conservation and gardening has also helped to 
shape the farm.

The Fishers began shifting to organic practices in the early 1990s and have been cer-
tified organic for about 12 years. Certification has forced them to improve their record 
keeping, a practice that has validated their farming decisions. They enjoy having organic 
inspectors visit their farm. The inspectors appreciate the balance achieved by the Fishers 
among the beef, the chickens, and nature.

MANAGEMENT FEATURES

Crop Management

When the Fishers first took over management of Sabot Hill Farm in the late 1970s, 
the farm was planted with nearly 300 acres of corn and 200 acres of soybean. The soils on 
the farm were poor, and Sandy had to fertilize heavily. He also spent a lot of money on 
herbicides to control weeds. Realizing that heavy use of fertilizers and chemicals was not 
sustainable, he sought alternatives. In the 1980s, he reduced the corn and soybean acreage 
to 175 and 150 acres, respectively. The reduced acreage of corn and soybean decreased ag-
richemical expenses from $20,000 to $6,000. They focused on getting as much feed value as 
possible from pasture for the cattle and selling the hay crops to the farm’s neighbors.

The Fishers bought Brookview Farm in 1982. They grow hay for cattle on that farm, 
but not crops. They added chickens and a compost operation to diversify the farm. Both 
enterprises have contributed to soil fertility, added income and profit, and complemented 
the beef enterprise.

The Fishers never tilled intensively even when they were growing corn and soybean. 
Feeding and finishing cattle entirely on grass has meant that they no longer needed to grow 
corn and they can concentrate on growing excellent pastures. The number of pastures has 
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increased from 12 to 20, with over a dozen different grasses grown. They occasionally use 
reel irrigation and gravity.

Weed Management

The Fishers are not in favor of chemicals to control weeds even though the chemicals 
have become safer over time. Although weeds can still sometimes provide a challenge, 
Sandy’s view is that they have become “good with weeds” and have learned to appreciate 
that weeds with roots of four to five feet can provide benefits by bringing minerals to the 
soil surface. As in the 1980s, Johnsongrass is part of the forage mix they use to feed cattle.

Fertility Management

As mentioned earlier, the Fishers started making compost, which has allowed them to 
avoid purchasing fertilizer for the past 12–13 years. Their fertilizer bill before the compost 
operation started was as much as $280/ton, and it would be even higher now. The compost 
operation uses municipal yard waste from nearby Henrico County and the University of 
Richmond. Those entities haul leaves to the farm and pay the Fishers to accept the leaves. 
Leaves are then mixed with livestock manure and composted in about five acres of piles. 
The Fishers are restricted to that area for composting because they are careful not to place 
piles in the direct sight of their neighbors. They used to produce enough compost for their 
pastures and sold the excess. As of 2009, they sold the compost turner and only make 
enough compost for their pastures.

Livestock

Brookview Farm markets primarily certified-organic beef and free-range eggs. The 
Fishers currently raise about 140 beef brood cows and 140 calves (fewer compared to 200 
brood cows and 300 calves in 1989) in its cow-calf operation. They developed the herd 
following a philosophy similar to the Beefmaster philosophy (on genetics and the six es-
sentials of cattle raising). That is, they develop cattle that can take care of themselves on 
the land, leading to economic production in their farm environment. Selection and culling 
decisions are based on six characteristics that affect the carcass—weight, conformation, 
milking ability, fertility, hardiness, and disposition. Factors such as horns, hide, or color 
are not considered. Sandy considers his cattle “home brewed” and observes that they have 
adapted to the land and live well with nature in their environment. The Fishers grow and 
finish their beef on grass. They haul their animals to a processor in Fauquier County.

The farm’s eight chicken tractors (also known as mobile shelters) with 400 chickens 
played multiple roles on the farm. They added to soil fertility and they complemented 
the cattle by scouring and sanitizing fields. Chickens ate the worms that would otherwise 
require a de-wormer for the cattle because they are not allowed by organic standards. The 
Fishers purchased organic materials to feed the chickens and they mixed the feed at their 
own farm. The Fishers sold the chicken tractors to their neighbor in April 2009.

Environmental Management

The farm stays ahead of environmental regulations. The Fishers have filled ditches, 
grown grass, and stopped erosion. They have participated in the Conservation Reserve En-
hancement Program (CREP) offered through the U.S. Department of Agriculture’s Natural 
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Resources Conservation Service (USDA-NRCS). CREP provided a 50 percent cost share 
that allowed the Fishers to plant 23 acres of oaks and native bushes and to install about 
four miles of fencing along their creek. Both the farm and the stream have benefited from 
the tree planting as it reduces sediment runoff into the James River, and the cattle love the 
shade. They have let fence rows grow for wildlife habitat.

Marketing

When the farm first shifted to grass-finished beef, Sandy says they were finishing beau-
tiful animals, but they had no customers and could not sell the meat. Finally, about five to 
eight years ago, people became interested in healthful eating. Now the Fishers’ products are 
riding a wave of popularity. Sandy describes three distinct segments of the farm’s custom-
ers. About one-third are highly educated, first-generation Americans who value good food. 
Some in this group make food purchases as large as $500. Another one-third are people who 
have come to the area from further north. The final one-third are former vegetarians who 
are very particular about the meat that they eat because they are allergic to additives.

Many customers are interested in how the beef are raised. The Fishers try to treat their 
animals very well. They have had no problems to date with animal welfare groups, and 
their goal is to meet any future public scrutiny through positive practices. Sandy is cur-
rently writing a recipe book for grass-fed beef, which needs to be treated more like venison 
than like industrial beef for the best culinary results.

Sandy acknowledges that he has become more interested in education and selling than 
in farming. Direct marketing has been a financial success for the farm, with sales increasing 
to the point that farm production cannot keep pace. All the farm’s products are marketed 
directly through different channels, including a local cooperative, a local restaurant, and 
schools. The Fishers are in the process of selling through a restaurant cooperative in north-
ern Virginia and hope to work more with schools to provide local food choices on their 
lunch menus. The Fishers also uses web marketing. About 1,100 customers subscribe to 
a weekly electronic newsletter and 80 to 90 families visit their farm store (opened in the 
late 1990s) each Saturday from 9 AM to 1 PM. On Saturdays, Sandy is on hand at the farm, 
providing recipes for grass-fed beef and explaining how the farm works to the customers. 
The farm’s website (www.brookviewfarm.com) provides information about the farm and 
its products, with a focus on healthful eating and organic certification.

The Fishers sold all their chickens in March 2009. Prior to the sale, the farm’s chickens 
were a marketing tool for the Fishers and a teaching tool for customers, especially the chil-
dren. With about 200 low nests on the farm, children who visited the farm could lift the nest 
lids to look for the free-range eggs from chickens raised on organic pastures. They learned 
how valuable the chickens are for eggs and to the cattle-rearing while their parents bought 
beef, eggs, vegetables, t-shirts, and caps at the farm store. The store also stocks products 
from other area farms and food businesses.

A dozen or more school groups visit the farm each year, and a local school is interested 
in buying beef from Brookview Farm. As the farm has gained local visibility, high school 
and college youth have become interested in volunteer and paid employment. The Fishers 
have worked with about 40 youth apprentices to date. They find the youth involvement 
both beneficial and challenging, as most apprentices have little idea what farm work is re-
ally like. The Fishers are involved in educational work because they would like to spread 
the message of promoting sustainability in agriculture and good stewardship of the land.
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LEARNING NETWORKS

The Fishers have found little support for their ideas and their farming operation from 
local agribusiness, service providers, other farmers or farmer groups, university scientists, 
or extension. Sandy observes that Virginia has perhaps 300 organic farmers, but no strong 
organic growers’ association. He feels that the university close to his farm has been slow 
to develop expertise in organic and other new farming approaches, and it is difficult to 
find assistance in an area that has interested few faculty members. Some faculty and staff, 
especially at Virginia Polytechnic Institute and State University (Virginia Tech) and at the 
local extension agency, have expressed interest in learning from Sandy.

Sandy observed that the local community has increasing interest in organic, grass-
based, and natural farm production. The consumers are increasingly concerned with eating 
healthful foods, and Brookview Farm is seen as a leader. Fifteen years ago he could not find 
another farm around him trying out new ideas, but today 300 farms across Virginia are 
adopting approaches that improve sustainability and learning from one another. Sandy be-
lieves that his neighbors are beginning to understand the positive implication of the trucks 
carrying leaves to his farm. They provide a reminder that the farm uses leaves and manure, 
not synthetic chemicals, and that his decision to use manure and compost benefits the en-
tire neighborhood. One nearby farm has approached the Fishers about buying organic hay. 
In early 2008, Sandy was invited to speak at a marketing conference at Virginia Tech. He 
typically speaks to half a dozen farm groups each year. He has helped to start other small 
markets and served as inspiration and a model for at least 15 markets.

With little local support, the Fishers have turned to the Internet, conferences, and 
reading to learn and share information. They attend three to four conferences each year 
and attend the Weston Price conferences regularly. Sandy is an avid reader of about 30 
publications each month. His reading ranges from conventional farming publications to 
the Stockman and Weston Price publications.

American Farmland Trust has also been extremely important to the farm. The Fishers 
placed the entire farm into a conservation easement to reduce development pressure for 
themselves and their children. They hoped to set an example for other farmers, but to date 
they have seen few following them. The Fishers have testified in Washington, D.C., on be-
half of American Farmland Trust and its programs. The Brookview Farm can continue to 
operate without the threat of conversion for development.

Sandy and Rossie are active in their community. They founded the Center for Rural 
Culture, a nonprofit organization to promote sustainability in agriculture in Piedmont, 
Virginia. Sandy has been a member of the Monacan Soil and Water Conservation District 
for the last 20 years, and he is currently serving as an associate director.

PERFORMANCE INDICATORS

As discussed in Alternative Agriculture, the Fishers have reduced erosion on their farm 
substantially since they bought it. Soil organic matter in the red clay soil increased from 
2.2 percent to 4.5 percent from 1980 to 1998. They have observed improved water quality 
as a result of their use of gravity irrigation, planting shrubs and trees, and installing fence 
along the creek. They have also observed an increase in the number and diversity of wild-
life, including quails, deer, raccoons, coyotes, and mountain lions on their farm and the 
surrounding areas. Because they cease to grow corn and soybean, water use on the farm 
has decreased, and they do not pump ground water for irrigation.



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

��0 TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

Brookview Farm was selected among 75 farms as the winner of the 2007 Stewards of 
the Land by American Farmland Trust. The award “recognizes the American farmer or 
farm family who best demonstrates leadership in protecting farmland and caring for the 
environment.”

The farming operation is financially sound and supports Sandy and Rossie’s family. 
On-farm market sales have been increasing in the last two years and so have the number 
of visitors to their farm each week. They attribute the farm’s financial success to direct 
marketing and organic certification.

KEY CHANGES

As mentioned earlier, the Fishers bought Brookview Farm in 1982. The land that they 
managed under the name Sabot Hill Farm was sold. What is known as Sabot Hill Farm 
today is a rural residential development.

Sandy describes one of the key changes in the operation of the farm as all-around 
modernization. The farm has seen considerable updating and construction. A 28-panel 
solar system on the barn generates 4600 watts and is linked to the grid. The Fishers also 
have installed a solar water pump and constructed a USDA-approved commercial kitchen 
to prepare barbecue, stews, and other value-added products. They have also been able to 
purchase new tractors and bailers to maintain efficient farming operations.

Other key changes, many made in the early 1990s, included adding pasture-based 
chickens and the compost operation, shifting the beef cattle entirely to grass, obtaining 
organic certification, and starting electronic marketing and a farm store. Each of those 
changes has allowed the farm to become more integrated and to create a system with fewer 
needs for outside inputs and fewer leaks. Some of the farmland was sold to create James 
River Wetland Mitigation Bank.

CHALLENGES

Although things are going well at Brookview Farm, many challenges remain. It is dif-
ficult for an independent mid-scale farm to compete with large-scale corporate organic 
farms, and Sandy anticipates that in the near future more organic beef on the market will 
compete with his product than at present. With area residential land values as high as 
$22,000/acre, farmers depend on instruments such as conservation easements to continue 
farming.

SUMMARY AND FUTURE OUTLOOK

Sandy Fisher sees a very positive outlook for sustainable and organic systems. He 
believes that global corporate seed companies will eventually succumb to the growing 
resistance to their control of the market. Sandy feels that operations like his show how farm-
ing can be both enjoyable and successful. Sandy and Rossie Fisher’s son and daughter are 
becoming somewhat more involved in the farming operation. Sandy believes that the farm 
can go on indefinitely. He hopes that his grandchildren will realize “what a rarity the farm 
is.” Among the factors that he thinks will influence long-term viability are fuel prices, their 
conservation easement, the neighbors’ interest, and their location near dense population. 
He sees that people come to the farm not only to buy food, but also to learn. He believes that 
the most important factors are to keep Brookview a working farm in balance with nature. 
When reflecting on the farm, he concluded, “I’m really happy with where we are.”
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Lundberg Family Farms

Lundberg Family Farms is located in Butte County in northern California. Albert and 
Frances Lundberg started the farm in 1937. They passed the farm onto their four sons, 
 Eldon, Wendell, Harlan, and Homer. Although the four men are actively involved in the 
farm, the third-generation Lundbergs now run most of it. When the interview was con-
ducted in 2008, Grant Lundberg was the chief executive officer and Jessica Lundberg was 
the chair of the board of directors. Lundberg Family Farms specializes in rice products that 
they grow, mill, process, and pack. It has expanded from a 3,100-acre farm in 1989 to an 
operation that includes 14,000 acres of farmed land, but the actual area farmed varies from 
year to year. The Lundbergs farm 5,000 of the 14,000 acres. The other 9,000 acres are con-
tracted to 35–40 growers. Of the 5,000 acres they farm, 3,000 acres are managed organically 
and 2,000 acres are what the Lundbergs refer to as eco-farmed. Of the 9,000 acres managed 
by contracted growers, 7,000 acres are managed organically. More people are involved now 
in the operation with varying commitment to labor than before. Four farms are operated by 
the Lundberg family under the names WEHAH-Lundberg, Organic Rice Partners (which is 
run by a subset of the family), B&E Lundberg, and Lundberg, Lundberg, and Schultz.

FARMING PHILOSOPHY

Albert and Frances Lundberg left Nebraska in the 1930s after they saw the devastation 
of the Dust Bowl caused by poor soil management and poor farming techniques. Their phi-
losophy of farming was to care for the soil by rotating crops and resting the land. Lundberg 
Family Farms have maintained the same family values in their business throughout the 
years and three generations of farming, despite two economic downturns. The operation 
is run with a tight business standard for efficiency and productivity. The owners are com-
mitted to maintaining a strong brand reputation for quality, environmental stewardship, 
and farm worker welfare.

MANAGEMENT FEATURES

Operations

Farming and food processing used to run seamlessly as one operation, but they were 
separated into two organizations since 1989. The farming business is called WEHAH-
Lundberg, Inc. and overseen by a four-member board of directors. The food processing 
farm is called Lundberg Family Farms and is overseen by an eight-member board of direc-
tors. The two operations collectively are better known to the public as Lundberg Family 
Farms, and this case study uses that name throughout to refer to the farming operation.

Crop Management

The Lundbergs pioneered organic rice farming in America. Lundberg Family Farms 
grow mostly the same mix of crops as they did in 1989—rice, vetch, oats, clover, and some 
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beans (for example, fava beans). They use a two-year rotation that alternates rice with 
purple vetch and fallow. They, however, have increased the number of varieties of rice 
they grow from 6 in 1989 to 16 varieties plus wild rice. Wild rice, which grows aggressively 
like a weed, is an integral part of the crop rotation. The Lundbergs also grow rice that is 
not organically certified, but it is grown with farming practices and approaches that aim to 
minimize the environmental impact of agriculture and to maintain the balances of nature.

Weed, Pest, and Disease Management

As in the 1980s, the Lundbergs’ weed and pest management strategy involves first 
drowning the grasses with water and then drying the field. The continuous flooding to a 
depth of 8–12 inches for 21 to 28 days after planting the rice helps to control watergrass 
(Echinochloa phyllopogon and E. oryzoides). The watergrass drowns while the strong rice 
survives. After the watergrass drowns, the soil is allowed to dry to control for water weeds 
(for example, bulrush, small-flower umbrella plant, and duck salad heteranthera limosa). 
When the rice becomes fully established, the field is flooded until harvest. In a field with 
deep spots, the grass will grow and the weed population will stay in the field for years. Such 
fields are laser-leveled and alternately flushed and shallow-tilled to control weeds. The 
purple vetch in the rotation is used as a green manure or mulch. The mulch was thought to 
inhibit weed seed germination. As in the 1980s, diseases have not been a severe problem in 
the Lundbergs’ rice fields because they emphasize the maintenance of soil health using such 
strategies as crop rotations and rolling the rice straw down to expedite the decomposition 
of the straw and sclerotia.5

In the 1970s and 1980s, the Lundbergs only had one crop of rice each year. Insects would 
infest the organic rice stored in bins because their eggs attached to the harvested rice. The 
Lundbergs had to sell the rice before the weather got warm and the insects hatched. Since 
then, they have had breakthroughs in postharvest storage, such as food grade carbon 
 dioxide (CO2) with sealed bins. The bins were painted white to keep the temperature inside 
the bin 10–15°C cooler and the rice fresher. They also purchased chillers from Sweden to 
keep the core of the bins cool and fresh, and they installed fans with temperature and mois-
ture sensors in the silo. Fans are turned on automatically if needed to keep the rice fresh. 
When the bins and buildings are empty, the Lundbergs use heaters to raise temperature to 
140°F to kill insects without chemicals.

Fertility Management

As discussed earlier, purple vetch is used as green manure at the Lundberg Family 
Farms. Until the 1980s, the Lundbergs applied chicken manure to what was called “the 
experimental field,” which was the field they used to develop methods for rice production 
without chemical pesticides and fertilizers. In the late 1980s, the Lundbergs tried to provide 
their own fertilizer in an attempt to close the nutrient cycle. They grew two to three years 
of cover crops for every year of organic rice, but they still struggled with maintaining soil 
fertility. Since then, they found that chicken litter works well in their systems and have been 
using a combination of chicken litter, organic feather meal, or pelletized fertilizers that are 
purchased off farm.

5 Sclerotia are compact masses of mycelia produced by the fungus Magnaporthe salvinii that causes stem rot in 
rice.
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Energy Use

The farms have been investing in alternative energy and obtain 380–385 KW from 
alternative sources, including two solar arrays. The farms use about 1.2 MW of electricity. 
The Lundbergs support the development and use of green energy and purchased wind 
energy credits even though the cost per unit energy is higher than fossil energy. The farms, 
however, still uses diesel-fueled combines and other equipment. Bryce Lundberg explained 
that some old equipment is just as energy efficient and incurs little soil compaction. The 
Lundbergs evaluate the efficiency of their equipment periodically and assess how they 
could reduce the farms’ carbon footprint. They are concerned that nonpoint source emis-
sions are not well modeled and would like to know how they could manage those sources 
of emissions better. They would like to have tools for evaluating the carbon footprint of 
their farms.

Environmental Management

The Lundbergs have been keenly aware of the wildlife in fields and are concerned 
about the animals’ well-being. They noticed that the cover crops attract ducks to nest in 
spring. They have been providing “egg aid” whereby they collect thousands of duck eggs, 
incubate and hatch them, and release the ducklings. They only clear half of the ditches 
at a time on the farm and leave the other half as undisturbed habitats for snakes. They 
have placed owl and bat boxes to provide habitats. They have been putting in ponds and 
planting trees in targeted areas in recognition of their ecological and aesthetic values. The 
 Lundbergs aim to enhance the environmental value without compromising production.

Labor Management

Farm labor at the Lundberg Family Farms has been fairly consistent. The Lundbergs 
employed 6.5 full-time equivalent people year-round in the 1980s. Today, they hire 10 
laborers. Because the farms’ labor need is consistent throughout the year, they are able to 
offer job security. The good employees tend to stay with the Lundberg Family Farms be-
cause the farms offer a benefits package and a profit-sharing plan. The labor practices of the 
Lundberg Family Farms have earned them the honor of being named California Workplace 
of the Year by the Employer Resource Institute and the Top Small Workplace by Winning 
Workplaces™ (a nonprofit group) and by The Wall Street Journal.

Marketing

In the 1960s, Eldon, Wendell, Harlan, and Homer Lundberg started the Lundberg 
Family Farms® brand to provide consumers with the choice of purchasing rice that was 
not grown with conventional methods. They market their products under the “organic” 
and “eco-farmed” labels. The eco-farmed products are not certified organic, but they are 
produced with management practices that aim to improve agricultural sustainability.

In the 1980s and early 1990s, organic business seemed to flatten. At that time, the 
Lundbergs were uncertain how much organic rice they could sell or how much land they 
should transition to organic production. Although the eco-farmed business has flattened, 
the organic market has been growing, as indicated by customers’ purchases. Having the 
California Certified Organic Farmers’ seal on their products helps to promote sales.
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The Lundberg Family Farms have mostly U.S. and Canadian customers; therefore inter-
national trade does not affect them much. The West Coast and northeastern United States 
are large markets for them. As energy costs increase, they might consider selling a larger 
proportion to nearby markets (for example, San Francisco and Sacramento, which are 150 
miles and 100 miles away from the farm, respectively).

LEARNING NETWORKS

Lundberg Family Farms benefits from interactions with its group of contract farmers. 
The group meets 3–4 times each year to discuss production challenges, many of which are 
resolved as a result of the grower-to-grower interaction. Before the group was formed, some 
organic farmers felt isolated and did not know where to seek help.

University extension has helped the Lundbergs better understand the composition of 
their soil. The Lundbergs use many of the rice varieties developed in the Rice Experimental 
Station. The emphasis of the university’s weed control division is not organic weed control 
and, hence, not as helpful to the Lundbergs. Faculty at the University of California, Davis, 
has helped the Lundbergs with fertility management so that the Lundbergs can time the 
application of pelletized organic fertilizer better.

The Ecological Farming Association provides inspiration to the Lundberg Family 
Farms. It holds a conference in January each year and provides opportunities for like-
minded farmers and researchers to exchange ideas. In the Lundbergs’ opinion, Acres USA 
also holds good conferences and provides useful information.

The Lundbergs do not find local agribusiness as helpful as the other groups mentioned 
above because the local agribusinesses tend to encourage the use of herbicides to control 
weeds and are less likely to provide much help to organic farmers. However, a growing 
number of companies market organic products.

PERFORMANCE INDICATORS

Yields per acre at the Lundberg Family Farms have increased. The Lundbergs have 
maintained the high quality of their soil despite farming more intensively. The organic 
production was low in the 1980s, and revenue from the sale of products grown on their “ex-
perimental fields” was well below expenses. In the 1980s, the yield from organic rice pro-
duction was much lower compared to conventional production. Organic-rice production 
has to produce at least half the yield of conventional production to be economically viable. 
From experimentation and experience, the Lundbergs found that some varieties grown 
organically produce yields closer to conventional production than others. For example, 
vigorous varieties yield 9,000 lbs/acre with conventional production, and the Lundbergs 
might get 5,000–6,000 lbs/acre with organic production. With less vigorous varieties, such 
as California basmati rice, organic production might produce one-third to one-half the 
yield of conventional production. Basmati rice, however, has a much higher product value 
than short grain rice, and the Lundbergs have managed to increase their yields over time. 
Since the 1980s, their organic rice has been sold at a premium and is profitable. The Lund-
bergs were putting 200 acres of land in transition to organic in 2008. Their knowledge and 
experience in organic farming and the improved predictability of the organic market give 
the Lundbergs the confidence to shift a significant portion of land to organic management. 
The Lundbergs, however, have not put all land in organic production because they try to 
respond to customers’ needs and some customers would like the nonorganic option.
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Lundberg Family Farms participated in traditional commodity programs. Those pro-
grams pushed farmers to set aside acreage and were complementary to the Lundbergs’ 
approaches as they put land into fallow anyway. Only 60 percent of the family’s land, 
however, is recognized by those programs. The Conservation Security Program recognizes 
much of their organic production systems as sustainable production systems. Other pro-
grams are not as financially helpful to the Lundberg Family Farms for different reasons. 
First, the Lundbergs’ production baseline is low. Second, they did not benefit from the 
burning cessation program, which offered a credit for cessation of residue burning, because 
they had always rolled down the rice straw instead of burning it.

KEY CHANGES

The organizational structure of the farming and food processing operations changed, 
but the Lundberg family still runs them both. The Lundberg Family Farms has a much 
larger proportion of land under organic production for two reasons. First, there have been 
some important breakthroughs in weed management for organic farming. In 1989, organic 
rice farming was significantly riskier than conventional rice farming. Although still riskier 
compared to conventional rice farming, growing organic rice now has more predictable re-
sults. Scientific research has increased the options for managing weeds in organic systems, 
and the Lundbergs’ experience has improved their understanding of how those options 
work. Likewise, the options for managing soil fertility organically have increased. Second, 
the organic market has expanded substantially since 1989. Nowadays, customers who 
prefer natural and organic foods can purchase them in many locations. The market expan-
sion also contributed to driving the increase in scientific research and tools developed for 
organic farming discussed above.

The Lundbergs have found that their neighbors have become more receptive to the 
idea of organic farming. In the 1980s, the Lundbergs had to build a mill for their organic 
rice because not many organic mills were readily accessible. That caused some friction 
with their neighbors, who viewed the Lundbergs’ trial with organic production as a likely 
failure. Nowadays, neighboring farmers are more understanding and accepting of the di-
versity of the agricultural market. The Lundbergs were not trying to take sales from their 
neighbors by marketing a different product. In fact, more of their neighbors are moving 
toward organic production.

CHALLENGES

The price of land has increased substantially. Land costs about $5,000–$6,000 per acre, 
which could pose a challenge for new farmers. Land rental cost has increased, but not 
as much as land acquisition cost. The Lundberg Family Farms expanded by contracting 
more growers rather than purchasing more properties. The third-generation Lundbergs are 
concerned that passing the farm onto the next generation (which has more members) will 
dilute the resources. The farm was started by their grandparents, who passed it onto their 
four sons. The third generation includes 11 members, 7 of whom work daily on the farm. 
The fourth generation includes 20 members aged 12 months to 20 years and is expanding. 
The high costs for land acquisition could be a barrier to expanding the size of the farms. Yet, 
a full-time farmer needs at least 250 acres of land to be economically viable.

The Lundbergs have not observed much difference in weather patterns over time, 
but they consider water availability a looming challenge. Water is available in northern 
California, but needed in southern California. The Sacramento delta, which features many 
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unique plants and wildlife, lies in between. Moving water from north to south across the 
delta will be challenging.

With regard to crop production, the Lundberg Family Farms recognizes customers’ 
preferences for natural products and is concerned about the potential contamination of 
genetically modified organisms6 (GMOs) in their fields from neighboring farms. The 
 Lundbergs hope that the government regulates the use of GMOs and better protects or-
ganic farmers. The Lundbergs are also concerned about the potential spread of new weed 
species (for example, blueflower duck salad) in the future that cannot be controlled by 
current organic practices. Although herbicides can eliminate the weed, organic growers 
cannot use herbicides, and they need researchers to develop a solution quickly to control 
its spread. The Lundbergs believe that solutions to the challenges of organic farming result 
mostly from on-farm research.

SUMMARY AND FUTURE OUTLOOK

Lundberg Family Farms has been farming with practices and approaches that care for 
the soil, water, air, and wildlife for more than 70 years. The Lundbergs plan to continue 
the tradition and hope that the farm will be passed onto the fourth and fifth generations. 
They have a program designed to let family members experience different jobs on the farm. 
The smooth transition in the past depended largely on good planning and the absence of 
financial stress at the time of transition.

They feel that the future of organic agriculture is bright, because an increasing number 
of consumers are looking for high-quality foods that support their principles of protecting 
the environment. People realize that their values and concerns can be expressed through 
food choices. The Lundberg Family Farms not only have a larger consumer base than they 
did 20 years ago, but also they know their consumers’ preferences better. They have their 
own brand, which sells at a premium. They plan to continue to expand the variety of rice 
products, with a continued focus on rice. They would like to communicate to their con-
sumers that when they purchase the Lundberg brand, instead of a store brand of organic 
products, they are contributing to improving environmental and social sustainability (for 
example, fair labor treatment).

6 The term “genetically modified organisms (GMOs)” was used by the farmers interviewed to refer to genetically 
engineered crops (see Chapter 3); hence, the term GMOs is used in this chapter.
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Pavich Family Farms

Pavich Family Farms operated in the Harquahala Valley, Maricopa County, Arizona, 
and in Delano, Kern County, and Tulare County, California. Stephen Pavich, Sr., and his 
sons, Stephen Pavich, Jr., and Tom Pavich, operated the farm. At the time of the 1989 in-
terview, Pavich Family Farms was in a growing phase following the 1986 and 1987 Alar 
(daminozide)7 scare, which brought organic farming into the public’s view and helped to 
drive its growth for many years. Pavich Family Farms took advantage of changing con-
sumer desires and increased its sales in the organic market from 20 percent to 50 percent 
of their table grape crop. Pavich Family Farms ceased operation in 2001 because of several 
unfortunate conditions.

FARMING PHILOSOPHY

The Pavich family wanted to ensure that their produce was nutritionally superior. They 
conducted nutritional studies on their produce and believed that they were higher in qual-
ity of appearance and flavor than nonorganic produce. They worked on organic legislation 
with California and with the U.S. Department of Agriculture.

LEARNING NETWORKS

The Pavich family felt they had to stay 10–15 years ahead of the universities or they 
would be behind in the market. The Paviches experienced frustration in their interactions 
with local universities. Stephen Pavich, Jr., recalls being treated as though the family had 
no science behind its practices and found that the faculty were interested only in their own 
narrow disciplines (for example, insecticides or soil chemistry). In contrast, Pavich Family 
Farms took a holistic approach to organic farming and looked at the interactions of all of 
the farming systems. In his opinion, the universities’ research did not adequately involve 
applied science or address agricultural applications.

KEY CHANGES

Pavich Family Farms expanded its farmed acreage in Arizona and California to 4,700 
acres, up from the original 1,432 acres when the Paviches were interviewed in 1989. In the 
1980s, they mostly grew and sold table grapes. The farms expanded their portfolio and mar-
keted 65 crops, including imported grapes and berries from Chile, bananas and pineapples 
from Costa Rica, bell peppers from Mexico, and grapes from South Africa. The farms were 

7 Alar is the trade name of the growth-regulating chemical daminozide. Alar used to be sprayed on fruit trees to 
regulate their growth. The U.S. Environmental Protection Agency halted the use of Alar in food uses on the basis 
of evidence that it causes tumors in laboratory animals and that lifetime dietary exposure to this product might 
result in an unacceptable risk to public health.
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selling about 1 million packages of vegetables each year under the Pavich Family Farms 
Organic label.

The Paviches began producing raisins from some of their grape crop in 1991 to further 
diversify their offerings. They also began to work with other growers in California and 
 Arizona and were the biggest organic table grape growers in the country. By 1998, they were 
producing 2.5 million boxes of table grapes per year. They rapidly became the fifth largest 
raisin producer in the United States and coined the term “jumbo raisin.”

The Paviches recognized the organic market as a growing market and wanted their 
farm to provide quality organic produce to consumers. They were the first producers to 
sell organic produce to Wal-Mart and Raleys supermarkets. Eventually, they were selling 
produce to 19 of the top 20 supermarket chains in the United States.

CHALLENGES

In 1997 and 1998, El Niño presented a major challenge. Due to unpredictable and un-
precedented rainfall, the farm experienced massive crop losses in the form of damage from 
flooding and intensive rain, as well as rot and plant diseases caused by the excessive mois-
ture. During the time leading up to El Niño, Pavich Family Farms had been expanding at a 
rate of about 10–20 percent per year. Its debt-to-equity ratio was marginal. With little com-
petition in the organic market, Pavich Family Farms expanded rapidly to meet the demand. 
Stephen Pavich, Jr., stated that the family would not take such chances in today’s market 
because there is more competition in the organic market compared to 10 years ago.

In his view, the farms could have financially withstood the crop losses if they were the 
only challenge the farm faced at the time. However, Pavich Family Farms was involved in 
three insurance claims. One claim was to recoup losses after a grower sprayed herbicide on 
its organic vineyard in Arizona. Another one was for flood loss. The third claim was for a 
malfunctioning box in cold storage that caused a large harvest of grapes to rot.

The substantial financial losses, the slow court process (which took seven years), and 
the expense of hiring lawyers created a “perfect storm” that was the beginning of the 
end for Pavich Family Farms. These chance events occurred at a time when the business 
was experiencing rapid growth and stretched financially. A significant upfront investment 
was required to initiate international expansion, and the business plan projected that the 
venture would break even after two years. The Paviches were importing 100,000 boxes of 
produce per year to start, and Stephen said they would have been importing more than 
1 million boxes per year had the farm stayed in operation. The growers with which Pavich 
Family Farms had contracted returned to conventional growing practices.

The financial losses due to weather and the court costs were too much for the farm busi-
ness. The bank owned everything at the farms by the time the family received its insurance 
money. In 2001, the farms were foreclosed upon, and the Paviches soon filed for bankruptcy. 
The Paviches could not find willing buyers to help save their farms; the losses had been 
too great for a company of their size. Stephen Pavich, Jr., remarked that similar farms (with 
different crops) that did not experience losses of this nature have been growing and have 
become multi-thousand acre organic farms.

SUMMARY AND FUTURE OUTLOOK

The farmland was auctioned off by the bank. The acreage in California is all being 
farmed organically, largely producing grapes and blueberries by five different organic 
producers. An organic vegetable grower bought the 1,300 acres in Arizona. The remain-
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ing acreage was purchased by a melon grower; half of his production is organic, the other 
half is marketed as conventional produce but its production incorporates many organic 
practices.

In addition, 160 acres of family land remains in California and is operated as an organic 
vineyard by Frances Mary Pavich, Stephen Pavich, Sr.’s daughter, under the name FMP 
Vineyards. She also produces 1 million pounds of organic raisins each year and markets 
them under the label Franny’s Organic. Tom Pavich, who has an M.B.A., continues to farm 
organic raisins at the San Joaquin Valley farm for his sister. His farming practices include 
foliar sprays, cover crops, composting, and incorporating humic acid. It is an intense opera-
tion, albeit much smaller than what the Pavich family used to farm. In total, nearly all the 
4,700 acres are still in agriculture (with different owners) and nearly all are being farmed 
organically.

Steven Pavich, Jr., who has a B.S. in viticulture, has become an agricultural consultant 
and represents a major organic agricultural fertilizer input company, Global Organics. He 
works mostly with large companies who supply food to grocery chains. He also works with 
nonorganic farms that want to grow high-quality produce with greater yields. He has found 
that if organic practices can do that, farmers will use them (or a combination of organic and 
conventional practices). He is very supportive of small-scale and family farms, but focuses 
his effort where he believes he will have the greatest impact—large organic producers that 
sell their produce in chain stores and farm in a manner that benefits the environment and 
worker safety.
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Thompson Farm

Richard and Sharon Thompson’s farm in Boone County, Iowa, is a 300-acre diverse 
crop and livestock farm. They started farming in 1958, and after 10 years of conventional 
operations they began experimenting with alternative approaches to growing crops and 
livestock.

FARMING PHILOSOPHY

As in the 1980s, the working philosophy of the Thompson Farm is to limit or find 
substitutes for off-farm inputs whenever possible to reduce costs and promote the health 
of livestock and people. The Thompsons take a “middle-of-the-road” approach to farming 
and continue to perfect a system that works well for them. They do not farm with conven-
tional approaches because they found these approaches were not effective or profitable for 
their size of operation. They decided not to have the farm certified as organic because they 
wanted the freedom to experiment—sometimes with materials or approaches that are not 
permitted by the National Organic Program. Also, the Thompsons believe that they cannot 
totally protect their farm from the effects of neighbors who use synthetic chemicals around 
them.

MANAGEMENT FEATURES

Crops

Current crops on the Thompson Farm include 100 acres of corn, 50 acres of soybean, 
50 acres of oats, 50 acres of hay, and 55 acres of pasture. The five-year crop rotation of corn, 
soybean, corn, oats, and hay, and the ridge-till system, have remained fairly consistent over 
the past 20 years, with small adjustments to fine-tune the system. The Thompsons plant rye 
cover crops in the fall to reduce erosion, help manage weeds, and reduce nitrogen loss. They 
use livestock manure plus bio-solids from the nearby city of Boone, which allows them to 
eliminate purchased fertilizer.

Although they do not use Roundup-Ready® corn seeds, they suspect that they have 
some Roundup-Ready corn in their field as a result of cross-pollination from neighboring 
fields. Typically, volunteer corn in rotation crops, which follow corn, is killed when Dick 
spot-sprays Roundup, but the corn did not die after a Roundup application in 2008.

Weed and Pest Management

The Thompsons use an integrated pest management approach and try to minimize 
their use of herbicides and pesticides. As mentioned, the crop rotations help control weeds. 
Additional weed control is achieved using a rotary hoe and cultivation and without use of 
broadcast herbicides. The Thompsons’ use of cover crops, hoes, and cultivators is detailed 
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in “Steel in the Field”: A Farmer’s Guide to Weed Management Tools.8 They occasionally spray 
pesticides to control aphids

Livestock

Current livestock enterprises are 50 beef cattle and 90 sows raised for the “natural” 
meat market, without hormones or antibiotics. The beef cows are fed on pasture using a 
rotational grazing system and with farm-raised hay. The farm-raised feed is a mix of ground 
ear corn and oats to provide roughage for the cattle. A bunker, built during the 1980s, stores 
manure.

The Thompsons converted 30 hog farrowing houses to A-frame, winterized structures. 
The hogs are farmers’ breed, which are not lean but flavorful. The breeding animals are 
selected for meatiness with some fat for flavor. The hogs are fed the farm-raised ground ear 
corn, shelled corn, and oats, which provides more fiber and less protein than conventional 
feed. The ration works well even for young pigs.

Equipment

Dick believes that a scale is a critical tool for success. Any farmer who wants to track the 
impact of farming experiments needs to weigh harvested grain, compare treatments, and 
keep records. The value of a scale becomes clear when one envisions a farmer conducting 
one experiment with six replications and two comparisons. To measure the yield from that 
one trial, the farmer would need to drive to the elevator 12 times to weigh the results. Dick 
believes that if USDA really wanted to encourage farmer research, it would subsidize pur-
chases of farm scales. A platform scale that weighs one axle at a time works fine to weigh 
crops, animals, and manure.

Labor

The Thompson Farm is completely operated with family labor—Dick and Sharon plus 
their son Rex and his family. The Rodale Institute and Wallace Institute supported an extra 
hired person to fill in while Dick and Sharon traveled around the country to share their 
farming approaches and experience with others.

Marketing

Hogs from the Thompson Farm are sold as “natural” through Niman Ranch, which 
provides a price floor. The Thompsons used to sell their “natural” beef cattle—both black 
and red—individually, but have discontinued that. They purchased an additional livestock 
trailer that allows them to divide the livestock that they take to market, selling heifers and 
steers separately and dividing by grades.

LEARNING NETWORKS

One of the Thompsons’ legacies was to begin the Practical Farmers of Iowa (PFI). Dick 
Thompson found it “a godsend” to spend time with other people interested in and trying to 

8 Bowman, G., ed. 1997. Steel in the field: a farmer’s guide to weed management tools. Available at http://www.
sare.org/publications/steel/steel.pdf. Accessed on March 3, 2010.
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make sense of agriculture. Inspired by a similar organization elsewhere, he and a few like-
minded people started an organization with farmers who are trying similar farming ap-
proaches across Iowa so that they can compare experiences. Early PFI board meetings were 
filled with discussion about farming problems and practices. For example, someone may 
have asked how farmers could control Canada thistles, and another farmer may have sug-
gested spring plowing. As PFI encouraged more replicated trials, the results were printed 
and shared. PFI encourages its members to adapt, not adopt. It emphasizes cooperation 
among members and encourages them to develop solutions together.

The Thompsons get along well with Iowa State University and its Extension Service. 
Like PFI, the Thompsons’ philosophy on research and extension is “to adapt, but not adopt, 
ideas.” They believe that agricultural knowledge and practice can be greatly advanced if 
researchers work closely with operating farms and curious farmers, who could try out ideas 
as they and other PFI members have done. The Thompsons also maintain positive relation-
ships with their neighbors and community despite their different farming approach. They, 
however, do not receive much help from their large (3,000–4,000 acre) neighboring farms.

Dick, a pioneer among “limited input” farmers, has always promoted farmer-led on-
farm research. A compilation of Thompson Farm research is available online on PFI’s web-
site (www.practicalfarmers.org). In one year, the report was downloaded 25,000 times. Dick 
continues to conduct trials and comparisons on the farm and “tinker” with his production 
system because he gains satisfaction from small successes and enjoys problem-solving. The 
inspiration for some of Dick’s innovative ideas came from his mentor, Dr. Warren Sahs, 
formerly at the University of Nebraska.

PERFORMANCE INDICATORS

Organic matter and soil loss on the Thompson Farm have been measured by the Na-
tional Tilth Lab, which found that the Thompsons have 6 percent organic matter compared 
to 2.9 percent on the next farm. The Thompson’s soil loss was just 4 tons/acre compared 
to 11 tons/acre next door. Earthworms average 19,000/acre in Boone County, but 1,269,000 
earthworms/acre were found on the Thompson farm. The positive effects of the increased 
organic matter, low soil erosion, and high earthworm populations complement each other 
and provide positive feedback.

The Thompsons’ farming system benefits the environment. Of the 300 acres of their 
land, 135 acres are in grass to protect water quality. Farm windbreaks and an ear corn crib 
provide habitat for wildlife. Fall manure application has improved air quality. The rotations 
include pasture, but after about six years in pasture, Dick finds that the soils harden. He 
plants alfalfa at that time because its roots penetrate deeply and provide opportunities for 
water to percolate through the soil.

Early in their farming lives, the Thompsons tried ridge tilling, using compost on the 
ridges and broadcasting rye cover. Hauling manure in the spring proved to be difficult and 
impractical. They only had a yield of 45 bushels of corn per acre, substantially below the 
county average at the time. They discontinued that practice and started to apply manure 
in the fall, plant hay, and then plow under. Initial corn yields were still only 45 bushels of 
corn per acre. Yields started to increase around 1979. By 2003 and 2005, they achieved yields 
of 231 and 210 bushels/acre, respectively, which were 39 and 38 bushels over the county 
average in those years. Records from 1988 to 2006 reveal that the Thompsons on average 
maintained a net income of $119 per acre for crops, mostly from increased crop and residue 
income. From 2002 to 2006, net income for crops averaged $172 per acre, an amount that 
does not include any government payments or premiums. Those numbers do not include 
profit or loss from livestock.
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The Thompsons do not participate in any federal farm programs. They say that the 
programs for conserving natural resources lack flexibility to accommodate their approach 
to farming. Dick plows once every five years because he observes that no-till, over time, 
reduces water infiltration on his soil even though it reduces erosion. If the programs were 
more flexible, the Thompsons say they would like to participate. They do not participate 
in commodity programs.

Dick believes that the farm provides comfortable support for his family. Their yields 
and net income have improved since 1989. They attribute the success of the farm to good 
record keeping and constant trial and error. He and Sharon have always been careful not 
to spend too much money. He credits one of his neighbors as his “frugality mentor.” They 
were also careful not to borrow too much money and to pay off debts as quickly as they 
could. Dick believes his ability and willingness to fix things (for example, electrical, machin-
ery, or plumbing problems) around the farm, as well as their minimal off-farm purchases, 
contribute to controlling expenses on the farm. He explained that the rule at the Thompson 
Farm is “try to fix it ourselves first,” because a trip to the dealer for a repair is usually 40 
or 50 miles and, hence, costs time and money. They also built diversity into the farm to 
improve the buffer against potential loss or reduction of some crops.

KEY CHANGES

The acreage of the Thompson Farm has remained steady. Richard and Sharon 
 Thompson’s farm has stayed on the trajectory that they had established when interviewed 
for the 1989 assessment. They try to minimize chemical input and continue to fine tune 
the practices and approaches used on their farm. When the Alternative Agriculture report 
was published, the Thompsons were heavily involved with on-farm research, much of it 
focused on finding and correcting approaches that did not work.

CHALLENGES

Changing weather patterns are among the challenges that the Thompsons face on their 
farm. They use a flail machine (rotary scythe) to mow and process hay and to dry it faster 
between rain events. The wetter weather, plus a neighbor’s shift to no-till, has worsened 
water runoff from a neighbor’s farm onto the Thompsons’ farm and created worsening 
gullies.

The cost of farming inputs has increased sharply. The Thompsons feel that the in-
creased costs of equipment parts affect them the most. Because they have worked to create 
a largely closed loop system that allows them to avoid purchasing fertilizers and pesticides, 
the price increase of those inputs have not affected them much.

The rising land cost is a barrier to expanding the farm. Dick purchased land for $440 
to $600 sometime ago. At the time of the interview, the land for sale around his farm cost 
about $6,000/acre.

Another challenge that the Thompsons are working to master is cattle size. Dick uses 
his animal science educational background to find the best size and mix of breeds—Hol-
steins, long horns, Herefords. Their goal is to balance an animal’s sale price with the cost 
to keep and feed the animal.

SUMMARY AND FUTURE OUTLOOK

The family has established a trust to ensure the farm’s 300 acres will remain intact for 
at least the next two generations. The Thompsons’ family includes four children. One son 
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and his family (including a grandson) are involved in farm work and are deepening that 
involvement. At least two Thompson generations beyond Dick and Sharon will operate 
the farm.

Dick Thompson feels that conventional agriculture has become less sustainable now 
than it was 10 years ago. Organic is an alternative, but it might not be suitable for all farms. 
He believes that the key to improving the sustainability of farming and farming commu-
nities lies in farmers’ environmental stewardship and their taking responsibility to figure 
what works and what does not through trials and record keeping.
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Green Cay Farm and Green Cay Produce

Green Cay Farm, in Palm Beach County, Florida, was established in 1957 as a 350-acre 
family vegetable-growing operation by Ted and Trudy Winsberg (as it was at the time of 
the 1989 report). As land use shifted in Palm Beach County from agriculture to residential 
and Ted prepared to retire, they sold much of the land. The remaining land was not large 
enough for commercial farming. Ted and Trudy began renting out plots to several growers 
to earn income. Their daughter and son-in-law run a small native tree operation on 20 acres. 
Another producer grows herbs on 10 acres. Charlie and Nancy Roe, of Farming Systems Re-
search, Inc., rent 10 acres and sell mostly to local residents, restaurants, and resorts through 
subscription to their Community Supported Agriculture (CSA) program. Nancy Roe first 
began working with Green Cay Farm during her Ph.D. research at the University of Florida 
when the Winsbergs wanted to investigate alternatives for plastic mulch. The Winsbergs 
approached Nancy and her husband, Charlie, after her dissertation was complete, about 
starting a small farming operation. Nancy and Charlie returned to Green Cay Farm and 
started Green Cay Produce.

FARMING PHILOSOPHY

Ted Winsberg worked to improve the sustainability of his farm. He was a leader in 
and supported research and extension programs among South Florida vegetable growers. 
When a new technology was on the horizon, his peers often said, “Let Ted try it first to see 
how it works.” The Winsbergs supported Nancy and Charlie selling locally as Green Cay 
Produce because they believe “people are far too removed from their food supply; they 
should know who grows their food and how it is grown.” They also feel that customers are 
willing to pay a fair price for fresh, healthful, and tasteful vegetables. Since the transition, 
they have found that many people in the community agree with those principles and are 
willing to support Green Cay Produce.

MANAGEMENT FEATURES

Crops

Green Cay Farm changed from a commercial peppers and cucumber farm to become a 
diverse vegetable farm that grows more than 40 crops plus herbs year round (via the mul-
tiple growers using land from Green Cay Farm). Cover crops are planted in the summer, 
and drip irrigation is used. Green Cay Produce is not certified organic because it would 
not be profitable in its location. However, many methods and materials are used that are 
recommended for organic production.
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Pest Management

Unlike other local growers, Green Cay Produce is selective about pesticide use. The 
Roes only spray pesticides when they observe a problem. They use mostly organic pesti-
cides. They purchased beneficial insects for pest control at one time, but found that encour-
aging the natural populations of beneficial insects provided more effective pest control than 
introduced insects.

Fertility Management

The Roes use compost made from horse manure and bedding, which they obtain at no 
cost from nearby farms where many horses over-winter. The cover crops are tilled in the 
soil to provide nutrients. They also add potassium and nitrogen through the drip system 
and use a phosphorus starter solution when they first plant or transplant a crop.

Marketing

Before transitioning to becoming a small farm, Green Cay Farm sold most of its produce 
through conventional marketing channels and shipped to East Coast markets. In contrast, 
Nancy and Charlie operate their CSA on 10 acres they rent from Ted and Trudy. The CSA, 
which began operating in 2000 with a 26-week season, now has 400 members plus restau-
rant sales and operates for 34 weeks each year, from October through May. In both the CSA 
and restaurant markets, demand far exceeds the supply. It is the only CSA in the area, but 
several new ones will be starting soon.

The CSA operation includes the original vegetable packing house. The Winsbergs pro-
vide the land and equipment for the CSA at no cost to ensure that it can generate adequate 
income. Prices were raised by 10 percent in 2008. Some members thought the prices were 
high, but most proved to be loyal customers and stayed as members despite price increase 
and even when hurricanes wiped out crops. Of greatest importance to CSA members is that 
the produce is local and fresh. Only a few have left because they preferred certified-organic 
produce.

Labor

Labor for area commercial farms is from Central America or Mexico, contracted for 
the harvest. The Winsbergs’ labor was initially from Puerto Rico, then Haiti. Ted once em-
ployed 70 people, 60 of them Haitians and mostly women, who did the field harvesting. 
Most lived on the farm or were assisted by the Winsbergs to buy houses. Most of the crew 
retired in 2000, and their children did not farm. Nancy and Charlie, plus five full-time and 
two part-time semi-retired employees, handle the CSA production. They also have seven 
part-time drivers and one part-time office staff person. Nancy views the current labor as 
“ridiculously stable” and would like to pay them more. The crew is aging, with only one 
person under 40 years old. One big challenge is how to find work and funds to keep the 
crew working through summer months when crop output is small.

LEARNING NETWORKS

The farm has cooperated with university and industry researchers to develop innova-
tive, environmentally friendly systems for many years. Currently, it has contracts to per-
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form research through Farming Systems Research, Incorporated. The Roes work with seed 
companies to grow out seed varieties and with universities to conduct on-farm research. 
They have participated in research about the effects of compost on postharvest quality, 
tropical cover crops or cover crops as alternatives to fumigation, and measuring yields of 
squash blossom production. They have a new project with USDA Fort Pierce to examine 
the ability of organic hay mulches to control nutsedge.

Both Ted Winsberg and Nancy Roe regard themselves as products of land-grant univer-
sities. Ted earned B.S. and M.S. degrees in soil science from Cornell University, and Nancy 
earned B.S. and M.S. degrees in horticulture from the University of Arizona and a Ph.D. 
from the University of Florida in horticultural sciences. She has managed vegetable crop 
operations for 30 years and spent five years in extension and research with Texas A&M 
University. Their backgrounds have made it easy and natural for them to cooperate with 
the University of Florida, with extension, and with industry groups.

Ted Winsberg has observed that large-scale farming operations do not share informa-
tion with one another in the same way that smaller ones often do. The Winsbergs and Roes 
are starting to see others try to farm on a small scale and market locally. Nancy works with 
those farmers, and the local farm-credit office holds meetings and sponsors small farmers. 
Ted Winsberg sees that their farm could become a center to help small farmers. He would 
welcome more opportunities to share his mechanical experience and expertise.

KEY CHANGES

When Ted Winsberg was interviewed in 1989 for the Alternative Agriculture report, he 
was growing 350 acres of irrigated fresh market peppers. Although some of that acreage 
is still used for agriculture, it is very different today. In addition to the 350 acres of their 
home farm in Palm Beach County, they also rented a 400-acre farm near Martin, Florida, 
for 27 years.

Development approached on all sides of the farm, which was located in Palm Beach 
County. Ted and Trudy wanted to stay in the county. They explored alternatives with the 
American Farmland Trust, but believed that they did not have enough resources to defend 
the land against development. In 1985, Ted discussed his concern with Bob Wiseman (Palm 
Beach County’s manager), the local water utility head, and a Palm Beach County commis-
sioner. Wiseman’s contributions to the community and the positive personal relationships 
that he had developed with key leaders helped them to work out options that could ben-
efit the county and the Winsbergs. In the mid-1990s, the Winsbergs sold 176 acres of land 
to the county at one-third of its appraised value to create the Green Cay Wetlands and 
Nature Center. The interpretive nature center and 1.5-mile boardwalk provide suburban 
green space while the land filters 35 million gallons of water from Palm Beach County’s 
Southern Region Water Reclamation Facility. The wetlands also incorporate 86 different 
species of trees, shrubs, grasses, and aquatic vegetation that help to recharge ground water 
resources.

A plant constructed in 1992 produces dried biosolids. The county is using 100 acres of 
its purchased land and the remaining 76 acres that are not in wetlands are rented back to 
Ted at $1/year. Another 40 acres were sold for an affordable housing development that has 
100 townhouses and 320 condominium and rental units. Hazen Ranch Road, where Green 
Cay Farm is located, was once rural but is now filled with gated residential communities, 
with many retirees living in the area. There is little interaction between the farm and its 
neighbors.



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

��� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

CHALLENGES

Ted Winsberg considered using the biosolids produced nearby as a soil amendment 
and to boost fertility on the farm, but Environmental Protection Agency and Florida De-
partment of Environmental Protection regulations made it impossible. Ted appreciates the 
need to safeguard both human health and the environment, but he questions regulations 
that prohibit any discharge of reclaimed water into surface water. He also questions the 
regulations regarding any composition of compost within organic systems. He believes 
some food safety and surface water regulations are not practical. Third-party inspection 
requirements have slowed conservation initiatives and efforts to recycle and re-use water.

As the area urbanized and commercial and residential development crowded out 
farms, the local agricultural infrastructure has severely declined. No other farms operate 
within five miles. Extension in Florida is being defunded, and 10 staff positions are unfilled 
in Palm Beach County Extension alone. Now the Winsbergs may need to drive 70–80 miles 
to attend an extension meeting. Ted Winsberg and Nancy Roe believe that small-scale 
farmers stand to lose the most if extension is lost. The farmers need research and extension 
specialists to help them solve pest problems, and they are concerned that large agrichemical 
companies drive much of the current research agenda.

Changing weather and climate present additional challenges. The winters of 2007 and 
2008 were warm and caused problems for cool-weather crops and led to worsening insect 
problems. Palm Beach County is the warmest winter-growing area in the United States. 
With generally warmer weather, farmers can now grow winter products as far as 100 miles 
north of Palm Beach County. The extended range of growth removes the competitive ad-
vantage they once enjoyed. Winter vegetables are now grown as far north as the Carolinas. 
Palm Beach County’s unique winter season is short or gone. Summer is nearly 30 days 
longer, as documented by Winsberg (not related to Ted) and Simmons (http://coaps.fsu.
edu/climate_center/docs/flhotseason.php).

The farm has experienced some air quality issues with Vapam escaping from land used 
by an herb grower. Ted Winsberg anticipates new fumigant regulations.

The farm was cleared in the late 1940s. Its soils have been highly productive, but alter-
natives to methyl bromide will not sustain the high yields achieved. Ted’s average price for 
peppers over the years of his farming operation was 25 to 50 cents/pound, which is low 
compared to prices sold in other areas. For example, the Winsberg’s oldest son farms and 
grows peppers in Palo Alto, California, and sells them for $6/pound in farmers’ markets. 
It took the Winsbergs 20 years to pay for their farm. While they farmed, they needed pro-
duction loans of up to $1 million/year. At one point, they were offered $300,000/acre for 
their land and the opportunity to sell it for development rights for 950 houses. Ted thinks 
it is almost impossible for a small farming operation to be financially viable with increas-
ing input costs. In addition, he sees that distribution of the products from small farms is 
energy inefficient. He has been working hard to create a fuel-efficient distribution system 
for his vegetables.

SUMMARY AND FUTURE OUTLOOK

At nearly age 80, Ted Winsberg’s outlook has not shifted, and he is upbeat about the 
future. He wants to continue being involved in agriculture even in an urban area. Whether 
the farm will be passed on to the next generation is uncertain. The Winsbergs’ daughter 
and son-in-law, Sylvia and Michael, established a 20-acre wholesale native tree nursery as a 
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part of the farm. Their business is linked to construction. Their teenaged son is not currently 
interested in carrying on the operation, so its future is uncertain.

Ted suggested that municipalities and developers should set aside land for small farms. 
He believes that more consumer education is needed so that people better understand 
why products are grown a certain way, why food costs what it does, and why there are not 
more organic products. Most Americans are not concerned at all about vegetables, but they 
should be. If people put more thought into what they eat, they would likely be willing to 
pay more for good food.
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New Case Studies

In addition to reviewing the current status and changes taking place among the original 
farms included in the 1989 Alternative Agriculture report, this committee commissioned a 
new series of case studies to provide in-depth examples of 21st-century successful sustain-
able farming systems. To increase the depth of the new case studies, the committee selected 
three farms from each of three important U.S. commodity sectors: dairy farms, specialty 
crop farms, and field crop farms. The nine new case-study farms were selected from a 
list of candidate farms that included recent winners of regional Sustainable Agriculture 
Research and Extension (SARE) program awards, farms known to members of the commit-
tee, and farms nominated by committee members’ professional colleagues and networks. 
Within each commodity type, three farms from different geographic regions were selected 
to highlight the diversity of biophysical and socioeconomic environments surrounding 
U.S. agriculture.

Two experienced consultants—Lawrence Elworth (executive director of the Center 
for Agricultural Partnerships, a nonprofit organization) and Clare Hinrichs (an associate 
professor of rural sociology at Pennsylvania State University)—were contracted to conduct 
face-to-face interviews with the owners of the selected case-study farms. The consultants 
used a semi-structured interview schedule (see Appendixes E, F, and G) to ensure that simi-
lar topics and questions were used across all of the case-study farms. However, the flexible 
nature of the interview schedule allowed the consultants to probe for details on topics of 
particular relevance on each farm. Key topics covered in all interviews included:

• An overview of the size and scope of the cropping and livestock enterprises.
• A detailed understanding of innovations and creative solutions used by producers 

to address some common systemic and specific production challenges facing the 
sustainable production of dairy products, grains, and specialty crops in the United 
States.

• A detailed understanding of how the farmers manage risks associated with pro-
duction, marketing, and family and worker well-being.

• A sense of how their farming systems have developed over time and what practices 
the farmers have tried and rejected.

• Information about what the farmers see as their major challenges in the future and 
how they plan to address them.

• Information about the farms’ current sources of information, the role of public and 
private sector science and extension networks, and possible remaining information 
gaps that might be addressed by renewed investments in the science of sustainable 
farming systems.

• Information about the role of public policies that might have facilitated or thwarted 
the producers’ success.
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The case studies illustrate different farmer-designed approaches to sustainability 
within the context of their unique socioeconomic and biophysical environments. A profile 
of the new case-study farms is listed in Table 7-2.

The committee recognizes that many other farms have outstanding attributes that 
contribute to improved sustainability, but it selected farms that highlight important ap-
proaches to producing milk, specialty crops, and grains in ways that balance and enhance 
productivity, environmental quality, economic viability, and social acceptability. The meth-
ods used in the new case studies are best suited to provide in-depth descriptions of various 
aspects of each individual farm’s production and marketing practices. The small number of 
cases, nonrandom selection, and diversity across the case-study farms preclude any formal 
statistical analysis or generalization to the broader population of U.S. farms. The existence 
of these farms in and of themselves, therefore, is not unequivocal evidence of either the 
success, viability, or desirability of these systems. Rather, they provide insights into issues, 

TABLE �-� Summary of Characteristics of Farms Featured as Case Studies

Farm Name Location Primary Products Size of Operation
Certified 
Organic

Non-certified 
Organic

Dairy

  Bragger 
Family Dairy

Montana, 
Wisc.

Milk, beef, poultry 285 milking cows, 100 
beef cattle, 64,000 pullets

No No

  Radiance 
Dairy

Center, Iowa Milk, poultry 75 milking cows, 25 
chickens

Yes No

  Straus Family 
Creamery, Inc.

Marshall, 
Calif.

Milk 215 milking cows Yes No

Specialty Crops

  Full Belly 
Farm

Yolo County, 
Calif.

Vegetables, herbs, 
nuts, flowers, small 
fruit, milk, poultry

250 acres, 90 ewes, 
400–500 chickens, a few 
goats, 1 milking cow

Yes No

  Peregrine 
Farm

Newlin, N.C. Vegetables, 
ornamentals

4 acres No Yes

  Stahlbush 
Island Farms, 
Inc.

Linn County, 
Ore.

Vegetables, small 
fruits

4,000 acres 30% Other certificate 
program—Food 
Alliance

Grain

  Goldmine 
Farm

Shelby and 
Christian 
Counties, Ill.

Corn, small grains, 
soybean, hay, 
pasture, beef

2,200 acres (1,100–1,300 
acres of row crops 
annually), 260 beef cattle

Yes No

  Rosmann 
Family Farms

Lincoln, Iowa Corn, small grains, 
soybean, beef, 
poultry, swine

600 acres Yes Only broiler 
chickens

  Zenner Farm Latah County, 
Idaho

Wheat, small 
grains, peas, lentils, 
garbanzos

3,100 acres No Other certificate 
program—Food 
Alliance
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barriers, and opportunities for innovative structure and technologies that could enhance 
sustainability alternatives.

Some common themes and issues that emerge from the full set of cases are discussed 
before the detailed narrative descriptions of the nine new case-study farms presented in 
this chapter. In the following sections, the committee provides a summary of ways in which 
producers have responded to common production challenges, addressed socioeconomic 
goals and concerns, and interacted with markets, policies, and knowledge institutions. 
Information from the case-study farms illustrate some of the important principles for im-
proving sustainability of farming systems discussed in Chapter 2.

PRODUCTION CHALLENGES

Soil Management

All the new case-study farms recognize the importance of protecting soil resources and 
use either no-till or conservation tillage. A few farmers expressed that no-till is not practi-
cal for them because of concerns about weed pressure, particularly in organic production 
systems. Strategies used to reduce soil erosion and compaction include no-till or conserva-
tion tillage, winter cover crops, application of poultry litter and dairy manure to hillsides to 
reduce compaction, and leaving crop residue in the field. One of the dairy farms developed 
surfaced cow lanes, in which surfacing consists of a base of large rocks and a surface of fine 
rocks. The cow lanes allow the animals to access the paddock without inducing erosion.

Most of the farms interviewed use soil tests, and some even conduct plant tissue tests, 
to guide their soil fertility management. They all recognized the importance of recycling 
nutrients or using internal inputs to the extent possible to minimize costs and losses to the 
environment. Other than Stahlbush and Zenner Farms, most of the new case-study farms 
(even the grain and specialty crop farms) keep livestock. Manure or poultry litter are often 
used to manage soil quality and fertility. Although Stahlbush Island Farms does not have 
animals on site, it purchases manure and litter from a nearby layer operation. Cover crops 
are also widely used among the nine farms to maintain soil organic matter and nutrients. 
Cover crops and livestock manure, however, are not always sufficient to provide the nu-
trients required by crops. As a result, some case-study farms use purchased fertilizers to 
complement internal inputs. Three farms (Bragger, a dairy farm, and grain farms Goldmine 
and Rosmann) have nutrient management plans. Goldmine Farm’s nutrient management 
plan is mostly for erosion control.

In addition to ensuring nutrient adequacy of crops and pasture, the dairy farms have 
to manage nutrient output from their operations. Bragger Farm tests the manure quality 
of its animals periodically and adjusts their livestock rations to reduce phosphorus excre-
tion. Radiance Dairy (75 milking cows) and Straus Family Creamery (215 milking cows) 
emphasized that they maintain the ratio of about 1 cow/acre or less to ensure that they have 
sufficient land and crops to utilize nutrients generated by their livestock.

Straus Family Creamery separates the solids from liquids in their dairy manure, then 
applies the solids to fields and uses the liquids in an anaerobic digester. Although Bragger 
Farm contemplated getting a methane digester, Joe Bragger, who has 285 milking cows, felt 
his operation is not large enough to benefit from it. The use of anaerobic digestion is not 
limited to dairy operations. Stahlbush Island Farms recently completed an onsite anaerobic 
digestion and biogas recovery plant that uses the farms’ vegetable byproducts. The size of 
the Stahlbush Island Farms (4,000 acres farmed) and the vertical integration of production 
and processing make anaerobic digestion and biogas recovery particularly feasible for this 
specialty crop farm.
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Weed, Pest, and Disease Management

The new case-study farms all use complex crop rotations that vary in length from 2–7 
years. The rotations on some farms vary from cycle to cycle depending on such factors as 
weather and market conditions. Crop rotations are a key strategy for managing soil quality 
and fertility (cover cropping) and weeds, pests, and diseases (by attracting natural preda-
tors or enemies of the pests, breaking the disease and pest cycles, and suppressing weeds 
by competition). A few farmers stressed the importance of soil quality in promoting plant 
health, which, in turn, reportedly reduces the incidence and severity of diseases and pest 
infestations.

Although the weed species that pose problems in the nine farms vary, thistle is a com-
monly reported weed. Several farmers use mechanical measures, such as mowing and 
hand-digging, to reduce it. The nine farms use a variety of cultural practices, including 
close planting, flaming, hand-weeding, and ridge-tilling, to reduce various weeds. Two 
specialty crop farms said appropriate irrigation management contributes to weed control. 
A few of the nine farms use synthetic herbicides. One farmer reported that glyphosate plays 
an important role in his weed management even though he would like to reduce its use in 
his farming system. Another reported that he does not rely exclusively on glyphosate and 
that prices influence his choice of herbicide for managing weeds.

Most farms monitor pests closely to determine when to spray pesticide, whether they 
apply organic or synthetic pesticides. Some farmers select pest-resistant cultivars to reduce 
the need for pesticide applications. Biological controls, such as growing plants that attract 
natural predators of the pests and mating disruption, are used by some farms as pest-
—control measures.

Water Management

Water sources and availability vary by region. Among the nine farms, two grain farms 
(Goldmine and Zenner) rely mostly on rainfall for their crops. Six of the seven remaining 
farms have wells and ponds to meet part of their water needs. The three specialty crop 
farms use a number of the irrigation methods described in Chapter 3 (including drip or 
pivot irrigation, and microsprinklers) to maintain water use efficiency. Water used as a 
coolant in Stahlbush’s processing plants is reused for washing fruits and vegetables and 
then recycled for irrigation. Straus Family Creamery, another vertically integrated farm-
ing–processing operation, recycles water from the dairy and creamery as well.

Water quality was raised as a serious problem in most of the case-study interviews. The 
Bragger Farm is located in a priority watershed and has engaged in a number of practices to 
reduce nonpoint source pollution. The farm participates in the Wisconsin Discovery Farms 
Program, in which they gather detailed information about surface water quality runoff on 
their farm. The program’s website indicates that the Bragger Farm has an exemplary record 
of protecting local water quality. Francis Thicke of Radiance Dairy is mindful of keeping his 
cows out of nearby creeks. His strategy is to let them graze areas with access to the creek at 
night because they are less likely to go into the creek in the dark. The Department of Natu-
ral Resources did not identify any environmental issues associated with the wastewater 
processing of his operation.

Energy Management

All the farmers interviewed would like to reduce the use of fossil fuels on their farms. 
Five farms are using some form of renewable energy (including wood for heating, B20 
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biodiesel, wind and solar energy, and electricity and propane generated from biogas), and 
a few other farms are considering its use. The farmers’ consideration for using or increasing 
renewable energy seems to be independent of the size of their operations but rather stem 
from their desire for the farms to be energy independent.

Aside from alternative energy sources, all the farmers emphasize energy conservation. 
Three farmers specified that they decrease the number of times they run their equipment 
(for example, using no-till and reducing the frequency of mowing) to save energy. Albert 
Straus drives a plug-in hybrid electric vehicle and is developing an all-electric truck. Some 
farmers consider energy efficiency as a key factor in equipment purchases. Bill Chambers 
of Stahlbush Island Farms, which may use tractors more often than the other smaller opera-
tions, purchases tractors on the basis of their fuel economy. Joe Bragger purchased a plate 
cooler and a variable speed vacuum pump and realized substantial energy savings.

Management of Livestock

Although the committee selected three dairy operations, three specialty crop farms, 
and three grain farms, several specialty crop and grain farms featured as new case studies 
raise livestock as part of their operations. The dairy farms have various breeds of cows 
(Bragger—primarily Holsteins; Radiance—Jerseys; Straus—Jersey, Holstein, and Jersey–
Holstein crossbreeds). Each farm has its own mix of feed ranging from alfalfa and corn 
silage supplemented with high-moisture corn, soybean meal, and a protein–mineral mix 
concentrate, to pasture supplemented with barley and wheat, to feed rations that are de-
signed by an animal nutritionist. These farmers generally raise their own replacement 
cows, bringing in selected genetics via artificial insemination to improve their productivity 
and to increase genetic diversity of their herds. Two of the three dairy farms are certified 
organic. Both organic farms emphasize the importance of disease prevention practices in 
the management of herd health.

Three of the nine farms raise beef cattle (Bragger, Goldmine, and Rosmann Farms). 
Cattle breeds and breeding bulls are selected for traits that suit each farm’s production 
system and local environment. Each farm uses its own mix of feeds ranging from leftover 
feed and forages from dairy cows to pasture supplemented with hay to corn. Corn is fed 
to the beef cattle on Rosmann Farm so that the meat produced will be “choice” rather than 
“select” grade. Ron Rosmann, however, is considering a transition away from corn feeding 
to pasture finishing, but he recognizes that he would have to find or develop breeds that 
can be finished on pasture without compromising meat quality.

Five of the nine farms include poultry in their operations. Bragger Farm produces 
64,000 pullets under contract with Gold’n Plump. Radiance Farm has 25 chickens, mostly 
for insect control. Likewise, Peregrine Farm produces 100 turkeys for managing insects. 
Full Belly Farm has 400–500 layers and Rosmann Farm produces 150 non-certified organic 
broilers for on-farm use and for informal sales to extended family. The Braggers’ pullets are 
kept in a laying barn, whereas the small poultry operations tend to raise chickens in mobile 
coops or raise free-range chickens.

Full Belly Farm has 90 ewes that produce about 140 lambs each year. The sheep are fed a 
vetch–oats–hay diet, and Paul Muller is establishing pasture paddocks to increase intensive 
grazing opportunities for his sheep. Rosmann Farm has 50 sows and raises 600–900 head 
a year. Similar to the low-confinement hogs described in Chapter 5, the pigs are housed in 
small groups in barns with access to outdoors. All barns are treated as hoop houses with a 
constant cover of bedding.
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Aside from milk and meat production and providing opportunities for nutrient re-
cycling, livestock are kept on most of the new case-study farms for other purposes. Joe 
Bragger’s beef cattle act as scavengers and recycle feed and forages that are not used by 
dairy cows to enhance recycling. Peregrine, as mentioned above, and Rosmann Farms have 
poultry as a strategy of managing insects.

SOCIOECONOMIC ISSUES

Economic Viability

All nine of the new case-study farms reported that they are financially comfortable irre-
spective of the size of operation. A few farms specifically mentioned that they had increased 
profitability or improved economic security over time as they gain knowledge of their 
farming systems and improve management. The economic viability of several farms can be 
attributed in part to diversification of products (for example, Bragger, Full Belly, Peregrine, 
Stahlbush, and Rosmann) and of markets (for example, Full Belly and Stahlbush). Some 
farms take out production loans each year because of their production cycles (for example, 
Bragger, Straus, and Rosmann). In the farming operations that have integrated processing 
facilities (Straus and Stahlbush), the vertical integration could help control costs, increase 
opportunities for recycling, and diversify products and income streams. Six of the nine 
farms are certified organic, and most of those farmers acknowledge that organic certifica-
tion and the organic premium contribute to their financial success. In contrast, Peregrine 
Farm did not continue seeking organic certification even though it uses organic practices 
because certification only increases the farm’s profit marginally.

The three farms that mentioned record keeping use it for different purposes. Radiance 
Farm keeps track of inventory, whereas Full Belly Farm tracks cash flow. Peregrine Farm 
assesses the economic performance of various parts of its operations to guide phasing out 
poor performers.

Marketing

The farms’ marketing strategies seem to be correlated with their size. The smaller op-
erations (Radiance, Peregrine, and Rosmann) tend to sell their products locally and rely on 
word-of-mouth for advertising. The markets of those three farms differ: Radiance sells most 
of its products to local grocery stores and restaurants; most of Peregrine Farm’s products 
are sold at a farmers’ market; Rosmann sells its products through a farmers’ cooperative, 
Organic Valley, and to some retail outlets. The medium-sized to large farms use various 
marketing channels including distributors; wholesale, industrial food ingredient, retail 
markets, or food service markets; direct sales to restaurants or international markets; CSAs; 
and farmers’ cooperatives.

Labor

The number of employees on each of the nine farms depends not only on the size of op-
eration, but also on the type of farm (dairy, specialty crops, or grain), whether the farm has 
a processing operation, and its marketing strategies. Stahlbush, a specialty crop farm with 
a processing operation and the largest (4,000 acres) among the nine farms, hires the most 
number of workers. Full Belly Farm, although much smaller than Stahlbush (250 acres), 
maintains a large full-time labor force of 25–30 employees year-round to grow and handle 
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the wide diversity of crops and products. Peregrine, a 4-acre farm, uses mostly family labor 
and only hires part-time seasonal workers to keep operating costs low. The grain farms 
range from 600 to 3,100 acres in size, but generally operate using family labor, with one to 
three part-time or seasonal workers and up to one full-time worker when needed. Similar 
to Stahlbush, Straus Family Creamery employs the most number of people among the dairy 
farms because of its creamery operation. Many of the farmers stressed the importance of 
quality workers to their operations’ success. Finding skilled workers could be a challenge 
depending on the farms’ location. The largest of the nine farms (Bragger in Wisconsin, 
Straus in California, and Stahlbush in Oregon) have foreign workers, and Joe Bragger men-
tioned that few, if any, local people are available and willing to work on a farm.

To retain quality workers, the different farms use various approaches including com-
petitive wages, health and dental insurance, profit-sharing, retirement plans, housing, and 
paid time off. A few farmers said that social justice is one of their concerns and that hired 
laborers need to be rewarded for their contribution to the farms’ success.

A few farmers also mentioned their roles in helping their workers develop farming 
skills. Francis Thicke of Radiance Dairy is helping his full-time employee develop knowl-
edge and skills as a grass-based organic dairy farmer. His employee can select two heifer 
calves each year to build his equity. Similarly, Jack Erisman of Goldmine Farm gives his 
full-time employee ownership of one cow and her offspring each year. Full Belly Farm has 
a thriving internship program that requires a one-year commitment. Many of Peregrine 
Farm’s workers are students from the nearby community interested in agricultural sustain-
ability. The Hitts said that half of their previous workers have their own farms.

INFORMATION SOURCES AND KNOWLEDGE OF PRODUCTION

All the case-study farms appear to have built their current farming systems through 
a long process of experimentation, innovation, and trial and error. In some cases, farmers 
have participated in formal agricultural research projects conducted by universities, the 
USDA Agricultural Research Service, or nonprofit organizations. Some farmers mentioned 
that they attend conferences regularly to keep up to date on the evolving science. Two case-
study farmers, Ron Rosmann and Jack Erisman, indicated that they participate in organized 
learning exchange arrangements with other farmers.

All the farmers interviewed for the new case studies have shared information about 
their farming practices through a variety of venues. Many farmers have given talks on their 
farming practices and their impacts at conferences, universities, and other settings. Some 
serve on boards of local or regional committees and organizations related to farming or sus-
tainable food systems. Others mentioned that they frequently share information informally 
via e-mail or personal contacts with other farmers.

When asked to identify problems or issues that might benefit from more formal re-
search, two case-study farmers identified the following topics:

• Soil biology and nutrient availability.
• Correlations between organic matter, soil health, and the nutritional value of 

food.
• New methods of weed control (other than synthetic herbicides) for no-till or mini-

mum till systems.
• Site-specific studies of cover crops and new crop cultivars.
• Development and access to cultivars that are suitable for organic farming 

systems.
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• Alternative medicines, animal husbandry, and disease prevention practices appro-
priate for organic dairies.

• New precision-agriculture technologies, including sensor technology to distin-
guish between weeds and crops in cultivation equipment.

• Development of small, scale-appropriate equipment for vegetable enterprises.
• Studies on the implementation, impacts, and compliance problems associated with 

the USDA organic standard.

Although some of these topics might best be addressed by formal research conducted 
by public sector or private sector scientists, two farmers expressed a specific desire to 
see increases in on-farm research (echoing the conclusions of the committee discussed in 
Chapter 5).

GOVERNMENT PROGRAMS AND POLICIES

In general, federal farm commodity and conservation programs do not appear to be 
important drivers of (or obstacles to) the improving sustainability of the farming systems 
in the nine case-study farms. Among the three dairy farms, Radiance and Straus did not 
identify any government programs that provide important resources or opportunities for 
their farms. Albert Straus, however, mentioned that California requires farms with animals 
on pasture and dairy farms to have a nutrient management plan. The Bragger Farm also has 
a state-mandated nutrient management plan and participates in federal and state conserva-
tion programs and federal commodity crop programs. Although two of the grain farms, 
Rosmann and Zenner, participate in government programs, Russ Zenner believes that farm 
programs are flawed in terms of ensuring vitality of rural communities and maintaining 
or enhancing natural resources. Jack Erisman of Goldmine Farm avoids federal farm pro-
grams or crop insurance because his farm is economically viable without those programs 
and because of his own negative experience with crop insurance. None of the specialty 
crop farms interviewed reported participation in government farm programs. Although 
Full Belly Farm has developed several conservation initiatives, none occurred with govern-
ment program support. Alex and Betsy Hitts said Peregrine Farm was too different from 
most farms in the United States to participate in government commodity or conservation 
programs. Bill Chambers cited bureaucracy, administrative costs, and reduced flexibility as 
the reasons for Stahlbush Farm’s lack of participation in government programs.

LESSONS LEARNED

The new case-study farms use various combinations of farming practices and ap-
proaches discussed in Chapter 3 and marketing strategies discussed in Chapter 4 (Table 7-3). 
All the farms are reported to be economically viable, and most are optimistic about their 
future prospects. Each farm illustrates important characteristics of adaptability, robustness, 
and resilience—key components of sustainable farming systems discussed in Chapter 1.

Adaptability is evident in the fact that all the farmers, irrespective of the size of the 
farm they own, either conduct trials or experiments on their own farms or participate in 
experiments run by universities or other entities because they recognize the importance 
of adapting their farming approaches to local conditions. Although most farmers have 
identified the farming approach that works well for their system, they continue to test new 
approaches and cultivars to improve efficiencies, reduce costs, and enhance environmental 
quality. A key component of each farm’s overall strategy is a conscious effort to adjust their 
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TABLE �-� Case-Study Farms’ Practices or System Types That Move Agriculture 
Toward Sustainability Objectives (as discussed in Chapters 3 and 4)

General Indicator Practice or Approach Specifically Discussed in Cases

Soil management Conservation tillage Bragger
Radiance
Straus

Cover cropping Full Belly
Peregrine
Stahlbush
Rosmann
Zenner

Crop and vegetation management Crop rotations Bragger
Radiance
Full Belly
Peregrine
Stahlbush
Goldmine
Rosmann
Zenner

Water use management Gravity systems Radiance

Sprinkler irrigation Full Belly

Trickle or drip irrigation Full Belly
Peregrine
Stahlbush

Water reuse Straus
Stahlbush

Small dams or ponds Bragger
Radiance
Straus
Peregrine

Water quality management Buffers Straus
Rosmann
Zenner

Nutrient management Soil and tissue sufficiency tests Bragger
Radiance
Straus
Peregrine
Stahlbush
Goldmine
Rosmann
Zenner

Nutrient management plans Bragger
Goldmine
Rosmann

Animal manure Bragger
Radiance
Rosmann
Straus

Dietary modification to adjust 
manure composition

Bragger
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General Indicator Practice or Approach Specifically Discussed in Cases

Compost Radiance
Straus
Full Belly
Stahlbush
Goldmine
Rosmann

Precision agriculture Stahlbush

Anaerobic digestion Straus

Weeds, pests, and disease 
management

Biocontrol Stahlbush
Goldmine

Monitoring pests and use of threshold Full Belly
Stahlbush
Zenner

Animal production management Breeding Radiance
Goldmine

Business and marketing 
diversification

Value-trait marketing Radiance
Straus
Full Belly
Stahlbush
Goldmine
Rosmann
Zenner

Direct marketing Radiance
Straus
Full Belly
Peregrine

Agritourism Full Belly

Labor management Best labor management practices Radiance
Straus
Full Belly
Stahlbush
Goldmine
Zenner

Systems type Organic crop (certified) Full Belly
Stahlbush
Goldmine
Rosmann

Low-confinement hog system Rosmann

Management-intensive rotational 
grazing

Radiance

Integrated crop and livestock system Goldmine

TABLE �-� Continued
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crop or livestock mix, process farm commodities into higher value products, or develop 
new products in response to emerging market demands. They strengthen their resilience by 
marketing through channels that reward farmers for using environmentally and socially re-
sponsible production practices. Direct sales are used in some cases to control price volatility 
and to eliminate loss of profits to processors, distributors, or other middlemen. Overall, the 
ability of the case-study farms to adapt their farming systems to changing climatic, market, 
and development conditions enhances their resilience and long-run viability.

The farms achieve robustness in different ways, including diversifying their mix of 
crops and livestock, selling to a variety of market outlets, and minimizing inputs from 
external sources. Diversification of the enterprise contributes to robustness because if one 
crop fails, other crops or product sales can support the farming enterprise. Minimizing 
external inputs insulates the farms from fluctuating costs and, hence, contributes to ro-
bustness. The farms also illustrate that they could use some of the best labor management 
practices discussed in Chapter 4 without compromising economic viability.

Although only a few case-study farmers described their farms as a “system,” their 
approaches reflect key elements of systems thinking. The following descriptions of each 
farm highlights some of the “systems” elements of case-study farmers use in the overall 
management of their farms.

• Bragger Farm—Although its least profitable enterprise, the beef cattle play an im-
portant role as scavengers and help recycle unused feed and forages not suitable 
for dairy cattle consumption. The beef cattle are grazed on upland slopes that are 
not suitable for cropping. The poultry enterprise complements the beef and dairy 
enterprises by providing a diversified income, an important source of crop nutri-
ents, and opportunities for the efficient use of available labor. In other words, the 
beef cattle and poultry enterprises contribute to maximizing the use of feed and 
forage and land on Bragger Farm.

• Radiance Dairy—Francis Thicke selects cows within his own herds to raise bulls 
for breeding. He selects for cows that provide a calf every year, maintain body 
condition and udder health, produce moderate amount of milk on pasture, and 
have a long productive life. Instead of focusing on short-term milk production, he 
balances long-term milk production with animal health.

• Straus Family Creamery—Albert Straus emphasized that “closing the loop” on 
resources is a driving concern for the Straus Family Creamery. The operation has 
an anaerobic digester with a biogas recovery system that generates 90 percent of 
the electricity used by the dairy and 50 percent of its propane needs. Manure solids 
are composted and reused on farmland.

• Full Belly Farm—A clover understory is typically planted in the orchards because 
it aids water infiltration, sequesters carbon and nitrogen, and poses little competi-
tion for water with crops. Paul Muller believes that a diversified organic system 
increases carbon sequestration and soil fertility via cover crop management, in-
creases water infiltration by building soil organic matter, and enhances beneficial 
insect and soil microbiota.

• Peregrine Farm—Alex and Betsy Hitts use intensive rotations and cover cropping 
to manage their system. Their farm consists of two acres of vegetable crops (80 
varieties) and blueberries, and two acres of cut flowers (more than 50 varieties). 
The rotations and cover cropping are key strategies for weeds, insect, and disease 
control, but they also contribute to soil quality and fertility and the farm’s financial 
stability.
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• Stahlbush Island Farms—Bill Chamber emphasized five concerns about pesticides: 
1) pesticides often lower the yield of crops receiving applications, 2) pesticides 
can drift from where they are applied, 3) pesticides have negative effects on ben-
eficial soil microorganisms, 4) pesticide application poses health risks, and 5) con-
sumers are worried about potential pesticide residues in foods. These concerns 
illustrate the potential adverse effects of pesticide use on the farming system. His 
approach to pesticides is to balance productivity with profitability and long-term 
sustainability.

• Goldmine Farm—Integration of livestock into the cropping system contributes to 
the success of Goldmine Farm because it adds to and diversifies the farm’s income 
streams. Keeping land in pasture helps to restore soil health and contributes to 
weed control when that land is planted with cash crops.

• Rosmann Farm—The diversified crop–livestock system is premised on internal 
cycling of nutrients and reduced purchased inputs. Six-year crop rotations include 
corn–beans–corn–oats or barley or succotash–alfalfa–alfalfa. The two years of corn 
in the rotation contribute to economic viability and the oats and barley are used to 
feed animals. The alfalfa in the rotation and animal manure provide nutrients for 
the cropland.

• Zenner Farm—Russ Zenner’s approach is to improve soil microbiology by reduc-
ing use of chemical inputs, and thereby enhance crop health, quality, and yield. He 
direct-seeds his entire farm and has adapted and designed his planting and spray-
ing equipment to better suit his operation.
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Bragger Farm

BACKGROUND AND HISTORY

The Bragger Farm is located near the town of Independence at the head of a long valley 
in the Driftless Region of west central Wisconsin. The area is characterized by hilly terrain 
and narrow valleys, most of which contain streams. It receives 30–35 inches of rain yearly. 
Topography and rainfall make careful soil and nutrient management important for the 
sustainability of farms in this region, most of which have focused on dairy.

The Bragger farm was founded by Joe Bragger’s father and mother, who each came 
from Switzerland in the 1960s and met in the United States. With little money in the early 
years, Joe’s father started working on dairy farms near Waumandee, rented a farm, and 
then bought the current farm in 1968. The farm started with 400 acres and 40 dairy cows. 
Pasture predominated. There was a stanchion barn and a dilapidated shed, and a ram 
pump provided the water. Joe recalls from his childhood on the farm that “we’d march the 
cows out to pasture and we’d march the cows in.” Joe’s father slowly built up the herd from 
the original 40 head by buying cows at auctions.

Initially, Joe had no intention of working on the farm, having been trained as a diesel 
mechanic. He farmed for one year with his father, but “Dad and I didn’t see eye to eye.” 
In 1990, his father died in a tractor accident while spreading manure, and Joe assumed a 
major role on the farm. There were 63 cows and 660 acres of pasture, woods, and cropland 
at that time.

The farm is currently owned and operated jointly by Joe, his mother, Hildegard, and 
his brother, Dan. Hildegard lives in the main house on the central farm, Dan lives in a new 
modular home on a nearby hillside, and Joe and his family live on another farm parcel 
about a five-minute drive away. Joe refers to the organization of the farm as “a loose affili-
ation of tribes,” one that works for the family members participating in the operation. Joe 
takes overall management responsibility for the farming operation, and he focuses on crop-
ping and the farm machinery. Hildegard raised all the calves until 2007. Dan oversees the 
dairy, which now milks 285 cows on two farms. Noel, Joe’s wife, is in charge of the contract 
pullet operation and the beef operation.

FARM PRODUCTION SYSTEM

Land

The Braggers currently own 884 acres of land. They supplement their holdings through 
an involved system of land rental arrangements with nearby property owners, many of 
whom live a long way from the operation. They rent approximately 400 acres from eight 
or nine different land owners that, with the land Braggers own, fit together like a parcel of 
mostly contiguous pieces. Many of the rented parcels were previously owned by farmers, 
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but are now owned by hunters and sportsmen, who often live in Kenosha, Janesville, or 
Madison. Joe rents and farms those lands because he needs ground to spread his manure. 
The rental agreements include various prohibitions on practices, including specifications 
on when manure can be spread. However, he also rents some of his land to hunters, which 
provides income to pay off the newest piece of land he has purchased.

The upper parts of the hills are open and have a nice topography, but they support less 
production, and the risk of failure is higher on these somewhat shallower, rockier soils, 
some of which slope as much as 16–32 percent. Joe does not remove corn stover for bed-
ding on the ridges because he prefers to leave more residue on the ground. In addition, he 
spreads poultry litter rather than dairy manure on the hillsides to reduce spring compaction 
by the truck traffic, which creates field roads that will later erode into ditches and gullies. 
The Braggers try to make use of all their land by keeping pastures or making hay on the 
edges of the woods at the tops of hills. Rents were in the $20–$25/acre range when Joe’s 
father started farming. Now they are closer to $70/acre, and land in the Arcadia area to the 
south is in the $150/acre range.

Soils and Fertility

The soils on Bragger Farm include heavy clay soils on the ridge tops that require care-
ful management to harvest as much rainfall as possible. Other areas of the farm have loess 
soils that range from 8–20 feet of topsoil. Although the soils on the ridges are mapped as 
only 40 inches deep, it is likely that the rocky soils impede probes from measuring the true 
depth of the ridge soils that are actually 8–13 feet deep.

Compaction is a major concern. Deep tillage is not an option because of all the rocks 
in the soil, so compaction has to be minimized by staying off the fields during high soil 
moisture conditions. In addition to watching when they work on their fields, the Braggers 
minimize vehicle traffic and the impact of equipment by maintaining tire pressures and 
using large-profile tires.

Joe takes soil samples each year on about 25 percent of the land to fit the four-year rota-
tion on his hay fields. His soils often call for an application of potassium and phosphorus, 
but he uses phosphorus judiciously when needed. He is not convinced he needs to conduct 
soil testing at the level recommended for his farm (samples on a 5-acre basis) because of the 
relatively small-sized fields. For example, he does not split an 8- or 10-acre field into two 
and send two separate samples for each portion of the field. His opinion is that because he 
has managed these fields as one and has maintained the same rotation and management 
practices on them for more than 15 years, there is little or no value in dividing them into 5-
acre grids. The results delivered tend to be similar over time and do not appreciably change 
his management strategies.

He has begun planting corn for a second consecutive year on some of his gentler slopes. 
If he plants a second year of corn on a piece of land, he will add 8,000–9,000 gallons of 
dairy manure per acre to achieve the desired levels of potassium. Joe manages his manure 
applications to the amount of phosphorous needed and balances out the nutrient require-
ments with commercial fertilizer. He applies manure in strips on his slopes, basically on the 
contour. He also foliar-feeds potassium on his alfalfa four times a year to produce “excel-
lent” alfalfa. Poultry litter, cleaned out from the pullet house, is applied where needed to 
his pastures and new seedings.

Corn typically needs 55-60#/A of phosphorus and 180# of nitrogen. Based on an analy-
sis of manure at 3-3-8, he applies roughly 20 tons of manure. The actual nitrogen require-
ments depend on soil residue levels to account for the no-till farming system. For corn 
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following alfalfa, Joe credits 120 units of nitrogen from the alfalfa, and the remaining 
nitrogen requirements come from the 20 tons of manure application. The second year of 
corn following alfalfa receives a 50-lb nitrogen credit, and manure is applied at a rate of 
6,000–8,000 gal/acre, which provides another 50 units. Some nitrogen is supplied in the 
starter fertilizer (10–20 units), and the remaining nitrogen needs are met through a com-
mercial fertilizer application.

The liquid dairy manure application (6,000–8,000 gal/acre) provides a form of slow re-
lease nitrogen that breaks down and is available to the crop throughout the growing season, 
much like the nitrogen supplied through decaying alfalfa. It is important to note that in the 
first year, the Braggers are putting on a little extra nitrogen supplied by the manure in an 
attempt to build up soil potassium levels for the following alfalfa crop. The corn planted 
after soybean receives 50 units of nitrogen from manure, a 50-unit nitrogen credit from the 
soybean crop, 10–20 units in the starter, and around 80 units from commercial fertilizer. 
Fields planted to continuous corn receive about 50–80 units of nitrogen from manure and 
the remaining needs through commercial fertilizer. This operation does not try to meet the 
total nitrogen requirements on continuous corn through manure applications because do-
ing so could increase the soil test phosphorus above acceptable levels.

Crops

The farm currently has 100 acres of pasture, which includes 68 acres of grassland that is 
hayed; 390 acres of corn, of which 150 acres are harvested as silage and the remaining 240 
acres are harvested as grain for the dairy cattle; 264 acres of alfalfa; 2.5 acres in the Conser-
vation Reserve Program; 120 acres of soybean; 21 acres of winter wheat; 10 acres fallow; 4.5 
acres in a food plot for deer; and 1 acre of sunflowers for entertainment, public service, and 
a small experiment. The Braggers own 880 total acres, of which about 500 acres are tillable. 
The remaining 400 acres of cropland is rented.

The base rotation is a five to six year rotation of alfalfa and grass (fescue) or hay and 
then corn. Some fields are planted to corn, soybean, and occasionally wheat and do not have 
alfalfa or grass in the rotation. The land in the valley is mostly in the forage-based rotation 
(seeding, followed by two to three years of alfalfa–hay mix, followed by one to two years 
of corn harvested as either grain or silage). Occasionally a field or two will be planted with 
a barley cover crop that is harvested as baleage and fed to the beef cow herd. The fields on 
the ridge tops are in a rotation of corn and soybean or in a corn on corn followed by beans. 
A field might be planted to alfalfa following soybean, but this is limited because the stony 
soil damages the harvesting equipment.

According to Joe, corn has proven “a pretty economic crop.” Because the on-farm nu-
trient sources improve soil fertility, yields have gone from 80 bushels up to 160 bushels on 
some fields. The farm is really operated under different management systems using some 
common resources such as manure and equipment. While Joe sells some of his corn and 
beans when he has excess, many area farmers sell cash grains. Joe prefers to plant corn, 
soybean, and wheat on the tops of the hills as cash crops. He puts forages on his bottom 
land.

Farming Practices

When planting corn into the previous year’s hay or alfalfa, Joe will spring-kill the ex-
isting cover and no-till (or actually strip-till) the corn into high residue. Soybean residue 
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is harvested and used as bedding or feed for dry cows because soybean residue is less ef-
fective at preventing erosion than corn stover. Despite the value of the residue, high levels 
of residue can lower soil temperature, and that factor has to be considered at planting. Joe 
initially went to no-till because of time considerations, but as he saw the advantages for 
his soils, he was won over. He would like to see crop insurance reward good practices that 
aim toward improved sustainability on the farm. For example, he suggests that insurance 
premiums could be reduced for those who use such practices as no-till or strip-till.

Pest Management

Leafhoppers are a big problem in alfalfa—Joe might spray chlorpyrifos for control up to 
three times a year with his potassium applications if infestations warrant it. He uses triple 
stacked corn varieties (Roundup-Ready®, corn borer resistance, rootworm resistance) and 
looks at Bt as an insurance against corn borer. He speaks of some difficulty in recognizing 
and responding appropriately to economic thresholds with insect pests: “I quit scouting. 
Scouting has always led to spraying for leaf hoppers.” He now sprays for leafhoppers rou-
tinely one week after the first two cuttings and then evaluates for the need to spray after 
the third cutting. Soybean are routinely scouted not so much to determine if spraying for 
aphids is necessary, but to determine when to spray to get the most for the investment.

Weed Management

The key weed problems on the farm are lamb’s quarter, nut sedge in the lower areas, 
and, increasingly, hemp dogbane on the ridge tops. Joe uses Roundup before no-till plant-
ing and an additional Roundup application after planting along with a pre-emergence 
herbicide. Price considerations strongly influence decisions about spraying on the farm. Joe 
tries to use the most cost-effective chemical program possible, and that means the chemical 
program used might change as prices change. Overall, however, he says, “I won’t skimp 
on Roundup. Eventually that one weed that gets by will become 1,000.” However, Joe does 
not rely exclusively on Roundup; he also uses other products.

Equipment and Buildings

Joe is now in the midst of constructing a large new machine shed on the central farm to 
replace a slightly smaller 40-year-old building that recently went down under last winter’s 
snow load. As much as possible, he is incorporating energy-conserving features (including 
good insulation and windows to provide high levels of natural light) into the shed. A wood 
boiler will eventually heat the new machine shed using trees and brush that are removed 
from the edges of his fields.

Rather than owning all the equipment needed on the farm, Joe leases a tractor from a 
nearby grain farmer for chopping corn and alfalfa and another tractor for packing silages 
and snow removal as a way of keeping costs down. Their needs for the equipment are at 
opposite ends of the calendar, and the system works well for both. “There is very little 
machinery that we have that we use just twice a year.”

Because of his background in diesel mechanics, Joe cares a lot about the condition and 
performance of farm machinery. Although he plants a lot of field trials and different crops 
and covers, if a particular cropping practice wrecks a machine, it might affect his decision 
to use it again.
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Livestock Enterprises

Dairy

The dairy herd includes 180 cows on the Bragger Farm and 70 cows managed for the 
Braggers on a nearby farm. The latter arrangement, in its fifth year as of 2008, has enabled 
the Braggers to expand their dairy enterprise. The arrangement has also provided a stream 
of income for their neighbor, who uses an existing barn at her farm and appreciates be-
ing able to work from home, while caring for a special needs child. The Braggers own the 
cows and provide the feed and move the manure, and the neighbor milks the cows. Joe 
has modeled this arrangement on his own largely satisfactory experience as growers for 
Gold’n Plump. It generally works well, although the Braggers sometimes have to stretch to 
accommodate special requests by their neighbor to “take time off.” Joe suspects that those 
cows might “some day come home.”

The Bragger herd is primarily Holsteins, with a couple of Brown Swiss and a few 
Finnish Red–Holsteins and Brown Swiss–Holstein crosses. The Braggers raise their own 
breeding stock,  and bulls are sold because of the current cost of grain for raising them. 
Prior to the high feed prices (March of 2008), the Braggers raised about 100 head of feeder 
and finished cattle. They keep only a few heads now to sell as “Bragger Beef” out of their 
freezer on the farm.

The milking cows are bedded with sawdust, which is a substantial expense ($450/load 
which lasts only a week). The sawdust acts as a replacement for the corn stover, which was 
previously harvested from fields. Leaving the corn stover in the fields helps reduce erosion 
and improves the soil health and structure. Fresh cows are segregated by the days they are 
in milk. In segregating them, the Braggers are aware of the “social” networks among cows 
and the stresses of moving them around and from one group to another. The Braggers are 
careful to make sure that there is ample light, ventilation, and sawdust bedding to keep 
the cows dry.

The cows are milked twice a day. The feed is alfalfa and corn silage, supplemented with 
high moisture corn, soybean meal, and a protein–mineral mix concentrate that the Braggers 
purchase. The Braggers have built storage areas for corn silage, protein supplements, and 
haylage. They continue to use their two upright silos for high moisture shelled corn. That 
saves them substantial corn-drying costs while providing palatable and high-energy feed 
sources for the cows.

Joe is paid based on the butter fat, protein, and quality of the milk, and he believes that 
healthy cows produce more protein, have higher butterfat content, and a lower somatic 
cell count. Much of their milk goes to a large butter maker in the area. The Braggers have 
considered the possibility of a value-added option such as cheese, but it would depend on 
the interest of the next generation and on market necessity.

Recent energy efficiency improvements to the dairy have included a plate cooler, which 
paid for itself in three years because of energy savings, a variable speed vacuum pump, 
insulation to the new shed, and wood heat for the machine shed.

One issue of concern for the dairy is that of stray voltage, which comes from an older 
inadequate distribution system. The voltage stresses the dairy cows and has an effect on 
milk production and can reduce production by 10–20 lbs/cow per day. It also greatly affects 
longevity of the dairy cows. The problem is particularly common in rural systems. The stray 
voltage problem on the main farm is one reason the Braggers do not use rBST on the herd 
at the main farm, although they use it on the herd tended by their neighbor.
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Beef Cattle

One hundred beef cattle are pastured on the farm. The herd includes Limousin, Short 
Horn, and Holstein–Hereford crosses. The beef operation is the least profitable part of 
the farm, and Joe said he would drop it, particularly if they could put up another poultry 
barn. The priority of the beef cattle is evident in the “green cow” zone of the dairy barn. 
Joe’s “green cows” are steers that get leftover feed from the dairy cows. The point here is 
to minimize inputs purchased directly for them.

The beef cattle are grazed on the upland slopes that border the woods. Those areas have 
not been cropped because of the slope and terrain restrictions. The cattle are over-wintered 
on a flat corn field on the home farm to minimize damage to slopes during the spring thaw. 
In this operation, the beef cows act as scavengers and recycle the unused feed and forages 
that are not suitable for dairy cattle consumption.

Heifers

The heifer calves are raised in hutches until they are about 2 months of age, at which 
time they are vaccinated and moved to a group pen. Heifers are raised in groups of about 10 
heads per pen until they are about 4 months of age. They are, then, dehorned, revaccinated 
and moved off the milking operation to another farm. Joe and Noel live on an adjacent 
farm one to two miles from the milking operation. The heifers older than 4 months of age 
are raised on this farm until they reach breeding age, which is about 12–14 months. When 
they are ready to be bred, the heifers are moved to another neighboring farm where they 
are artificially bred. The heifers remain on this operation until they are within two months 
of calving, at which time they return to the dairy and are placed in a pen with the dry cows. 
The Bragger Dairy Farm raises all its heifer calves as replacements for its dairy operation.

Pullets

The poultry enterprise began at the instigation of Joe’s wife, Noel, in 1995. She quit her 
teaching job, seeing contract poultry as something that would allow more time at home to 
raise their children. The farm produces 64,000 pullets annually under contract with Gold’n 
Plump, a poultry company based in the upper Midwest, which has 140–150 broiler barns in 
the area and a few pullet barns. The birds are raised from chicks brought in by the processor, 
which also provides the feed. The pullets spend 21 weeks in the two-story barn, and then 
go out to four large laying barns in the area. After paying off the initial costs of the barn 
(about $500,000 10 years ago), the Braggers have only insurance, taxes, and minor upkeep 
as current expenses. Joe estimates that Noel’s work time in the pullet barn is approximately 
one hour a day, rarely more than two. The relatively low maintenance and profitability of 
the pullet operation has made it a good fit with farm needs and family responsibilities. The 
manure from this operation also has a high value that contributes greatly to the success of 
the operation. This manure replaces approximately $8,000–$12,000 of commercial fertilizer 
purchases and provides additional soil benefits from the micronutrients and other soil 
amendments.

Labor

The farm uses six full-time employees. Two of these men are in the H2A program, and 
they run equipment. The rest are in the United States on (one-year) J1 visas. They milk the 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

�0� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

cows and provide other herd care. Virtually no local people are available and willing to 
work on the farm, because the area has a competitive labor market with a major furniture 
manufacturer (Ashley Furniture) and a poultry industry (Gold’n Plump). Joe said “foreign 
workers are a nightmare” from a bureaucratic standpoint. However, he has had good ex-
periences with many of the workers he has hired. Reliability has been valuable: “I can set 
my clock by Mario.” He notes the quality of the workers on the farm is key to the farm’s 
success. He expresses some frustration with regulations that can impede farmers’ ability 
to support their workers. For example, Wisconsin state rules require workers’ eating and 
sleeping quarters be 500 feet from where livestock are located (federal rules specify 250 
feet). Hildegard’s house is less than 500 feet from the cows, and its basement could house 
workers if allowed. Some of Joe’s workers do not live on the farm; in fact the H2A workers 
must be housed off of the farm and have to arrange their own accommodations. The J1 visa 
holders are allowed to live in the main farm house with Joe’s mother.

Manure and Nutrient Management Issues

A fundamental concern on the Bragger Farm is to balance phosphorus produced by 
livestock with the needs and availability of land on the farm. The Braggers believe that the 
current operation could support a maximum of about 300 cows. In 1999, Joe completed a 
nutrient management plan for the farm, covering 108 fields that averaged 8.3 acres. Joe 
looks at how to apply nutrients at certain phases of the rotation that will work well for 
long-term needs of the rotation.

Solid pen pack manure is always applied to land going into corn. If that manure is ap-
plied to alfalfa, the harvesting equipment would gather it up and contaminate the forage 
crop. Poultry litter is used on pasture and other areas that are difficult to access because 
of steeper slopes or long travel distances and on land that will eventually be seeded to 
alfalfa.

The Braggers evaluate manure quality through a frequent testing program. They are 
pleased to see that phosphorus levels in the manure have been decreasing because of the 
reductions in dietary phosphorus. The decrease in manure phosphorus has increased the 
level of nitrogen supplied to corn when manure is applied on the basis of phosphorus needs 
of the crop. The farm also tests the milk urea nitrogen levels to determine whether excess 
protein is being fed or if the cows would benefit from an increase in dietary protein.

Manure from the dairy barn flows by gravity into a manure pit; water from the dairy 
milk house is spread into a drain field that is checked and relocated regularly. The manure 
pit was constructed with cost share and technical assistance from the local Land Conserva-
tion Department. (In Wisconsin, each county has a Land Conservation Department funded 
through state funds from the Wisconsin Department of Agriculture and the Department of 
Natural Resources.) The liquid dairy manure is analyzed for nutrients each year, and all of 
it is applied on the farm’s land. The manure application is contracted out twice a year. As 
noted previously, poultry litter from the pullet operation has been a valuable amendment 
for soils on the farm.

Other Land Enterprises

Joe has a deep passion for his woodlands. He cuts firewood and sells timber, such as 
white oak, red oak, and hickory, and builds hunting and horse riding trails for hunters and 
others to enjoy.
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NATURAL RESOURCES, ENERGY, AND CLIMATE CHANGE

The water for the farm comes from a well. The large spring in the hillside supplies 
water to the transition barn, the dry cows, and the calving facilities. The spring is above 
the farmhouse and has been tiled so that it flows into a trout-spawning area next to the 
transition facilities. Joe’s father built the lower trout-rearing pond to control seep water in 
cooperation with the Wisconsin Department of Natural Resources and a local sportsmen’s 
club. The original pond dates to 1949 and was built by the previous owners of the farm and 
the local club. The large spring was the original source of water for the entire farm. It uses 
a ram pump to supply water to a cistern from which it can be distributed to the house and 
other buildings on the farm.

In the dairy, water from the heat exchanger for the milk is used to water the cows. The 
Braggers have contemplated installing a methane digester, but believe a 300-cow operation 
is needed to justify it. In thinking about an anaerobic digester for the farm, Joe reflects, “We 
will not be at the front of the curve. We’ll do later what others do first and benefit from 
their tinkering.” If they increased the dairy herd, they would certainly phase out the beef 
cattle.

The farm provides the wood to heat all their homes. An important energy-saving 
consideration is simply to run everything (farm equipment) less. Joe sees their no-till ap-
proaches as very consistent with that energy-saving strategy.

MARKETING, BUSINESS MANAGEMENT, AND FINANCIALS

Marketing and Business Management

All the milk produced on the farm goes to Grassland Dairy, where it is made into but-
ter. Grassland is a longstanding family-owned dairy company based in Wisconsin. The 
company has no policy on the use of rBST; Bragger Farm milk is from cows both treated 
and not treated with rBST. The Braggers have a great relationship with their milk hauler, 
who has been hauling their milk for more than 30 years. In fact, Joe is one of the last four 
farmers with whom the hauler is still working from the time he started his business. The 
hauler takes the milk from the Bragger Farm to whichever plant he has a contract. Because 
no new dairy plants have been built in Wisconsin for some time, dairy plant capacity to 
handle any additional milk production cannot be assumed, which is a consideration for 
expansion of the Braggers’ dairy enterprise. The dairy enterprise accounts for 89 percent 
of gross receipts on the farm.

The pullet operation with Gold’n Plump brings in about $50,000 a year, and because 
of low operating costs nets about $45,000. The $8,000–$12,000 current fertilizer value of the 
poultry litter used on the farm is an additional financial bonus from the pullet enterprise.

Most of the beef cattle are marketed at auction. However, the Braggers process some of 
their beef locally and sell about 6–8 heads a year “through the freezer on the farm.” Much 
of those sales go to local buyers, including hunters and sportsmen, who may buy a quarter 
or half a cattle, and sometimes smaller cuts. The Braggers sell by the box weight, not the 
hanging weight, which makes them different from some beef farmers. Cuts are packaged in 
see-through vacuum packs, not white-wrap. Overall, the beef enterprise significantly lags 
the dairy and pullet enterprises in terms of profitability.

The Bragger Farm operates as an unwritten family partnership. Decision making hap-
pens in conversation among the principals (Joe, Dan, Noel, and Hildegard), but Joe says 
the “buck stops here” with him. The land is under Joe’s mother’s name. For estate planning 
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purposes, they have recently changed the structure of the farm loan, assigning all the debt 
of the farm to the land she owns. A production loan is taken out each year, signed by Joe, 
Noel, and Hildegard. Joe files the taxes for the farm.

Use of Federal and Conservation Programs

The Braggers participate in federal and state conservation programs and in federal crop 
programs. The Bragger Farm has participated in EQIP for cover cropping, forestry, and 
no-till. The farm is in a priority watershed (Middle Trempealeau), which led to the funds 
for the manure pit.

SOCIAL AND COMMUNITY CONSIDERATIONS

Social and Community Interactions

Joe has served as president of his county Farm Bureau and president of the Wisconsin 
Soybean Association. He now gives an increasing number of talks on his farming prac-
tices and their impact on the environment regionally and nationally. As the first farm 
participating in the Wisconsin Discovery Farms Program, the Bragger Farm has received 
research and media attention. A Discovery Farm is an operating, commercial Wisconsin 
farm cooperating in on-farm systems evaluation and demonstration projects. The network 
works with a systems farm at University of Wisconsin, Platteville, to evaluate nutrient 
management strategies and practices aimed at reducing nonpoint source pollution while 
protecting farm profitability. A primary objective is to establish baseline data that can be 
used to determine environmental impacts of various farm management practices. The 
Discovery Farms Program is evaluating the impact of agriculture on the quality of surface 
water runoff by monitoring edge-of-field sites on privately owned farms throughout the 
state. Relationships determined between field management and the quality of surface wa-
ter runoff is providing information on the sources, magnitude, and timing of nutrient and 
sediment losses to streams in agricultural areas. Understanding the factors that contribute 
to nutrient and sediment losses and the timing of when they occur is an important step 
in reducing or mitigating the effects that farms like the Braggers’ have on the Mississippi 
River Basin. The Bragger Farm entered the Discovery Farms Program in 2001, and data 
collection recently ended.

The trout-rearing pond on the farm is one prominent example of “a feel good thing” 
that offers no direct economic gain, but offers something to the surrounding community. 
Another is Joe’s willingness to strike a deal with someone he rents land from, who was also 
interested in sweet corn. Joe planted one acre of sweet corn on that land and went halves 
with this individual on the venture. Among other things, their sweet corn was featured at 
a local church festival.

Joe is highly mindful of neighbors’ observation of and interest in what is happening 
on his farm. He has experimented with planting small trials of specialty crops like canola, 
flax, and sunflowers, in part, he says, to “keep the neighbors interested in what Joe is do-
ing.” He also conducts small-plot trials of wheat and canola to gather information and 
learn how they do in the context of his farm. In 2008, he planted a small trial of sunflower 
(potentially for biodiesel, though not ultimately harvested, as the birds got there first) on a 
plot of his rental land, up on the ridge, and attracted a lot of interest. “People just liked to 
look at them,” he noted.
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In terms of interaction and exchange with farm neighbors, Joe identifies a friendly, but 
guarded style of relations, where farm neighbors clearly watch and notice what others are 
doing. However, he observes that these days “none of us will talk to our neighbors about 
what works for us. Too much pride,” in part related to the intensified competition for land. 
Reflecting on the more competitive climate among farmers in the area, Joe says, “I now 
always keep one or two secrets back.”

Farm Succession

The surrounding region is characterized by a population of aging dairy farmers. If 
farmers cannot count on the next generation to continue the farms, they are typically turn-
ing to beef cattle, cash grains, or renting out their land. The Bragger children are still young 
and showing interest in the farm. In his early 40s, Joe is not yet thinking too hard about 
succession issues on his own farm.

RISKS, CHALLENGES, AND CHANGES

The growing interests and presence of people in the region who are not actively farm-
ing have implications for the Bragger Farm. For example, sportsmen who own much of 
the land Joe rents only want manure spreading to occur in the late winter (to minimize 
conflict with their recreational and vacation priorities), yet this is the worst time for manure 
spreading from an environmental protection standpoint. Although the popularity of hunt-
ing imposes a pressure, it offers some income opportunities. Outside interests in the land 
can reduce availability of land for farming and constrain specific agricultural practices. Joe 
suggested, “There may be more money in deer around here than in farming.”

Joe worries about diseases that might affect his cows and how to anticipate and prevent 
problems. Weather is the perennial farmer worry; “You just have to deal with whatever 
comes your way.” Joe observes that in the course of his work as a farmer, he may not have 
learned to control or manage risk, but his stance toward risk has changed with age and 
maturity: “I just don’t get so worked up about things anymore.”

Noel Bragger has recently resumed teaching at a Catholic school. This is not for health 
insurance, which is not offered, but rather “to have her own thing,” as Joe puts it. Joe notes 
some potential adjustment in handling all the farm enterprises and quipped that it might 
mean more work for him.

SUSTAINABILITY

Joe sees sustainability as something difficult to explain with a simple thumbnail de-
scription, because “there are different levels of sustainability.” He notes that sustainability 
is workable over the long term, but the context is changing constantly. Important outside 
influences affecting sustainability, in Joe’s opinion, are access to markets and the price of 
inputs, such as fertilizer. He stresses the importance of maintaining productive soils and 
keeping them in place for long-term farm viability.

He is proudest of the way his extended family all comes together and works together 
in running the farm. He stresses his pride in his four children’s growing involvement in the 
farm. “I’m proud I can tell my 13-year-old to go out there and do this work and he can do 
it. Those interactions through the day are what it’s all about.” Joe also mentions a sense of 
accomplishment in the protection of the creeks and waterways on his farm and the general 
productivity of the operation.
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OBSERVATIONS AND CONCLUSIONS

While the Bragger Farm demonstrates a comparatively conventional farming opera-
tion, focused on dairy but with a significant place for the contract pullet operation, it 
has also successfully incorporated key farming practices for improving sustainability (for 
example, no-till and strip-till) and implemented careful management and monitoring of 
land and nutrients (through the Braggers’ involvement in the Discovery Farms Program). 
Integration of the cropping system with the dairy operation and the availability of land 
on which to spread manure and to pasture cattle have resulted in a stable system that has 
minimized the need for purchased nutrients. The addition of the pullet barn produced a 
further income stream and a valued source of nutrients, which make the diversified system 
more economically stable.
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Radiance Dairy

BACKGROUND AND HISTORY OF THE FARM

Francis and Susan Thicke own and operate their organic, grass-based dairy just out-
side of Fairfield, a town of 10,000 in southeast Iowa. Their current herd includes about 80 
milking cows, all unregistered Jerseys. They run an on-farm processing plant, where they 
produce cream-line milk and other dairy products, sold in the Fairfield area. The distinct 
marketing arrangement is a “feasible proposition” according to Francis, because of Fair-
field’s unusual market demographics. In the early 1970s, Fairfield became a magnet for a 
growing community of people associated with the practice of Transcendental Meditation. 
The “meditator population” has, from the beginning, been strongly committed to natural 
and organic foods, creating an excellent niche market for a dairy such as Radiance.

The dairy operation began in 1980, first at another location in the Fairfield area. Starting 
as a small cooperative effort among friends, the business milked two cows and sold raw 
milk at that time. Demand soon grew, and more cows were added each year. In 1987, the 
state determined that the dairy violated Iowa’s raw-milk regulations, and the dairy was 
required to begin pasteurization. In 1992, the Thickes moved to Fairfield from Washington, 
D.C., and purchased the dairy, which had 22 cows at that time. In 1996, they moved the 
dairy to its present location, which had been a small, conventional farm. In moving their 
operation, the Thickes specifically sought to purchase less costly marginal land. It was roll-
ing but well-suited for grazing and close to town on a paved road. Developing the dairy 
farm took some time. For four years, they lived upstairs in the barn, while also slowly 
constructing their present home.

Francis’ movement into organic dairy farming follows from his family history of farm-
ing, academic training, and work for some years in Washington as a national program 
leader in the USDA Cooperative State Research, Education, and Extension Service. He grew 
up on a conventional dairy farm in Minnesota, milking Ayrshires. The farm converted to 
organic in 1976, a transition encouraged by Francis and his brothers, and assented to, at first 
somewhat skeptically, by their father. Francis’ brother, Art, continues to farm there today 
and is widely recognized for his approach to grazing. Art has provided critical mentoring 
and advice as Francis developed his own grass-based dairy farm. After completing a B.A. 
degree in liberal arts, Francis completed an M.S. in soil science at the University of Min-
nesota and a Ph.D. in agronomy at the University of Illinois. After graduate school, Francis 
worked for USDA in a position that allowed him to travel around the United States, see 
diverse agricultural circumstances, and play a role in designing and implementing agri-
cultural programs. He liked his work, but when the opportunity to begin dairy farming in 
Fairfield arose, he decided to return to a farm. At the time, Francis was concerned he might 
not remember how to do day-to-day farming. But, as Francis observed, “Farming is like 
riding a bicycle;” once you know how to do it, you don’t forget.
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FARM PRODUCTION SYSTEM

The Thickes’ approach to farming centers foremost on thinking of the farm as an organ-
ism. They follow the evolving science of organic and sustainable farming, but not at the ex-
pense of their intuition. (Francis strongly advocates listening to one’s “inner agronomist.”) 
He sees a need to turn around recent assumptions about farming, including that “in Iowa, 
we tend to think the longer we farm, the more we’ll wreck the environment. Instead we 
need to farm in ways that enhance the environment, rather than degrading it.” His philo-
sophical take on farming emphasizes “farming in the moment” and doing what needs to be 
done. His approach, he suggests, enables one to have more fun and lets important things 
rise to the surface.

The Thickes own 236 acres of land. They also rent some 150 acres at other farms in the 
area. As the Radiance herd has grown, they have needed more hay, which lines up well 
with local farmland owners, who will rent out land if farmed organically. In some cases, 
people seeking to rent out their farmland have approached Francis. The resulting rental 
arrangements are verbal and informal.

Pasture Management

With its emphasis on rotational grazing, balancing herd size to available pasture is cen-
tral for Radiance Dairy. Francis aims for a maximum of one cow/acre, but would prefer a 
bit less, even one to two cows/acre to ensure an adequate buffer on the land. He discussed 
excess or buffer capacity—meaning more pasture forage than absolutely necessary in good 
weather conditions—in several contexts from the standpoint that poor or extreme weather 
could leave the farm without high-quality pasture for the cows. Excess pasture under good 
weather and growing conditions is harvested as hay.

Francis’ goal is to make the farmland erosion proof. Healthy pasture helps prevent soil 
erosion and leaching of nutrients. The farm has 200 acres of pasture, divided into 60 pad-
docks of roughly two acres. The paddocks are divided into halves or thirds with portable 
fencing materials for grazing on any particular day. They have rented another 150 certified-
organic acres on which they raise hay, small grains, and soybean.

Francis laid out the paddocks based on his scientific agronomy background and an 
intuitive sense of how best to configure the pastures given their varying characteristics. 
The pastures were established in 1997. Francis uses a no-till drill to interseed the pastures. 
The farm soils are a silty clay loam that has a geological clay hard pan about a foot down. 
When the farm was purchased in 1996, it had been in corn and soybean production for 
many years. Francis planted the whole farm to a variety of grasses and clovers. Although 
he conducts soil tests on the farm about every five years, he does not consider the tests the 
best or only way to monitor improvement of the soils in his pastures. He sees building of 
soils as the primary and critical task, which then leads to good forage. He applied three 
tons of lime per acre in 2006 to correct soil pH. He used calcitic lime because the soil has 
more than enough magnesium. Over time, Francis has seen an increase in the number of 
earthworms, which he takes as a clear indicator of increased soil health.

The Thickes do not have many empty spots in their pastures, although they do have 
 Canadian thistle patches in a few places. They have found in the past two years that the 
patches have diminished in size and density, which they attribute to the increasing density of 
pasture forages interseeded with a no-till drill and to timely mowing of the thistles. They are 
not, at this point, concerned about importing nutrients onto the farm by importing feed be-
cause the farm had a very low nutrient status when they purchased it. They are now building 
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soil fertility up to optimum levels. However, they began hauling composted bedding-pack 
manure to some of the rented land that is not contiguous to the dairy in 2008.

The cows are outwintered in paddocks selected for increased nutrient application. Hay 
bales (dry hay and baleage) are fed in a grid pattern in the paddocks to cause the cows to 
spread their manure at the desired rate of nutrient application. Residual hay from the bales 
serves as bedding for the cows. When needed, round bales of low-quality hay are unrolled 
in the wintering paddocks for additional bedding. When winter temperatures and wind 
are excessive, the cows are kept on a bedding pack in a pole barn near the milking facility. 
Paddocks selected for out-wintering are rotated each year. The following spring, residual 
bunches of hay, along with occluded manure, are pushed into piles, which are turned fre-
quently to facilitate rapid composting.

Priority for outwintering cows is given to paddocks in which volunteer tall fescue (en-
tophyte infected) has begun encroaching. In spring, after composting is completed on the 
outwintered paddocks, the paddocks are rotovated to a depth of 2.5 inches to kill the fescue 
and then planted to brown midrib sorghum–sudangrass, or some other annual forage crop. 
The following year, those paddocks are planted to a diverse mix of perennial grasses and 
legumes. Planting a summer annual like brown midrib sorghum–sudangrass for one year 
before reseeding perennial forages provides several advantages. First, it allows fescue seeds 
in the soil to germinate and then be killed the following year, and thus, depletes the fescue 
seed bank. Second, a summer annual will grow aggressively during midsummer and pro-
vide grazing forage during the time when the growth of cool-season grasses slows. Third, 
a summer annual requires warmer soil temperature for planting, so it is planted later in the 
season, which allows time to complete composting of residual material from outwintering. 
During the composting period, surviving cool-season forages in the paddocks are grazed 
at least once.

The manure and bedding from the barns and milking parlor are also composted. The 
perennial forages planted in paddocks include bromegrass, orchardgrass, timothy, red 
clover, white clover, Kura clover, alfalfa, and chicory.

In the spring and early summer, the pasture grows more rapidly than the cows can 
consume it, so some pasture areas are cut and baled for winter feeding. By midsummer the 
pasture growth slows and the areas that had been cut earlier for hay are brought back into 
the pasture rotation. During the rapid growth phase in spring and early summer, the rest 
period before a paddock is regrazed is 20–30 days. As the summer gets hotter and drier, 
forage regrowth slows, so rest periods are extended to 40 days or more, depending upon 
rate of forage regrowth.

The rented land is planted to a mix of alfalfa and grass. After four to five years, when 
the alfalfa stand diminishes, the land is rotated to soybean, then to small grains, then back 
to hay.

To reduce mud and erosion, Francis has surfaced cow lanes (with EQIP cost-share 
support) that provide access to the paddocks. Lane surfacing consists of a base of larger 
rock (1.5 inches in diameter) with fine rock on the surface. Francis is now contemplating 
planting trees along the pasture lanes to provide shade for the cows as they walk to and 
from the paddocks.

Livestock

The farm now has about 80 milking cows, with about 150 in total, including the dry 
cows and heifers of all ages. After each milking, the cows are moved onto new grass. The 
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grazing animals are sorted into three groups: lactating cows, dry cows and bred heifers, 
and yearling heifers. The lactating cows are rotated through the paddock system first, so 
they can glean maximum nutrition from the forages. The dry cows and bred heifers come 
through next. The yearling heifers rotate through a separate group of paddocks.

The cows are also fed about 5 lbs/day of barley and wheat during the summer and 
about 10 lbs/day during the winter, although the Thickes would like to move away from 
feeding grain. They grow some of the needed grain on their rented land and buy the balance 
from other organic farmers. On average, the Thickes’ lactating cows produce 32 lbs of milk 
per day. Some of their cows continue to be good milkers for 11, 12, or even 14 years.

From the beginning, Radiance Dairy has milked Jerseys, which produce milk high 
in protein, fat, and total solids. Cows generally produce one calf per year. Francis selects 
cows from within his own herd to raise bulls for breeding. He describes his approach as 
selecting for cows that are well adapted to his farming system, rather than focusing on milk 
production. He favors cow characteristics such as producing a calf every year, the ability to 
maintain body condition while producing a moderate amount of milk on pasture, maintain-
ing a healthy udder, a good disposition, and living a long life. Recently he brought in a bull 
from a herd in Nebraska that feeds no grain, and through the use of artificial insemination 
has brought in selected genetics from Jerseys in New Zealand and elsewhere.

Francis manages the herd for two calving windows—one in spring and one in fall—in 
an effort to avoid calving during the hottest of summer and the coldest of winter. He needs 
to have milk year-round but aims to have more cows dry in the summer, when many of his 
customers are away on vacation and less milk is sold.

Francis gets a fair number of calls from people wanting his cull cows to serve as “family 
cows.” When he has excess milk for his market, he sometimes sells cows that are older, or 
less than ideal for his herd, as a family cow. The roughly $300/cow received when such a 
cull cow is sold essentially matches what it would bring from selling it for slaughter, and 
the cow gets a new lease on life and extra coddling in its new home.

The farm also includes a small, noncommercial chicken flock of about 25 birds. The 
chickens free-range around the farmyard and help with fly control by eating fly larvae.

Herd Health

Animal health, as Francis sees it, is integrally tied to the robust ecological health of 
the farm. Problems associated with herd health have been diminishing on the farm over 
the years. Nonetheless, pinkeye has sometimes been a health issue for the Radiance herd, 
exacerbated by flies. Experimenting with a comprehensive approach to fly control has 
helped to manage that challenge. In summer, Francis buys weekly shipments of parasitic 
wasp larvae that he spreads around the farm, particularly in pasture areas where the cows 
have recently grazed. The tiny wasps hatch and then lay eggs in fly larvae, preventing flies 
from hatching. To capture flies that hatch in spite of the farmyard chickens and parasitic 
wasps, fly traps (using attractants) are used around the barnyard. In the milking parlor, he 
treats the cows with a spray of soybean oil and essential oils on their backs and legs to kill 
flies. Sticky tapes are strung along the ceiling of the milking parlor to catch flies that leave 
the cows and fly to the ceiling.

During milking, any cow that shows signs of pinkeye (for example, tearing up) receives 
a light eyewash spray. The careful monitoring approach, coupled with eye patches for cows 
that do become afflicted, has kept the problem in check. Nonetheless, Francis sees a need 
for more research on fly control systems suitable for organic (animal) agriculture.
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The calves sometimes get scours, which is treated effectively with herbal boluses. In 
most cases, sick animals are brought back to good health with natural methods. When an-
tibiotics or other materials prohibited in organic production are used on sick animals, the 
treated animals are removed from the herd.

Livestock Waste

Cow manure is not a waste at Radiance Dairy. Most of the manure produced on the 
farm is spread throughout the paddocks by the cows as they graze. Manure from the milk-
ing parlor, the barnyard where the cows wait for milking, and calves in a barn is composted 
near the barn. In the past, the compost has been spread on pasture areas that need addi-
tional fertilizer. Future plans are to haul the compost to the rented land off the farm, which 
is used to grow hay and small grains for the cows. Dead cows are composted on the farm.

On-Farm Dairy Processing

Milking takes place in a New Zealand swing-style milking parlor that Francis designed 
and built. It has a central operator’s pit, with spaces for eight cows on either side of the pit. 
Francis knew what design he wanted after visiting grass-based dairies in Minnesota. What 
he now has for Radiance flows well for handling the cows. The dairy processing facility 
is immediately adjacent to the milking parlor. He had to work creatively with the inspec-
tor from the Iowa Department of Agriculture and Land Stewardship to keep milking and 
processing under the same roof, although in functionally separate spaces. The inspector’s 
supportiveness and flexibility has been critical to implementing some of the innovative 
features of the dairy. Processing equipment was comparatively affordable, because some 
items were brought from the other farm to the present farm, and some items were bought 
secondhand, or adapted to purpose.

Francis sees the farm’s movement into milk processing in the late 1980s as a key to its 
success. At that time, no dairy in Iowa was processing milk on farm, although a few others 
have since begun to do so. “We were ahead of the curve on that,” he says, noting the current 
enthusiasm for local foods.

Radiance Dairy does not homogenize its milk; thus it has the “cream line.” Most of 
the milk it sells is whole milk, but Francis notes that even Jerseys’ skim milk tastes rich 
compared to conventional milk. Beyond whole, 2 percent, and skim milk, the product line 
includes whipping cream, yogurt, cheese (Monterey jack and ricotta), and paneer (a South 
Asian cheese popular with many in the meditator community). The Thickes are extremely 
responsive to customer feedback and concern. For example, their yogurt included a pro-
biotic at one time. However, some customers became concerned about that, so they took it 
out. On the demand side, customers have recently asked if Radiance could produce fresh 
mozzarella, so they are now looking into developing this new product line.

At present, Radiance Dairy milk is sold in plastic jugs. Francis has contemplated and 
researched the implications of switching to reusable glass bottles, which are appealing on 
aesthetic, environmental, and possibly health grounds. He thinks many of his customers 
would like a reusable glass bottle. However, such a switch might not be cost-effective, given 
the capital costs required to purchase a new bottler and a bottle-washing machine, and 
to build an addition on the processing plant to house the bottle washer. For now, Francis 
plans to install a solar hot water heating system for the processing plant and milk house. 
With solar hot water, the economics of returnable glass bottles will be more favorable, and 
Francis hopes to make the switch to glass bottles within the next two years.
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The Thickes deliver all their processed dairy products to grocery stores and restaurants 
within 24 hours of production. They have a cold storage in which they keep inventory until 
delivery and an incubation room for making yogurt. The dairy processing facility appears 
clean, orderly, and efficient. Francis says he does not obsess about “biosecurity” with the 
various visitors to the dairy. (For example, visitors are not required to use shoe covers.)

Labor

Radiance Dairy is a family labor farm, with a clear division of labor between Francis 
and Susan. He leads on farm and herd management, and Susan handles much of the cheese 
making, marketing, and business management. However, a small cadre of nonfamily work-
ers is critical to the successful operation of the farm and dairy. A young person (in his 20s) 
has helped full-time with the cows for the last three years. He comes from a local conven-
tional farm. Francis emphasizes the opportunity to help him develop as a grass-based 
organic dairy farmer. Working with an idea offered by his brother Art, Francis has moved 
to an arrangement where this worker can select two heifer calves for himself each year, as a 
way of increasing his stake in the herd. That arrangement would facilitate the possibility of 
his taking over Radiance in the future, if that becomes a viable option, or starting his own 
herd. The worker lives in a modular home on the farm.

Radiance Dairy has two additional part-time workers from the nearby area. Both work 
about three-quarters’ time, processing and making deliveries. They have been working at 
Radiance fairly long term (one since before the Thickes bought the dairy). They are close 
friends (one recruited the other), and their friendship might contribute to workforce stabil-
ity, as they enjoy working together. In addition, the daughter of one of the plant workers 
works a few hours a week assisting with cleanup in the plant. Also, a high school student 
who lives nearby assists with milking on weekends during the school year and more 
often during summer vacation. The longest-term processing worker at Radiance makes 
$17.50/hour.

Farm Equipment

The most frequently used equipment on the farm are two all-terrain vehicles to open 
and close paddock gates, move cows and fencing, and undertake general chores. The farm 
also has a full line of hay-making equipment (disc mower-conditioner, rake, round baler, 
and balage wrapper) and four tractors. The tractors are moderate-sized, and one has four-
wheel drive. Francis would like to get a second four-wheel-drive tractor.

NATURAL RESOURCES, ENERGY, AND CLIMATE CHANGE

Water and Air Issues

Pond development (cost-shared through EQIP) has been critical for watering cows 
in the various pastures. Water quality concerns are generally minimal at Radiance Dairy. 
Although no swine concentrated animal feeding operations (CAFOs) are in the watershed, 
Francis is concerned about environmental threats posed by CAFOs in the larger region. He 
has been active in Jefferson County Farmers and Neighbors (JFAN) to fight CAFOs.

For watering cows in paddocks throughout the farm, Francis installed a solar-powered 
water system. He placed a 4,000-gallon tank on top of the highest hill on the farm. In a pond 
just below the hill, he placed a submersible pump and installed a solar panel on the edge of 
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the pond. The solar panel powers the pump, which pumps water to the tank on top of the 
hill. Water then gravity-feeds from that tank to a water system that provides water to all 
60 paddocks on the farm. The water system consists of a 1-inch polyethylene pipe injected 
under the ground about 8 inches deep and over a mile long. In the fence line between every 
other paddock is a 55-gallon water tank with a float valve connected to the underground 
pipeline. The water system is drained and blown out with an air compressor for the winter. 
Because ground water in southern Iowa is low in quantity and quality, water for the water-
ing system came from Iowa’s rural water system (water pumped into the countryside from 
a system of reservoirs) before the solar-powered water system was installed.

Francis strives to keep his cows out of the creeks running through the farm. One strat-
egy is to allow grazing with access to the creek at night only, when, Francis says, they are 
less likely to go into the water. With flash grazing, cows do not damage streambanks.

In anticipation of possible local concern about wastewater processing from the dairy, 
Francis had the Department of Natural Resources (DNR) check the wetland it runs into for 
any problems. The DNR identified no environmental issues.

Energy and Carbon Concerns

Francis expressed concern about the emphasis on corn-based ethanol in current federal 
and state approaches to renewable fuels, both for the environmental impacts of more exten-
sive row cropping and for trends towards centralization in biorenewables processing.

In general, Francis sees the current emphasis on greenhouse-gas emissions in agricul-
ture as a new way of talking about a longstanding concern: efficiency in the operation. He 
sees grass-based dairies as a particularly energy-efficient model. Because of his own em-
phasis on grazing, he does not feel particularly worried about the rising energy and feed 
costs that now concern some agricultural sectors.

With rising energy costs and intensified public discussion about energy, Francis is now 
thinking more about other alternative energy options to incorporate into the farm. He is 
considering the possibility of a wind generator, as the area is good for wind energy. He 
thinks a solar hot water heating system could be a good addition to the dairy.

MARKETING, BUSINESS MANAGEMENT, AND FINANCIALS

Marketing

The Thickes made a conscious decision to sell all their dairy products locally, because 
they “didn’t want to lose that connection.” Radiance Dairy sells its products to two grocer-
ies and 12 restaurants in the Fairfield area. Thus, Radiance does not sell products directly 
to customers. Hy-Vee, an Iowa grocery chain, and Everybody’s, a locally owned whole-
foods store, are the retail outlets. Most of their buyers have standing orders. Products are 
distributed as they are produced, with bottled milk delivered to stores on Mondays and 
Thursdays. The processing schedule means that Radiance never keeps much inventory of 
milk or other products on hand at the dairy. The low inventory sometimes surprises and 
disappoints regular customers who expect to drop by and make special purchases.

The Thickes raised prices for Radiance products a few years ago, but Francis says their 
prices are lower than the prices for other organic milk brands. He and Susan are now con-
sidering whether they need to raise their prices again. They prefer to keep their prices as 
low as possible—because they are selling to friends and neighbors—and base their prices 
on the cash flow needed to pay bills and make a modest living.
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Radiance does community service advertising (for example, an advertisement in the 
high school yearbook), but in general does little to no formal advertising. It relies on reputa-
tion in the community and word-of-mouth. The dairy does not have its own website.

Certifications

Francis and Susan certified Radiance Dairy organic in 1993 and became certified or-
ganic again in 1997–1998 when they moved to their new farm site. In accordance with 
organic certification requirements, Francis records what pasture every cow is in on every 
day. Francis noted, “I don’t like the paperwork for organic. I’ll be honest; I do the minimum 
to get by. I don’t keep a lot of records. I mostly do it by observation.”

An interesting benefit of being a certified-organic farmer, said Francis, is not only the 
premium it brings for dairy products but also the legitimacy it brings to his speaking about 
the organic sector at conferences and in public policy settings.

Radiance Dairy is affiliated with the Buy Fresh Buy Local Initiative in the Fairfield area 
(the distinctive logo is posted on the side of the Radiance Delivery truck), and Susan plays 
a leadership role in the initiative.

Finance and Business Management

The very purchase of the dairy back in 1992 entailed what Francis calls “creative financ-
ing.” As the Thickes were unable to interest a bank in lending to them, Francis’ brother 
Art helped to finance purchase of the dairy herd. The dairy owner rented them the farm 
and small processing plant and was willing to forgo payments on the farm and processing 
equipment for one year. By 1995, Francis and Susan had accumulated enough equity to se-
cure loans to purchase a farm about four miles away and build the milking and processing 
facilities there. They moved the operation to the new site in 1996.

The farm had been organized as a sole proprietorship. Based on tax arguments offered 
by their tax accountant, Francis and Susan have recently made it a limited liability company 
(LLC). They are now budgeting and paying themselves salaries.

On the production side, they keep track of each cow, herd, and paddock. They also 
track purchased feeds and seeds and keep records of hay and other crops produced on the 
rented land. Francis is disinclined to calculate or dwell on measures such as net profit per 
cow, because he finds those measures do not capture what matters most to him about his 
farm, which is meeting the demand for dairy products in the local community.

On the marketing side, sales records (invoices) help in inventory management and 
adjustment. The federal milk marketing order also requires them to keep records of their 
sales of each product. Susan does all record keeping and accounting for the farm. Records 
for the farm are not computerized.

At one point, the farm carried $500,000 in debt, but that now stands at about $300,000. 
Four years ago the debt-to-asset ratio was 46 percent; it is now under 30 percent. The bank 
now considers Radiance Dairy a very good credit risk and would gladly make further loans. 
However, Susan, who handles the farm finances, is accelerating the payments. They now 
seek to buy things needed for the dairy on a cash flow basis.

In terms of risk management, Francis said, “I don’t think too much about that. I don’t 
do a lot of analysis, but I’m not the best business person.” He quickly noted that Susan pays 
attention to the numbers and the business side of the operation, and looks for efficiencies. 
But Francis stressed that efficiencies do not always infer economic efficiencies.
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SOCIAL AND COMMUNITY CONSIDERATIONS

The Thickes very much see Radiance Dairy as embedded in and serving their local 
community. The Thickes interact frequently with their customers. As Francis notes, “People 
just stop you on the street and thank you.” While such connections are gratifying, they also 
bring the “little burden of informal tours”—those sometimes spur-of-the-moment requests 
by customers to show friends or visitors the farm.

Aside from immediate local social connections, Francis has long put a priority on 
participating in the broader education and policy arena. As his farm has flourished, he has 
used it as an example, and he believes this lends credibility to his positions. He has made 
presentations to Rotary, Kiwanis, and national organic conferences. He is a Food and So-
ciety Policy Fellow (Class of 2002–2004), which provided training and a venue for public 
writing and speaking on food and agriculture issues. He serves on the boards of the Organic 
Research Foundation, Iowa Food Policy Council, and Iowa State Technical Committee. He 
further noted, “With my extra time, I like to do political things.” Francis has served on 
the Iowa Environmental Protection Commission, where he relished pressing for a more 
conservationist approach to environmental issues facing the state. Francis enjoys this work 
and has considered running for office. He explained his attraction to policy work: “I think 
farmers won’t change on their own. Policy needs to lead to change.”

Francis is also active in formal and informal educational efforts related to sustainable 
agriculture and food systems. He speaks to classes at Iowa universities and colleges. He 
has long been an active member of the Practical Farmers of Iowa (PFI). For example, in 
the summer of 2008, he hosted a PFI farm tour at his farm that focused on wildlife and 
agriculture.

RISKS, CHALLENGES, AND CHANGES

The Thickes have reached a place where experimentation has yielded to a well-
established, diversified, and generally resilient system. Planning for the transition of 
the dairy when Francis and Susan are ready to retire is one issue on the horizon, in part, 
“because this is a community dairy.” The Thickes have considered looking for someone 
to carry on the dairy in the future. They are exploring options that include working with 
present workers on the farm to help them build equity in the herd and explore an eventual 
management role, and creating a community board. Francis underscores that “To us, it’s 
important that this dairy would continue as a community dairy.”

OBSERVATIONS AND CONCLUSIONS

When other farmers come to him for advice on how to do similar dairy farming and 
processing, Francis offers the following advice: 1) First look at the market. While at one 
time, Fairfield seemed a uniquely promising market, Francis notes that the growing interest 
in local foods, particularly in many college towns and larger metropolitan areas, presents 
good opportunities for farmers interested in local marketing; 2) Look carefully at the costs 
of dairy processing equipment and consider working with a consultant to be sure these 
critical decisions are the best ones for the operation; 3) Make sure to have a specialty prod-
uct, with unique features. An on-farm dairy processor selling ordinary conventional milk 
would probably be less successful than one selling milk with some unique qualities.

Several factors, then, help to explain the success of Radiance Dairy. First, its very loyal 
and distinctive customer base in Fairfield has been built over the 28 years the dairy has ex-
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isted. Second, its overall product is unique: local, organic, not homogenized, grass-fed, and 
from Jersey cows. Third, the dairy product line is diversified and carefully and regularly 
finetuned in response to customers’ requests.

Francis summarizes the approach of his rotational grazing system and local-market 
focused dairy as follows: “All the pieces work together. We try not to change any one thing 
without doing it in the context of the whole.” He also stressed that he believes in producing 
“food for people, not a commodity for the market.”
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Straus Family Creamery

BACKGROUND AND HISTORY

The Straus Family Creamery is located in western Marin County, California. The dairy 
farm sits just on the east side of scenic Tomales Bay, while the creamery is located approxi-
mately five miles inland on a property leased from a local beef rancher.9 The region has a 
long history of dairy farming. In the early 1960s, there were 150 dairies in Marin County. 
As of 2008, 27 dairy farms remained in the county.

Albert Straus’ parents, Bill and Ellen, started the dairy farm in 1941 with 23 cows. Ellen 
was particularly influenced by the message of Rachel Carson’s Silent Spring in the early 
1960s, which would come to shape both their farm practices and wide involvement with 
agricultural land stewardship efforts in Marin County. The farm ceased using chemical 
herbicides by the mid-1970s and has not used chemical fertilizers since the 1980s.

One of four siblings, Albert received his B.S. degree in dairy science from California 
Polytechnic State University in San Luis Obispo, where he wrote his senior thesis on how 
to set up a processing plant for raw milk.10 He became a partner in the family farm in the 
early 1980s. At that time, the Strauses were doing no-till for silage. They fenced off all the 
creeks through the 1980s and created riparian buffers. Albert estimates that they built a 
pond per decade from the 1950s on. In 1993, Albert began the formal conversion of the 
dairy to certified organic. In 1994, the farm became the first certified-organic dairy west of 
the Mississippi River. Up until then, the Straus family farm marketed its milk through the 
local dairy cooperative. When they decided to produce their own dairy products in 1994 (to 
gain more control over the prices they were receiving), they had to leave the cooperative.11 
Albert observed, “If we hadn’t gone organic, we wouldn’t be around as a farm. It got us 
out of having to keep getting bigger.”

The decision to produce and market organic milk, yogurt, butter and ice cream un-
der the family name was another critical juncture for the Straus family. Today, the dairy 
and creamery are two separate operations organizationally. The dairy is established as 
a C-corporation; the creamery is an S-corporation. Originally, the dairy was set up as a 
partnership, which later became a sole proprietorship before becoming a C-corporation. 
The creamery started as a sole proprietorship, became a C-corporation, and has recently 
become an S-corporation.12 In a formal arrangement between the two distinct enterprises, 

9 Until abandoned around 1980, the creamery property had been one of several communal residence sites in 
California for the group Synanon (see http://en.wikipedia.org/wiki/Synanon ). What became the Straus Family 
Creamery plant was at one time a commercial kitchen serving some 2,000 people.

10 Albert now notes, “As a farmer, I grew up on raw milk. But that’s not for this business. It requires constant 
battles.”

11 California dairies have 100 percent exemption from the federal milk marketing order. However, California has 
its own marketing order. It has to contribute into the federal marketing for marketing costs ($00.10/CWT).

12 The income of a C corporation is taxed, whereas the income of an S corporation (with a few exceptions) is not 
taxed under the federal income tax laws. The income, or loss, is applied, pro rata, to each shareholder and appears 
on their tax return as Schedule E income /(loss).
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the creamery contracts to buy milk from the dairy. The creamery also contracts to buy milk 
from two other nearby certified-organic dairies in Marin County, one of which has been 
supplying Straus Family Creamery since 1995, the other since 2007.

FARM PRODUCTION SYSTEM

Farm Production

The present Straus dairy farm consists of 660 acres of sometimes steeply rolling land 
that encompasses two farms—one of 166 acres purchased in 1941 and another of 493 acres 
acquired in 1956.13 The dairy typically includes approximately 300 milking cows and 300 
replacements, which allows for about 1 cow/acre.

Soils are mostly a clay–loam structure. Most of the animals are removed from the fields 
during the winter to minimize their impact on the pastures. The Strauses use no-till meth-
ods to plant grasses and for 25 to 33 percent of their silage crops. They favor no-till methods 
specifically to minimize soil erosion.

Herd Management

In the 1960s, the herd consisted of both Jerseys and Holsteins. As of 2008, the herd is 
about one-third Jersey, one-third Holstein, and one-third Jersey–Holstein crossbreed.

Since 1986, the farm has milked three times a day rather than only twice (at 4:30 AM, 
12:30 PM, and 8:30 PM).14 The currently used system has produced 10 to 15 percent more 
milk using shorter shifts, but it requires more labor than the old system. Instead of two 
seven–eight hour milking shifts, the milking takes about four hours, three times a day. 
Milking three times a day is somewhat more expensive than twice a day but yields benefits 
consistent with an organic sensibility. The cows are seen by workers more frequently. There 
is less stress on the cows from shorter milking times, and they spend shorter periods of time 
on concrete. The herd produces on average 65 lbs/day of milk per lactating cow.

An automatic transponder on the legs of each cow allows for individual identification 
and the ability to track volume of milk, temperature, amount of solids and fat, and other 
factors. The information allows the dairy to manage the individual cows more effectively, 
ensure higher-quality milk, and, ultimately, become more profitable.

In terms of genetics and breeding, 30–35 percent of the cows are artificially inseminated 
with other genetics, which is essential for achieving genetic diversity without the risks of 
bringing in outside animals into the closed herd.

The animal nutritionist who has for many years helped design feed rations for the cows 
now serves on the National Organic Standards Board. As the Straus dairy farm made the 
transition from conventional to organic, the task of developing a balanced feed formula 
became simpler because there were fewer options. At the same time, it became more dif-
ficult given some scarcity of suppliers. When Straus was a conventional dairy farm, the 
Strauses used anything they could find that would deliver needed nutrients—saki waste, 
tofu waste, orange peels—but the feed had to become consistent when they went organic. 
They currently use a computerized feeding system that can precisely account for the dry 
matter that the cows get from pasture.

13 Albert is in the process of purchasing the 493-acre parcel from his siblings. He leases the 166-acre parcel, site 
of the original dairy farm and home place, from them.

14 Albert was inspired by the thrice-daily regimen when working on a kibbutz in Israel after high school.
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Albert stressed the need “to be diligent” about herd health and focus first on prevention 
of disease. The main health issues include mastitis, problems with feet and legs, and calf 
issues such as scours, pinkeye, and flies. The Strauses stopped de-worming calves six years 
ago with no ill effects. They focus on preventing diseases by addressing feed problems right 
away, keeping bedding clean and dry, and, when necessary, using alternatives. Specific 
actions include careful documenting cow health, dipping calves’ navels, and keeping feed 
off the ground. Albert uses nongenetically modified vaccinations, treats hoofs with copper 
sulfate, and uses hydrated lime on the bedding. Flies are managed with solar-powered 
zappers and through efficient manure handling. Fly control aids in the reduction of pink-
eye. Cows that need treatment or other cows that are culled from the herd are all sold as 
conventional. They sell some steers for organic beef. Albert notes that they do not really 
want to be in the organic beef market, but can rationalize doing some to support the local 
slaughterhouse, which might otherwise go out of business.

They have recognized that their high production times in the summer do not match 
well with the relatively low consumption that characterizes that season. As a result they try 
to manage their herd so that production matches the demand curve by drying cows and 
calving to match the consumption cycle.

Pasture and Silage

Most of the farmland is in pasture, although 180 acres are typically devoted to a silage 
mix (oats–bell beans–vetch) that is planted in October and harvested in April, chopped, 
and stored in a bunker silo (concrete on the bottom and dirt sides). The farm uses a no-till 
seeder and some discing to plant the silage, which is grown on the tops of the hills. The best 
pasture also is available during roughly the same time—November to March, after which 
it dries up. The area receives on average 30 inches of rain per year. Water and the climate 
of the farm are not suitable to raise crops or hay; therefore, making silage is important. As 
a result, 50 percent of the hay needed is brought onto the farm, mostly alfalfa and grains 
and concentrates fed to the cows. They figure that the cows get 30 to 40 percent of the dry 
matter in their diets from pasture. Eventually, Albert hopes to increase the production of 
forages and silages to use on the farm and, if possible, obtain feed from as close to his farm 
as possible. Regarding current debates about the pasture standard of the National Organic 
Program, he says, “It’s not a simple issue. They try to paint it black and white. I can do 120 
days on pasture. But I can’t do 30 percent of cows’ dry feed from grazing.”

Fertility and Nutrient Management

Manure solids from the dairy are applied on the fields, after being separated from 
liquids that go into the anaerobic digester. They conduct soil tests regularly to ensure that 
a nutrient balance is maintained. They spread the manure in a widening set of concentric 
circles from the dairy. Since 1976, water quality tests in streams have indicated that nothing 
is getting into waterways from the confined areas.

Pest Management Concerns

The primary weed problems are hemlock and thistles, which are managed chiefly 
through mowing, grazing, and competition from other more desirable plants. In very wet 
years, they might have some mold problems in their silage. California Fish and Game intro-
duced wild turkeys some years ago. The wild turkeys have become a problem because they 
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eat seeds and grains and pose a small but possible Salmonella threat. The methane digester 
has helped with fly problems

Creamery

The creamery has been essential to the successful development of the farm’s agricul-
tural system. Albert observed, “If I didn’t have the creamery, I would probably be selling 
to Horizon. I did talk to them.” Instead, he now produces his own line of organic dairy 
products.

Production

Between its three local supplying farms, the creamery currently brings in and handles 
9,000 gal/day of raw milk, a decrease from 12,000 gal/day of raw milk that was once 
brought in. Albert noted that too much organic milk is on the market, because many new 
organic dairy producers have recently come on.

Product Line

The milk products are not homogenized; thus, the whole milk is cream-top. Surveys 
were initially conducted at farmers’ markets to determine what milk products customers 
prefer. Although the survey results indicated that most people would prefer reduced-fat 
milk, 60 percent of their sales are whole milk. Milk in glass bottles with the Straus Family 
Creamery label accounted for more than 30 percent of milk sales in 2007. The milk products 
include whole milk, 2 percent milk, 1 percent milk, nonfat milk, half and half, and cream. 
The Strauses have discontinued production of chocolate milk and buttermilk.

The farm also sells ice cream, yogurt, and butter. Butter is sold as lightly salted and 
sweet butter varieties, and in quarters, pounds, or a 20# and a 40# size for food service, 
such as bakeries and high-end restaurants. Ice cream is made with egg yolk stabilizer and 
is organic. The five flavors of ice cream are all super-premium and are the highest priced 
in their category.

Whole-milk yogurt is sold as a European-style yogurt. It is incubated in a vat and then 
condensed via reverse osmosis for packaging in quarts and pints. The yogurt, which con-
tains only milk and culture, is the best-selling yogurt in its category. Sixty to seventy percent 
is sold under the Straus label with about 30 percent sold under private label as “thick and 
creamy” yogurt. The family would prefer to sell more yogurt branded as Straus product.

The Strauses attempt to seek sources for the flavorings in their products as close to 
California as possible to improve sustainability. They are considering using agave from 
Mexico as a sweetener, which has the added benefit of a low glycemic value. They are look-
ing into developing some food service products such as a nonfat yogurt base and nonfat 
ice cream.

The Straus Family Creamery also innovates with some very specialized dairy products. 
For example, its recently produced special “barista milk” won second place for making 
cappuccinos in an international competition.

Packaging

Albert mentioned, “My notion of sustainability says that all packaging should be reus-
able, as much as possible.” The creamery uses glass milk bottles, which are made in Canada 
from 40 to 50 percent recycled glass and sport the Straus Family Creamery label and logo. 
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The use of glass bottles was a deliberate decision that emerged from his personal view 
that “organic” should include minimizing the waste stream and having a very clean, inert 
product to contain the milk. Consumers did not drive this packaging choice, as most of their 
consumers do not necessarily remember the days when glass milk bottles were the norm. 
Delivery trucks pick up and return the used bottles. Nonetheless, the glass bottle system 
has its tradeoffs as it incurs extra work and expense.

Plant Procedures and Issues

Considerable attention has been paid to changing standard chemical use in the plant 
and moving to nontoxic cleaners. The plant uses a formulation of peracetic acid as the pri-
mary disinfectant in its equipment, because it does not leaves any residue.15 Scientific staff 
members at the creamery are also experimenting with colloidal chemistry in developing 
nontoxic formulations.

Water from the creamery is currently hauled (12,000–15,000 gal/day) to the methane 
digester at the dairy. They are working to re-locate the dairy to the Petaluma–San Rafael 
area to include a demonstration farm and facilities for processing and retail sales on 80–100 
acres. The new location would have the advantages of more available water, waste treat-
ment, energy savings from reduced water trucking, proximity of labor, nearness to dis-
tribution networks, and options for alternative transportation compared to the current 
location.

Labor: Farm and Creamery

Albert oversees the dairy, but noted, “Right now, I am not hands-on there, although I’m 
managing certain aspects.” Much of the dairy management falls to a full-time farm man-
ager who has been there for 20 years. There is also a part-time book keeper. The dairy farm 
employs two milkers. The milkers tend to remain for three to five years, and an additional 
relief milker provides support. The farm also employs a full-time mechanic who works on 
dairy and farm equipment and brings the definite benefit of “being inventive.” The family 
is seeking an additional full-time person to raise the calves; Albert believes a dedicated 
person is need for that position to ensure animal health. They provide “decent” housing at 
the dairy for employees. One structure is a mobile home, which they plan to improve.

The creamery has a larger and more complex staffing structure (70 employees), and Al-
bert is highly involved. At the management and office end, the organization now includes 
a vice president for operations, vice president for marketing, chief financial officer, mer-
chandising manager, and three to four part-time merchandisers whose territories includes 
southern California and the South Bay. As the Strauses consider food service options, they 
recognize that they will need a sales force.

Most of the creamery’s processing and plant workers are from a particular dairying 
area of Mexico. They commute from Petaluma and Santa Rosa, because of a lack of housing 
in the immediate area. Employees are generally recruited by word-of-mouth. Albert seeks 
to recruit people with higher education (many have not much more than a third-grade edu-
cation). “Bringing up the quality and experience level for workers is a goal and it will take 
time,” he said. In order to retain employees, the Strauses offer competitive wages, health 
and dental insurance, a simple IRA option, one to two days off each week, paid vacation, 
and safety training. They also offer incentives for education for bilingual employees and 
for car-pooling.

15 Albert noted that the National Organic Program currently allows chlorine-based cleaners.
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Further Business, Marketing, and Financial Considerations

The price of feed has risen 80 percent since December 2007, which has increased prices 
for dairies, while the price of milk has inched up 3 to 5 percent and is unlikely to increase 
much more. Too much conventional milk and more than enough organic milk are already 
on the market. The dairy and creamery are looking to reduce costs and gain efficiencies. 
Given that they produce a high-end product, they also keep in close contact with buyers 
to ensure their continued market position. Albert noted, “If we had not gone organic, we 
would not be in business now.” The commitment to organic is strong: “We’re an organic 
company, not a conventional company with an organic line.”

Organic Certification

Organic certification is central to the success of the Straus Family Creamery. They use 
two different certifiers—Marin Organic Certified Agriculture for the dairy and California 
Certified Organic Farmers (CCOF) for the creamery. Because the needs of the two enter-
prises are different, Albert recently switched the creamery certifier to CCOF, which he sees 
as “more proactive” in areas that matter for that business.

The certification process requires annual documentation of practices and inspections 
(now yearly, but the frequency might increase), but overall Albert finds the procedures 
manageable. He notes national organic standards and dairy industry standards sometimes 
conflict.

According to Albert, organic certification requires a different mindset for the farmer: 
“It changes the tools in what you can use and you have to think about things differently.” 
That means different feeding; different animal care; and a more proactive approach to herd 
health, which includes keeping bedding clean and dry, avoiding feeding problems, and 
relying on alternative medicinal approaches.

A particular concern has been verification that his organic feeds are free of GMOs. 
While testing is not common in the United States, he said, “We’re not the first to do this. The 
European Union, Japan, they do it.” After finding that a quarter of the supposedly organic 
corn he had purchased showed GMO presence, he is now seeking 100 percent compliance 
for non-GMO feed on his farm and the other two dairies supplying the creamery. He con-
tracted recently for organic triticale from the Central Valley. While he does his own milling, 
he also now works with a mill in the Central Valley that purchases grain from the Midwest 
and elsewhere and does the needed GMO testing. Albert sees non-GMO verification as a 
critical issue overlooked by many in the organic dairy industry: “If we don’t show people 
it [non-GMO verification] can be done, it just gets buried . . . .” Milk from the Straus Family 
Creamery is also certified kosher. In addition, the dairy follows a Marin County grass-fed 
standard.

NATURAL RESOURCES, ENERGY, AND CLIMATE CHANGE

“Closing the loop” on resources is a driving concern for the Straus Family Creamery. 
Energy, water, and waste issues exemplify this concern.

Energy

A major project at the dairy is its anaerobic methane digester, which currently produces 
90 percent of the electricity used by the dairy and 50 percent of its propane needs. Phase I 
of the project was a pond retrofit, supported by the U.S. Environmental Protection Agency. 
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Phase II was the generator and co-generation, done through a 50 percent cost-share with the 
California Energy Commission. Twice a day, the barn is flushed clean with recycled water 
and manure is scraped with a tractor toward a holding pond, where decomposition and 
methane digestion begin. Solids are separated from liquids. The liquids go into a second, 
covered pond where the anaerobic digestion takes place. The separated manure solids are 
composted and spread on farmland.

The methane digester system is designed to take advantage of regulations for “net me-
tering,” where meters can run in reverse, so any excess electricity feeds back into the grid. 
Albert believes that installation of the methane digester has led to reduced manure odors 
and lower fly populations. He notes that others in the area are now following his lead and 
installing on-farm methane digesters.

For the last five years, he has driven a plug-in electric car (RAV4), powered by the farm-
generated electricity and used mostly for errands. The Strauses are now trying to develop a 
fully electric truck, including building it and testing it with various sizes and types of load. 
“Doing something no one else has done takes more money and more time,” says Albert. 
He recognizes that the innovations entail significant costs and time upfront, but the energy 
savings can pay back those costs over time. He sees such technological development as ex-
citing and necessary for the farm and creamery. He had some failed experiments with wind 
generation. His long-term goal is to become independent of imported energy sources.

Water

The dairy farm relies on 10 wells for water. The creamery hauls in its water from 
Petaluma (about 50 miles away) in its own trucks. Creamery waste water is hauled to the 
digester on the farm. Water is not that expensive, but the transport and labor to move it 
represent a notable cost.

Waste

There is considerable attention to recycling water from the dairy and the creamery. 
The Strauses have built a pond in each decade to handle waste water. They now have five 
ponds, one of which is aerobic. Another pond is anaerobic with a floating cover. It was 
built using Clean Water Act Section 319 funds from the Environmental Protection Agency 
($70,000–$80,000 at 50 percent cost-share), which came through the Resource Conservation 
and Development Program for pollution reduction. The anaerobic pond is the digester 
with the floating cover to collect the gas. They have achieved a 99 percent reduction in 
 fecal coliform and an 80 percent reduction in biological oxygen demand in the effluent that 
comes out of the system. No effluent is allowed to go into the streams.

The Straus Family Creamery is participating in a benchmarking and best practices ef-
fort with the State Energy Commission in conjunction with Lawrence Livermore Berkeley 
Laboratory. The effort aims to create tools for more efficient water and energy use in dairy 
plants. The Straus Family Creamery hopes to be one of two pilots, which will assess return 
on investment.

Local Environment

Local environmental quality issues and ensuing regulations have been important for 
development and change in the dairy industry in the Tomales Bay area. In 1976, California 
regulations came into effect stating that nothing could enter waterways. As Albert said, 
“That was the start of it.” Following a study in 1998, Tomales Bay was designated as im-
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paired from coliform bacteria. Among the concerns are the health and viability of oysters 
grown in the Bay. California is about to require nutrient management plans for animals on 
pasture. Dairies in the area are all required to have nutrient management plans. Farmers 
must report every autumn to a regional water quality board.

On the farm and in the surrounding area, Albert observes a lot of songbirds and takes 
this as one good indicator of biodiversity. Albert’s mother, Ellen, played a leadership role 
in establishing the Marin Agricultural Land Trust (MALT), which has now attained ease-
ments on some 42,000 acres in the county. The California Coastal Commission has made 
it difficult to develop in this area. But land prices have escalated to $10,000/acre, even 
if they are worth but a fraction of that. Unfortunately, according to Albert, when very 
wealthy people buy MALT land, it might effectively go out of agricultural production, as 
their interest is often more in maintaining a “visual corridor” than in maintaining working 
farms. Management of nearby Point Reyes National Seashore has sometimes also been at 
odds with retention of farming activities, such as dairy. Thus, competing land use interests 
clearly influence the future possibilities for farming in this region.

DISTRIBUTION AND MARKETS

The Straus Family Creamery has seen double-digit sales increases for the past several 
years. The glass bottle milk is sold in Washington, Oregon, California, Nevada, Arizona, 
and New Mexico, with the majority sold in northern California. Sales are growing by 30 
percent each year. The San Francisco Bay area is a large and important organic market.

Distributors move 99 percent of the milk for the Straus Family Creamery (maybe 96 
percent for all packaged products). However, Straus has encountered problems associated 
with distributors, including ensuring a premium price and making sure the distributor pro-
vides priority to moving Straus’ products. Priority for distribution can become an issue, as 
in the case when a distributor eventually launched its own organic line. The Straus Family 
Creamery was planning to increase its milk prices in September by 3 to 5 percent. Albert 
believes that a larger increase would cause them to lose market share. Therefore, they have 
to work on reducing costs and becoming more efficient.

Straus Family Creamery butter is marketed nationwide through Whole Foods and also 
goes to some food services, where it is used for making ghee and other specialty foods. Until 
five to six years ago, the Straus Family Creamery made all of Trader Joe’s private-label milk, 
but the retailer first took the southern California and then the northern California stores 
away from Straus. (The farm still sells its own cream-top milk in some Trader Joe’s.) Albert 
Straus commented on the challenges of working with a major company such as Trader Joe’s, 
where contracts are not made and loyalties seem sometimes to be limited. The situation 
with the Straus Family Creamery’s whole-milk yogurt at Trader Joe’s illustrates this point. 
The creamery had developed a very successful and popular European-style yogurt sold at 
Trader Joe’s under the Straus Family Creamery label. Trader Joe’s then sought a shift so that 
the yogurt would be sold instead under the store label. At the moment, yogurt produced 
at the creamery is marketed 60 percent Straus Family Creamery-branded and 30 percent 
private label.

The creamery also produces premium organic ice cream that uses only egg yolk as a 
stabilizer. Flavors include vanilla bean, Dutch chocolate, mint chocolate, raspberry, and cof-
fee. Ice cream has long been a special passion of Albert’s since he won an ice-cream making 
competition as a student at California Polytechnic State University. He remains involved 
in the research and development of new products. In the past, products were developed to 
“our taste.” Recently, more attention has been paid to customers’ tastes and input, as in the 
case of a new nonfat frozen yogurt.
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The company does little advertising, but it is in the process of developing a marketing 
plan, given new professional staff in this area. It had one bad experience with an advertising 
campaign in which the retailer did not put its product on the shelf until after the campaign 
was over. It conducts in-store demonstrations with retailers. Although the Straus Family 
Creamery participates with its distributors in advertisement and discount programs, it 
has so far been able to avoid slotting fees. The Straus Family Creamery has thus far not 
tapped the school milk market, but it sees that market as unlikely in the near term given the 
creamery’s product costs and the current limitations of school food service budgets: “No 
way we could sell it. We’re at 40 cents to break even, and it would have to be 20 cents.”

The Straus Family Creamery markets at the San Rafael Farmers’ Market and is con-
sidering the Palo Alto Farmers’ Market as well. Overall, however, direct marketing plays 
a minor role in the marketing mix. The Straus Family Creamery also supplies milk for a 
nearby artisanal cheese-making enterprise, Cowgirl Creamery. The Straus Family Creamery 
participates in two large trade shows each year, including West Coast Fancy Food.

In terms of financial arrangements, the farm leases equipment to reduce debt. The dairy 
also takes out a silage loan each year.

SOCIAL AND COMMUNITY CONSIDERATIONS

Farming in California requires dealing with a wide range of public and governmental 
interests. Albert has been involved with a number of groups addressing the agriculture–
 environment interface. He has been involved in the Animal Waste Committee, a multiple 
stakeholder group in Sonoma and Marin counties that has been working for some 20 years 
on increasing dialogue on agriculture and environmental issues in the Bay. He has also 
been part of the Tomales Bay Agricultural Group, a nonprofit organization that engages all 
livestock farmers and works to collect data on successful nutrient management practices in 
the region. Albert is also part of a state and industry Dairy Quality Assurance program that 
includes the use of voluntary “good agricultural practices” (GAPs). He said, “In California, 
with more and more people, we’re so populated and this puts the focus on agriculture. 
Parts of it are good, but it can be very draining. It can be a lot of time at meetings.”

Albert was scheduled to participate in the Slow Food Nation event held in San Fran-
cisco late summer of 2008. He attended Terra Madre in Italy with Slow Food International 
in 2004 and 2006.

The Straus Family Creamery is still a producer member of Marin Organic. However, 
he expressed some concern to “get all the meanings into one label.” In terms of research 
partnerships, the Straus Family Creamery has worked with California Polytechnic State 
University on energy issues and with Chico State University, which has an organic dairy 
program. It has had fewer interactions with the University of California, Davis. He com-
mented, “Universities are sometimes manipulated in different directions than I would 
necessarily take.”

Albert is trying to build a business that is appealing to others to become involved, 
including perhaps his 13-year-old son. He took his son with him to Terra Madre to begin 
to see the world context in which the dairy and creamery operate. The trip generated ex-
citement and a clear sense of the viability of their enterprises, relative to other like-minded 
food and farming ventures.

He tries to share information with new dairymen and women interested in his ap-
proach. He has answered emails from Alaska, Russia, and other distant places, and he 
consulted once for a dairy operation in Virginia.

Albert observes how easy it is to become consumed by the business, with its accelerat-
ing demands. When he met his wife, he agreed to take one day off a week. Now he tries 
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to make that two days off weekly, in some effort to achieve balance between work, family, 
and public service.

SUSTAINABILITY

Albert’s definition of sustainability includes developing practices in anticipation of 
issues rather than in reaction to problems. His farm attempts to do that by figuring out 
ways for the cows to provide energy for the farm through the digester; developing electric 
vehicles; finding a viable market niche with premium organic products; and conducting 
on-farm processing.

Key challenges to sustainability have been the availability of water and the need to 
bring in feed from off-farm. A major asset for the Straus Family Creamery has been its 
proximity to and links with a burgeoning customer population that wants to support 
organic or sustainable farming and purchase quality, organic dairy products. The timing 
of the Straus Family Creamery’s entrance into organics and the location of its dairy are 
relevant. He also tries to look forward, such as with the electric truck, and to differentiate 
the creamery from others through products, such as the ice cream and the high quality of 
the entire product line.

His stance is premised on leadership in experimentation: “I try to show that things 
work and then people follow.” He also noted, “Being first is part of our story” (for example, 
the first organic dairy west of Mississippi and the first to use a methane digester in Califor-
nia). He strikes a strong note for innovation and risk-taking: “If I were to do the same thing 
day in–day out, I’d be stuck.” Albert has begun to think about specific indicators to track 
and monitor the sustainability of his integrated enterprises.

RISKS, CHALLENGES, AND CHANGES

The Straus Family Creamery faces a decision about relocating the creamery, most likely 
to another location somewhere between Petaluma and San Rafael. Albert speaks of the im-
portance of having a labor force living closer to the plant and being closer to major roads to 
enhance product distribution. Such a move will cost tens of millions of dollars. However, 
a new location would create an opportunity for a more publicly visible site, with public 
demonstration and education possibilities. Such public interactions on site are not really 
possible or desirable at the present location.

“Controlling the message” has become increasingly important as the business has 
developed. A New York Times article several years ago erroneously implied that he used 
antibiotics, and the article got him into trouble with others in the organic business. Given 
the rising public interest in food issues, many journalists are looking for stories, and Albert 
sees the media attention as something that needs to be carefully managed.

To pursue some of the research and development opportunities at his farm and cream-
ery, Albert believes he would benefit from a dedicated grant writer on staff. New, innova-
tive ventures such as the methane digester are worthwhile, but require outside money 
and support. A new idea for putting a fuel cell on the dairy will also require creative 
financing.

Albert believes that more research is needed in alternative medicines, animal hus-
bandry, and disease prevention for organic dairies. He also cites the need for more and 
better bilingual materials for training the growing Spanish-speaking work force in dairy.
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Full Belly Farm

BACKGROUND AND HISTORY

Full Belly Farm is a 250-acre certified organic operation raising vegetables, herbs, nuts, 
flowers, fruits, and livestock near Guinda in the Capay Valley of Northern California. 
Smaller, independent farms continue to operate in the Capay Valley, a narrow, picturesque 
area running parallel to the Sacramento Valley to the east and the Napa Valley to the west. 
The farm runs along Cache Creek, which supplies much of the farm’s water. Full Belly Farm 
involves an active partnership among four farm owners who live in three households on 
or close to the farm.

Paul Muller,16 one of the four farm owners, brings a Swiss Catholic family farming back-
ground to Full Belly Farm. He grew up in San Jose on a “drive-in” family dairy farm, which 
marketed directly to customers in the area. In 1968, in the face of urbanizing pressures on 
farms in the San Jose area, the Muller family (including Paul’s four brothers and one sister) 
closed the dairy and moved to Woodland, located about 45 minutes south of Full Belly Farms, 
where the Muller family bought a 300-acre farm. Over time, Paul’s parents, four brothers, and 
sister have grown that operation to 10,000 acres producing wheat, tomatoes, and peppers. The 
conventionally run farm continues to be operated by members of Paul’s family.

Paul started farming on his own, separate from the family farm, in the early 1980s on 
small rented parcels in the area, while he also was working part-time. He raised seed crops 
at first and then moved into fresh vegetable crops, after he saw they could be viable. His 
wife, Dru Rivers, worked then as manager of the University of California, Davis, student 
farm. Having seen the environmental impacts of agricultural pesticide use, such as farmer 
cancers, farmworker illnesses, drift from agricultural chemicals such as paraquat, and out 
of concern when Dru was pregnant with their first child, the couple decided to move higher 
up in the watershed in 1984. An aging 100-acre almond orchard was for sale. As they could 
not then afford to buy the farm, they rented it for five years, along with Judith Redmond 
and her husband at the time. Rule #1 starting out at Full Belly Farm, according to Paul, was 
“no pesticides—we’re going to figure it out.”

For those first five years, the farm marketed its produce through a local farmers’ coop-
erative. That arrangement ultimately proved to be a losing proposition for all of the co-op 
members due to difficulties in coordinating production and the overall small market share 
for their products. In 1989, when the farm’s landlord died, his widow asked if the four Full 
Belly Farm partners would buy the farm. In 1989, a multiple family partnership was formed 
that, with some changes, has continued to the present.

The early years of Full Belly Farm coincided fortuitously with key developments in al-
ternative and sustainable agriculture. First, CCOF, which had formed in the mid-1970s, was 

16 Paul Muller was the key contact and interviewee for this farm case study. The consultants met but spoke much 
more briefly with the other three partners at Full Belly Farm—Dru Rivers, Judith Redmond, and Andrew Brait.
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evolving as an organizational presence and influence in California and beyond. Through 
its involvement with CCOF, Full Belly Farm contributed to the early institutionalization 
of organic in California, including the state’s legal definition of organic. In those years, 
restaurateur Alice Waters had begun traveling around northern California, looking for and 
speaking about the value of fresh organically raised produce. Among her finds was one of 
Full Belly Farms’s early crops of sweet corn. In that way, Full Belly Farm connected almost 
from its start with the nascent movements for both organic and local agriculture.

Full Belly Farm is based on a partnership among four people: Paul Muller, his wife Dru 
Rivers, Judith Redmond, and Andrew Brait, a former Full Belly Farm intern who bought 
Judith’s former husband’s share. The partnership owns 100 acres, of which 70 acres are 
farmed, leases another 200 acres, and also operates 70 acres owned by Andrew, of which 
30 acres are farmed. The nonfarmed acreage is primarily riparian areas that offer critical 
wildlife and biodiversity value.

The current business structure allows the combination and integration of the individual 
skills of each partner. Paul observes that the arrangement is good for a management-
intensive operation like Full Belly Farms. Currently, Paul oversees soil management, as-
sociated planning and design, and equipment maintenance and repair. Dru manages sales 
and oversees the animal and flower operations, and the interns who work on the farm. 
Judith handles financial management, book keeping, computers, and general business 
operations. Andrew manages farm operations for specific crops and orchards and handles 
sales to accounts that he has developed. Paul comments that “partnerships are interest-
ing—like a marriage. You’re not king of the heap. You’re constantly working together.” The 
arrangement has enabled, if not required, the partners to develop strong interpersonal and 
cooperative skills, which they consider important models for their children.

Their business model has also facilitated the farm partners, their family members, and 
some workers to introduce new activities and enterprises, continually diversifying the mix. 
There is room, and indeed encouragement, to experiment with new ventures that are then 
treated and evaluated as new enterprises that eventually have to survive on their own. New 
enterprises are assessed by how they fit with the existing farm, how profitable they are, and 
how well they serve the wider community.

A summer camp run by Paul and Dru’s daughter, Hallie, who studies agricultural 
education at Chico State University, offers a good example of how a new enterprise be-
comes part of Full Belly Farm. She came up with the idea, hired her siblings to help, and 
developed a week-long camp that involves harvesting and cooking foods raised on the 
farm and participation in other farm activities. The camp has now grown to three one-week 
sessions, which serve about 80 children who are mostly from families who belong to the 
farm’s CSA. The camp concept has further expanded to include visits from school children, 
teachers, and parents during the school year. The educational activities bring in additional 
income, build stronger relationships with the community and customers, and enrich public 
understanding of food and farming. Based on her experience developing the camp, their 
daughter has offered to become the farm education coordinator upon graduation.

FARM PRODUCTION SYSTEM

Full Belly Farm currently operates 370 acres in total. Of those, 176 acres are owned 
and 194 acres are rented. Some of the leases are for multiple years; others are shorter term 
and potentially less stable. The farm involves a complex multiplicity of crops and strate-
gies, based on thoughtful efforts to “design a farm that is ecologically diverse; vertically 
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integrated—from healthy soil to content consumers; has a stable, fairly compensated work-
force; and has year-round cash flow for economic stability.”

Planting and Rotations

Full Belly Farm grows some 80 crops, including a diverse range of vegetables, flowers, 
herbs, nuts, and tree fruit that create year-round activity. The orchards are interspersed 
with, and not distant or separated from, the other crops. A typical field size is 3–10 acres.

According to Paul, out of 100 acres at any one time, there are typically 30 acres to 
vegetables for the current season or being harvested, 30 acres to vegetables for the next 
season, 30 acres to cover crops or forage, and 10 acres in tree crops, roads, hedge rows and 
others. However, he stresses that the ratios are not fixed and could shift on the basis of the 
farm’s needs and market outlook. The rotations, although part of the farming system, are 
somewhat fluid, with no formal or fixed master rotation plan. Generally, all cropland has 
a cover crop about once a year. The summer cover crop, drilled in with a 15-inch grain 
drill, is a buckwheat–cow peas–sudangrass mix. A vetch and oats combination (with some 
screenings from the wheat that Paul has experimented with and some clover) is sown in 
mid-September as a typical winter cover crop. The winter cover is managed like a crop; for 
example, it gets an early irrigation to encourage fall season growth to protect the soil from 
winter rains.

Paul and his partners typically plant a clover understory in the orchards. It aids water 
infiltration, sequesters both carbon and nitrogen, and only marginally competes with the 
crop for water in the summertime. Paul believes that a diversified organic system harnesses 
a wide range of energy for the system—from beneficial insects and soil microorganisms, 
to animals that convert complex carbon into meat and fertility, to increased solar gain and 
carbon sequestration through cover crop management, to increased water infiltration by 
building soil organic matter. He also stresses that a diversified system creates a more in-
teresting work environment that engages the imagination and energy of partners and of 
farm laborers.

Full Belly Farm relies on cover crops and animals to provide nutrients for the fields. 
Winter crops include rape and safflower. Paul and his partners are considering the possibili-
ties of using those two crops for biodiesel. At present, selling safflower oil for $6/qt through 
the CSA is a better option, although they like the idea of leasing the oil to users who would 
then return the used vegetable oil to the farm to convert to biofuel.

Tillage

Paul explained, “When we got here, the place had not been farmed that hard. Frankly, 
the soils may have been better then because of years of no discing. We started tilling, 
and learned from the results that we observed. With cover crops, compost, calcium and 
micronutrient additions, the tilth now is pretty good.” He and his partners try to keep 
permanent beds, which they work less (in practice, these “permanent” beds go for two to 
three years). The pattern is to mow any excess material that is standing after crops or after 
the cover crop and sheep grazing, then turn the beds over with a chisel plow, beddisc, and 
shaper. They have done some laser leveling on occasion. Conservation tillage could work, 
but they would need the right cultivars as a cover and issues about how to do conserva-
tion tillage without pesticides arise. Tools and knowledge for conservation tillage in their 
system remain at an early stage, but he sees growing possibilities for conservation tillage 
on their farm.
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Weed Management

A central strategy in managing weeds is to manage moisture, which is perhaps easier 
to do in California agriculture than in some other places. Basically, weed growth can be 
managed by first managing moisture. Paul typically discs a field before planting and then 
pre-irrigates to let the weeds germinate and come up. Then he works the beds lightly again 
before planting in order to kill germinated weeds. Depending on the crop and weed pres-
sure, these operations might take place twice. During the growing season, Paul and his 
partners rely on close plantings and cultivation to reduce any subsequent weed problems. 
They also flame the beds on the carrots to reduce weed competition. In the tree crops and 
some of the vegetables (like broccoli or leeks), they establish an understory crop such as clo-
ver. All the weed control strategies are management intensive and require careful timing.

Pest Management

Paul emphasized that healthy plants generally experience less insect and disease pres-
sure and that timing of planting can matter (neither too early nor too late). He and his 
partners have encountered leaf curl but rely on cultivar selection to reduce problems. They 
use lime sulfur and organic copper as a treatment if necessary. Apple blight pressure can be 
reduced with agromyacin. They have encountered tobacco mosaic on tomatoes, which can 
be transmitted by thrips and can be exacerbated by tobacco-smoking workers who tie up 
the tomato vines with hands that may bear tobacco traces. They use GC-Mite (cottonseed 
oil, garlic oil, clove oil) for thrips, mites, and aphids, if needed. For codling moth on apple, 
they use mating disruption. In corn, they have used trichogramma releases and Bacillus 
thuringiensis (Bt) formulations, as well as reduced the amount of corn they grow in the 
dead of summer. They hire a consultant to monitor their tree fruits and nuts (which results 
in a formal written report). But more informal, ongoing monitoring is also critical for this 
farming system. The labor crew, for example, is trained to monitor for insect pests: “We tell 
them they’re an important part of this.” They deal with navel orangeworm in almonds and 
walnuts by harvesting early and shelling their own nuts. In addition, they count on gener-
alist beneficial predators and parasitoids to help in pest management. Overall, the farm’s 
insect strategy connects to choices and options for markets and particularly knowing what 
is acceptable for a given market (for example, walnuts that are cosmetically damaged by 
walnut husk fly are not sold in the shell).

Animals

Animals have been a part of Full Belly Farm since the beginning. They are Dru’s par-
ticular passion and something she pushed for (based on his dairy childhood, Paul’s initial 
inclination was to get away from animals). Animals serve as an integral part of the rotation 
(for example, sheep “graze off” harvested fields) and a valuable part of the market mix for 
Full Belly Farm.

The farm keeps 90 ewes. It lambs out every year, and bring about 140 lambs per year 
to market. CSA customers generally buy lambs live and then pay for the slaughter. Full 
Belly Farm has been working with local growers to establish a USDA-inspected harvest 
facility, and it is soon to realize a local cut-and-wrap facility. However, the bureaucratic and 
regulatory hurdles are immense. The organic wool from the sheep is also a desirable and 
year-round marketable product. The farm raises a vetch–oats hay for the sheep. It is starting 
to establish four to five acre pastures for the sheep. One person is designated to manage the 
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animals; it takes about half of each day to care for them. Netted wire and/or New Zealand 
fence protect the sheep and lambs from coyotes and dogs, which can be a problem.

Initially, Full Belly Farm raised chickens only for internal use. Then, Paul and his 
partners saw a neighbor’s model with chicken houses and started producing chickens as a 
market enterprise. Starting out with a couple hundred chickens in 2007, the farm now has 
400–500 layers on pasture per year.17 They keep the chickens in mobile coops that they build 
on the farm. The coops are rotated through the orchards and along the field edges, because 
shade requirement for the chickens is an issue.

They also keep goats, which are milked for on-farm consumption, one milking cow 
all year for on-farm use, and a few pigs. Paul describes the full complement of four cows 
residing on the farm as “a utilitarian slash love relationship.” Seeing and caring for those 
animals also form part of the camp experiences that Full Belly Farm offers to children.

Nutrient Management

The nutrient program is fairly crop specific. Paul and his partners use cover crops to 
provide nitrogen and maintain carbon and microorganisms in the soil. Given the hot and 
dry weather, the latter two factors require attention. They apply 8–10 tons/acre of purchased 
compost per crop cycle to each field. The compost comes from Sacramento green waste. It 
is monitored for pre-emergent herbicides and also heated to a specific temperature. At pre-
plant and transplant, they also sidedress with seaweed or liquid organic fertilizers that are 
on the Organic Materials Review Institute’s products list (that is, OMRI listed®). They have 
added gypsum to the soil, but are changing to adding lime at one to two tons/yr. In addition, 
they will use composted pelletized chicken manure when additional nutrients are needed 
and for additional nitrogen, based on the plants’ need and field history. Paul notes that many 
current cultivars are “racehorse” feeders, designed to grow quickly and produce tasty veg-
etables, but they require a full complement of inputs, including nitrogen. He is looking for 
cultivars that are better suited to their system of farming and the specifics of their site, and 
they have done some seed-saving. He asks, “Can we breed plants for high yield on lower 
inputs or as better nutrient foragers in organic systems?” He sees appropriate cultivars as 
important to help reduce their current reliance on external (organic) inputs.

Equipment

Full Belly Farm has deliberately kept its equipment to the minimum needed. Paul com-
mented, “A cutting torch and welder are the best tools for setting out and starting to farm.” 
Because Paul and his partners got into farming at a time of consolidations, they were able 
to pick up equipment fairly easily and rebuild and modify it. They have tended toward 
smaller, cheaper cultivation equipment and do as many repairs as possible on the farm. The 
farm has eight 80–120 hp John Deere and Kubota tractors and two two-wheel-drive offset 
Kubotas for cultivation. The goal for the equipment is that it be scaled to the operation, can 
be serviced by the dealer on which they rely, and is affordable. Paul sees a need for smaller 
machinery. Although Italy and Asia make some great models, he said, for the most part, 
such equipment is not readily available in the United States.

Given the fruit and vegetable crops produced, Full Belly Farm needs and has various 
storage equipment and coolers. However, the farm’s strategy of trying to harvest crops 
only when the market is secured (that is, picked to order) helps to reduce storage capacity 
needs.

17 Full Belly Farm has recently been selling the eggs at farmers’ markets for $6/dozen.
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NATURAL RESOURCES, ENERGY, AND CLIMATE CHANGE

Energy and biodiversity provide organizing and integrating concerns on Full Belly 
Farm. Paul commented, “We harvest much more total energy in our system. A diversified, 
integrated system harvests more total energy on the farm.” In discussing the logic of the 
clover understories, for example, he added, “We see the interface with pollinators as an 
underappreciated crop.” Similarly, he pointed to the carbon sequestration possibilities on 
the farm as a benefit of the farm’s system and approach. Paul stressed that such energy and 
biodiversity considerations need to be part of “the total economic bottom line.”

Energy

Full Belly Farm has tried B-99 biodiesel to power their diesel irrigation pumps, but the 
fuel has caused problems for seals in fuel injector systems. Now it has made the transition 
to B-20, which it hopes will avoid similar problems. It has solar panels on its large shop, 
where important postharvest activities take place. The $100,000 system provides 23 kilo-
watts and has a grid tie. It powers about 60 percent of packing shed needs—the coolers, ice 
maker and root washer, and shop. In the long term, Paul and his partners hope to invest in 
enough solar to meet all of their power needs.

Beyond fuel and electricity concerns, Paul speaks frequently of energy in a broader 
sense, as in the way that plants growing and infiltrating the soil with their roots are also 
capturing carbon for restoring the soil.

Biodiversity

The riparian areas and hedgerows provide important habitat for native pollinators and 
wild spaces that add to the aesthetic values of Full Belly Farm. Native plant corridors have 
also been integrated into wide hedgerows between fields. They intend for those plantings 
to widen the range of pollen and nectar sources, which directly benefits many farm crops, 
but also contributes to the broad concerns of enhancing wildlife habitat, biodiversity, and 
environmental quality in the region.

Water

The farm irrigates with water from Cache Creek and wells if needed. The irrigation 
system uses drip tape in the tomatoes, which the farm reuses for other crops such as melons. 
Sprinklers are used in the orchards and other crop fields and have the ability to shift to 
micro-sprinklers (very little flood irrigation is used). Cache Creek and several wells supply 
the farm’s water. There have been no significant recent concerns about quality or quantity 
of water.

MARKETING, BUSINESS MANAGEMENT, AND FINANCIALS

Marketing

Paul stressed that beyond the strong philosophical and ecological values that guide Full 
Belly Farm, ultimately “we have to grow something we feel tastes better and has a better 
shelf life.” He also recognizes the importance of “growing what the market wants, rather 
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than just what we like.” In its marketing, Full Belly Farm emphasizes both the freshness and 
great variety of the products. The farm has a diverse mix of direct-market and wholesale 
outlets. It sells to 15 restaurants and at 3 farmers’ markets in the region. It also sells 1,500 
CSA boxes of fresh produce per week that are delivered to locations in the East Bay, South 
Bay, San Rafael, Sacramento, Davis, Woodland, and Esparto. (The Bay area is about 100 
miles away.) In addition, it sells to Whole Foods stores in Mill Valley and San Rafael, Whole 
Foods Wholesale, and a number of other wholesale accounts.

Because the farm has a relatively large full-time labor force, it can grow and handle 
its very wide diversity of crops and products. For example, it can generate $50,000/acre 
gross on flowers, because of the availability of labor to cut, handle, and bunch the flowers. 
It is also able to service a large CSA clientele. As fruit and vegetables are packed, it can 
efficiently and systematically take culls and process them as sun-dried products—from 
peaches to onions. The labor force enables Full Belly Farm to reduce loss from cullage and 
also extend the market window with differentiated products.

Harvesting proceeds to custom-fill orders, which reduces the need for storage because 
only what the market needs and wants is picked. That strategy mostly eliminates the 
undesirable situation of being forced to sell what has been picked in less than profitable 
markets. The day’s picking schedule is laid out on a large chart in the packing shed at the 
beginning of the day. The chart precisely organizes each specific customer order and which 
staff person is responsible, with the exact amounts of each crop identified for harvesting, 
cleaning, processing, and loading. For wholesale, the orders can be palletized for hauling 
in refrigerated trucks. Paul noted that refrigerated trucks have been a welcome addition, 
because they allow earlier loading, resolve some hazard analysis and critical control points 
concerns, and improve the work experience.

A recent innovative twist on the CSA began in the summer of 2008: CSA-style “wellness 
boxes” of food for 100 employees at a firm in Palo Alto. Paul is considering how to direct 
this market niche toward its potential to support sustainable agriculture development. 
Firms committed to wellness for their employees could be encouraged to appreciate the 
links to local and regional agricultural land use, possibly by investing in the land resources 
for new sustainable farmers in the Capay Valley.

The sheep have proven to be another profitable and multifaceted microenterprise. Wool 
is sent out for making into yarn, which is sold under the farm’s own label. It costs $5/skein, 
and Full Belly Farm can sell the yarn for $8–$9/skein. Fleece hides are tanned in Bucks 
County, Pennsylvania; Full Belly Farm can sell the hides for $150 each.

Considering the farm’s various food products, Paul indicated that focused attention 
on flavor and freshness relates to its marketing approach. He pointed to remarks from a 
very satisfied CSA member who said, “My kids didn’t eat tomatoes, but they love your 
tomatoes.” He noted the sophistication about wine, and speculated that similar things can 
be done for other crops, identifying superiority in taste and nutrition.

Pricing

Full Belly Farm is concerned about the “fair price” for its products. Although not an 
exact formula, arriving at a “fair price” involves consideration of the current market price, 
farmers’ market price, and the conventional and organic wholesale price. Fair also means 
an accounting that considers the sustainability of the system, and necessary compensation 
to, and investment in, soil, farm biology, health care for farm employees, and the long-term 
vitality of the farm.
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Finances

Initially, buying the farm required a co-signature from Paul Muller’s father. Purchase of 
the farm was paid off in the first 10 years, because Paul and his partners were “aggressive in 
choosing to be out of debt as quickly as possible.” Since then, the partnership has deliber-
ately avoided taking on new debt, although it has not been averse to making investments in 
the farm. Paul observed that, “The financial end [of the farm] came together through good 
management.”18 After some initial hesitations, the partners have instituted a bookkeeping 
system that enables them to track cash flow and create an operating reserve sufficient to 
maintain the farm for multiple months into the future. Maintaining the reserve means they 
do not need outside production loans.

SOCIAL AND COMMUNITY CONSIDERATIONS

Labor

Workers are essential to the farm production system. They are also integral to the com-
plex social fabric of this farm. The farm employs, at the peak of the summer season through 
October, about 55 full-time employees. Year round, 25–30 full-time workers are employed. 
They include entire family units; one extended family has worked at Full Belly Farm for 
some 25 years. Because of the year-round nature of the production system, the farm can 
provide stability for its employees and for many, full-time workers through the year. All 
employees are paid hourly wages with profit-sharing bonuses in August equal to one to 
three weeks pay.19 Full-time workers receive health insurance with a co-payment. Workers 
take three weeks off around Christmas.

Many workers’ extended experience at Full Belly Farm is an asset, enabling flexibility. 
The workers know how to handle the diversity of tasks that the year-round production and 
marketing requires. The many tasks in the packing shed provide ways to meet workers’ 
families’ needs, by creating jobs for workers’ wives, for example. Paul said, “This is work 
that has some dignity if you give it some dignity.” He added that “part of the reason for 
diversity on this farm is to create stability for workers.” Multiple crops and enterprises and 
year-round activity enhance stability for Full Belly Farm workers.

Internships

Paul described education as a core commitment of Full Belly Farm: “We want to grow 
more farmers.” Full Belly Farm conducts a thriving internship program, mostly coordinated 
by Dru. It began in 1986 when some Israelis came to intern. Now interns apply online and 
are selected on the basis of their seriousness about a career in agriculture and their ability as 
self-starters, among other factors. The interns are asked to make a one-year commitment to 
the farm so that they can see the whole production cycle. Five interns are employed at any 
one time, and they work on a rotation of five- and six-day weeks. They are paid a salary and 
provided room and board on the farm.20 Full Belly Farm tries to include one international 
intern in each group (over the years, they have had interns from places such as Japan and 

18 He recalled challenges in the early days of generating cash flow for the farm, but noted that their starting 
“miracle crop” of mixed lettuce at $11/box made a big difference in getting a financial footing.

19 A very few workers are on salary.
20 An intern with little farm experience would be paid $600/month and then reviewed at one month for a pos-

sible raise.
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the nation of Georgia in the Caucasus). While there is no explicit educational curriculum, 
the interns work directly in all parts of the farming and marketing operations, and they 
meet with the partners once a week. They are expected to work and to ask questions. They 
eat breakfast and dinner on their own, and share lunch with all the farm workers. For the 
amount of management time that the internship program involves, Paul noted with evident 
satisfaction that somewhere between 15 and 20 interns have since gone on and started their 
own farms. He explained the farm’s commitment to the internship program: “It’s to stop 
the hemorrhage of young people from rural America, and to regenerate the farm population 
through models of successful farm entrepreneurship.”

Community Outreach and Connections

For the past 20 years, Full Belly Farm has hosted a Hoes Down Harvest Festival 
(http://www.hoesdown.org/) in October. The event has evolved over the years and rep-
resents an effort to develop a wide sustainable agriculture community and deepen relation-
ships among those already involved in Full Belly Farm. Admission in 2008 was $20/adult 
and $5/child (with age 2 and under free). Different organizations and businesses donate, 
and the fundraiser also distributes resources back out to local and regional agriculture 
and resource groups. The event is structured to be kid-friendly. (Paul said that “kids [who 
come over the years] look forward to Christmas . . . and Hoes Down.”) Activities include 
working with lavender, making biodiesel, a watershed walk, and a how-to-prune session. 
Some 5,000 people might attend. Close to two-thirds of the farm’s CSA members attend. 
There is optional camping Saturday night and, in 2008, continuing workshops and activi-
ties on Sunday at Full Belly and other farms in the Capay Valley. Paul observed: “There’s a 
hunger for all of this,” and “everything about this kind of agriculture is really exhausting, 
but really rewarding.”

Connected to the summer camp described earlier, Full Belly Farm has developed an 
educational activity stream that involves bringing school groups to the farm for two to 
three night stays, when they camp in the orchard. Dru coordinates that enterprise.21 About 
8–10 schools engage in the visits, which generally involve third-graders and their parents. 
Calls to participate have come from as far away as Santa Barbara. Waldorf and some charter 
schools see the visit as an integral part of their curriculum. Paul stressed the educational 
value but noted that some bureaucratic regulations on camps might present a barrier and 
might “be at odds with this need for place connections.” He added, “Enterprises don’t hap-
pen sometimes, because rules stifle.” He expressed the need to just get things started while 
also looking into shifting the rules.

Further Community Considerations

Decisions about land to rent can be influenced by community and economic consid-
erations. For example, at the time of the interview, Full Belly Farm was renting a nearby 
almond orchard. Paul described that rental as something of “a philanthropic effort” on 
behalf of the older farmer who owns it but can no longer farm it.

Given the visibility and reputation of Full Belly Farm, Paul noted, “We get a lot of 
people who are seeking information and advice asking us, ‘How do you do this?’ It is dif-

21 The school visits provide another logic for animals on the farm, as Paul noted that kids are drawn to them, 
more than to, say, apple trees: “it’s like a kinship connection with animals.”
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ficult to answer all of the inquiries, and devote enough time to it. There is an obvious need 
for an ‘organic’ extension agent.”

RISKS AND CHALLENGES

Supply and Farmer Cooperation

The evolution and management of specialty and niche agricultural markets present 
some concerns. Paul pointed to the recent trajectory with heirloom tomatoes in northern 
California. Heirlooms became more available, received buzz, and their prices were good. 
Then a couple of farmers in the region planted a vast quantity of heirloom tomatoes, and the 
price went down for all farmers. Paul suggested that supply management decisions could 
be made collectively by farmers, and he observed, “We [the broader farm community] 
haven’t learned to look beyond our own self interest as narrowly defined by maximum 
yields in order to integrate social goals—like dealing with the increasing scarcity of farmers 
and real efforts needed to regenerate both the farm population and rural economies.”

Ripples from Food Safety Incidents in the Larger Food System

Full Belly Farm relies on making information available to its customers on a regular 
basis. Ideally, the outreach forges strong relationships, which will be a hedge when food 
safety scares arise. The farm was not in the market (harvesting tomatoes) during the recent 
Salmonella in tomatoes scare, so that episode did not much affect it. However, the E. coli 
outbreak from spinach affected the farm’s sales, as it wasthen in the market selling spinach. 
Wholesale spinach sales dried up completely, and even sales at farmers’ markets slowed 
significantly. Although some customers trusted Full Belly Farm and continued to buy their 
spinach, other customers pointed to USDA’s blanket spinach warnings and criticized Full 
Belly Farm for even bringing its spinach to sell at those markets. About 5 percent of its CSA 
customers also objected to receiving Full Belly Farm’s spinach in their boxes at the height 
of the issue.

Transitions into Farming

Paul’s four children (three are college age or near, and one is still at home) have con-
nected with the farm in different ways. He notes that he and Dru have not pushed the farm 
on them, but they are drawn by its complexity. A son recently graduated from Humboldt 
State, for example, is now building and innovating a chicken tractor design for the farm. 
Paul expressed satisfaction with those experiments, observing that “no intern really knows 
as much as a farm kid who grew up with all this.”

Paul suggested that few viable models exist to transition into farming and establish 
new small farm enterprises. Successfully combining production and marketing can be 
particularly challenging for new fresh produce operations (paraphrased, the question is, 
“if beginning farmers in the region only get the crummy farmers’ markets, how do they 
survive?”). His concerns emerge, in part, from watching the challenges experienced by 
some Full Belly Farm workers who have tried very hard to start up their own farms in the 
area, but have had particular difficulty finding and managing markets. Networking models 
(he spoke of creating a “community model”) are needed that can connect beginning farm-
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ers with viable markets and customers that larger, longer established farms like Full Belly 
enjoy. He noted the problems faced by former Full Belly Farm employees who sought to go 
out on their own, yet encountered struggles in making partnerships work, while balancing 
the challenges of supporting a family, and also trying to farm and market their crops. Paul 
stressed the need for creativity in supporting beginning farmers who aim to farm sustain-
ably and in finding better options for them to get a toehold.

Research

Paul sees the need for research into site-specific cover crops and crop cultivars and 
the development of small, appropriate-scale equipment for vegetable enterprises. He sug-
gested how to do conservation tillage without pesticides is a critical research question, as 
is the use of composts within a system like the Full Belly Farm’s. Additional research on 
roller-crimpers and other conservation tillage equipment is also needed. He noted, “The 
farm is a different crucible than a research station.” Thus, the research needs to be partici-
patory on-farm research that results in viable, practical solutions combined with extension 
and dissemination of the information gained.

Government Programs

Crop subsidy programs do not figure in the Full Belly Farm system. Although numer-
ous conservation initiatives have been developed on the farm, none occur through govern-
ment programs.

OBSERVATIONS AND CONCLUSIONS

Integration across diverse cropping systems, a long growing season, a stable and ex-
perienced labor force, a steady flow of revenue-generating products, and the ability to 
include other enterprises that engage and reinforce the farm owners’ relationships with 
their customer base while generating income have contributed to the sustainability of Full 
Belly Farm. The service that the enterprises provide and their products and the way they are 
grown are also important to the community. Given its now substantial record of operation 
and leadership, Full Belly Farm reaps the benefits of a committed regional customer base.

Paul articulated a need for more deliberate, regional connections to sustainable agri-
culture: “Make people in urban areas understand where the expectation of abundant food, 
cheaply priced, takes you. There has been a systematic extraction of resources, fertility, and 
talent from economically depressed rural areas. The abundance that farmers produce has 
been their undoing because of the low prices that result from surplus food. It has also been 
the undoing of the tremendous base of fertility and biodiversity that we inherited—upon 
which abundance was derived and which we are squandering. There has to be change. 
The market is not doing that, especially for beginning farmers. There has to be a conscious 
reinvestment in our food-producing capacity and in the long-term stewardship of agricul-
tural resources.”

The ability to raise and sell crops for most of the year and the incorporation of animal 
products into the system provide sustained and interwoven opportunities for Full Belly 
Farm to generate income. The farm has also been inventive in developing new, complemen-
tary enterprises, such as the camps, to generate income, while also creating a well-informed 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

��� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

and devoted customer base. At the same time, Paul is the first to note that the distances he 
and his partners travel to market some of their products do not suggest a sustainable prac-
tice. Thus, the dependence on some relatively distant markets remains a challenge.22

When asked what he saw as most notable about the farm, Paul Muller spoke of many 
things, but stressed the following: “We have a business and it still works. Projections for the 
future are in the right direction. Social things are key here, like offering stable employment 
and having the CSA. We’ve sacrificed some things, sure. But now that we have resources, 
we want them invested here for the farm and region.”

22 In summer 2008, this tension regarding distance and region was underscored as Full Belly Farm had recently 
received a letter from the San Francisco Mayor’s Office concerning the city’s interest in identifying its food shed 
and determining how to invest in and support farms within that region. Full Belly Farm has been identified as a 
candidate San Francisco foodshed farm.
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Peregrine Farm

BACKGROUND AND HISTORY

Peregrine Farm, owned and operated by Alex and Betsy Hitt, is located about 15 miles 
from Chapel Hill, on the eastern edge of Alamance County, North Carolina. It is a region 
that remains rural, although under increasing subdivision pressure. The farm’s location 
near the large, well-educated, and prosperous demographic of the Research Triangle area 
was critical to the Hitts’ decision to acquire this farm and to their eventual farming suc-
cess. Some 40 other small farms (three to five acres) operate in the area, all within a 50-mile 
radius of Chapel Hill.

The Hitts began farming in North Carolina in 1981, shortly after they both graduated 
from Utah State University, he with a degree in soils and she with a degree in forest recre-
ation. They moved east specifically to begin a horticultural operation and chose that region 
of North Carolina for its demographics, climate, and proximity to family. Alex credits early 
mentors in business and in horticulture as instrumental in shaping their planning on how 
to start and organize their farm. His summer job as a college student at a profitable startup 
outdoor equipment and backpacking store in Houston exposed him to a successful busi-
ness entrepreneur. That entrepreneur provided an inspiring model of “bootstrapping” and 
conveyed the value of developing a written business plan. While at Utah State University, 
Alex also benefited from training with a horticulture professor who maintained his own 
sideline U-pick enterprise. The professor’s farm enterprise gave Alex a realistic first-hand 
look at small acreage and small capital farming.

From the outset, the Hitts planned to create a self-sustaining farm operation. Not a lot 
of land was available in that part of North Carolina in 1980, and interest rates were high. 
They found the farm based on a set of criteria that they had established in creating the busi-
ness plan. It is a 26-acre parcel that, until 1975, had been part of a larger 108-acre farm that 
had been pasture and some mixed cropping.

The Hitts worked with an accountant to establish a subchapter S corporation to enable 
them to finance purchase of the land. They developed a prospectus based on their busi-
ness plan that eventually reached 200 people (family members, friends, friends of friends). 
Eighteen individuals invested in the farm, with amounts ranging from $3,000 to $10,000; 
most investors resided outside of North Carolina.

The Hitts had read many studies (including those of Booker T. Whatley) about self-
sustaining operations that, at the time (early 1980s), focused on pick-your-own produce as 
a particularly appealing and profitable farming option. They began growing 22 varieties 
of raspberries and thornless blackberries, which they eventually switched over to thorned 
varieties (for their superior taste) on 4 of the 26 acres. In the process, they also learned the 
vagaries of the pick-your-own business, which for them proved not to meet the economic 
projections in the popular media or extension publications. For example, although the Hitts 
achieved the “car count” they projected for their location, customers generally picked far 
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less than expected (rather than 10 lbs/car, perhaps only 1 gal/car).23 The Hitts gradually 
transitioned to selling their berries wholesale by the flat to nearby shops. They had to 
learn all facets of wholesale production and marketing—handling appearance, shelf-life, 
scheduling—that were challenging and, as they determined, still insufficiently profitable 
for their small operation. They eventually stopped growing all berries except for blueber-
ries, noting with hindsight that they had also brought to North Carolina assumptions from 
another climate. Over time they moved into vegetable greens and began to rely primarily 
on the Carrboro Farmers’ Market (Carrboro is a town adjacent to the west side of Chapel 
Hill) and local restaurant and co-op sales to market the now four acres of vegetables and 
flowers that they manage.

In the early years of their operation, the Hitts say, “we were willing to live very close 
to the ground.” They initially lived in a tent on the property. For the first eight years, Alex 
also worked off the farm as a painting contractor. Running the farm was all consuming: 
“We didn’t go anywhere or do anything else for 10–12 years.” They gradually built their 
current house, which sits in the woods a short walk from their four production acres. The 
investors were all paid off by the end of 12 years.

FARM PRODUCTION SYSTEM

At present, crop production at Peregrine Farm consists of two acres of vegetable crops 
(80 varieties) and blueberries and two acres of cut flowers (more than 50 varieties). Alex 
takes responsibility for the vegetables, the blueberries, and the seasonal work crew of two 
hired people. Betsy is in charge of the flower business, including cutting every single stem 
herself.

The farm is divided into quarter-acre sections (100′ × 100′) with 24 planting beds in 
each section. The division provides the ability for the intensive rotations and cover crop-
ping that are important to the system. Low tunnels occupy one-quarter of an acre, although 
one-eighth of an acre is planted at any one time—the tunnels are on slides so that they can 
be moved during the growing season and plantings rotated. High tunnels occupy three-
quarters of an acre with only half of that space planted in tomatoes at any one time. They 
also have greenhouses in which they start raising their transplants in mid-December.

They plant every week, half transplants, half direct-seeded. The small tunnels are 
started in February. They start in the fields with sugar snap peas and spinach–kohlrabi–
beets, and with lettuce (transplants). The busiest planting time is in March and April. They 
raise all their own transplants in their greenhouse. They then plant tomatoes and peppers, 
and the high tunnels are for tomatoes. Vegetable planting is usually completed by May 
because they stopped growing fall greens in 2000. The way they decided to discontinue 
growing fall greens was typical of the way they make decisions—the greens offered mini-
mal marginal income and, with the additional time in the fall, they were able to spend more 
effort on preparing land for the next season.

Varieties are selected and retained based on their flavor and not the units of produc-
tion. New varieties are tried based on suggestions from chefs and customers at the farmers’ 
market. The Hitts say that it takes three years to learn how to grow new varieties well; they 
often raise new varieties within the crops that they are already growing successfully.

The entire key to their operation is a tightly designed system of rotations—for fertility 
pest and crop management. Their system provides the farm with a diversity of crops and 
the ability to alternate heavy and light feeding crops, and cool- and warm-season crops. 

23 Possible explanations include a decline in home canning and food preservation, due in part to household time 
constraints as more women entered the formal labor market in the 1980s.
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Small tunnel rotations are done on a 12-year cycle; field rotations are done on a 5-year rota-
tion; high tunnels are on a 3-year rotation (tomatoes–flowers–cover crop).

Another key crop management practice that they have instituted is a series of uniform 
blocks (100′ × 100′) that use the same dimension of landscape cloth, irrigation lines to pro-
vide for economies of management, standardization of materials, and the ability to compare 
the performance of blocks of varieties over time.

Soil and Fertility Management

The soil on the majority of the farm is a Cecil sandy loam with a porous clay subsoil that 
is productive and retains moisture—it was formerly in pasture. Some additional bottom 
land tends to flood; hence, that land is not always in production.

They test the soil in each quarter-acre rotation unit annually. They typically apply 
dolomitic lime, rock phosphate (for phosphorus and minerals), and potassium sulfate as 
indicated from the tests. They see phosphorus as their “biggest nutrient to manage.” They 
also rotate the farm’s turkeys from block to block (blueberries, flowers) to provide nitrogen 
and phosphorus.

Early on they used composted horse manure; they had tried dairy manure but had 
trouble with the seeds. They currently apply feather meal on the day of planting their cash 
crops. They do not use side dressing and apply nitrogen maybe one out of five years. They 
also add purchased worm castings to the transplant mix.

Regular use of cover crops restores soil fertility and organic matter. They rely on cover 
crops—two sets of winter cover crops and two sets of summer cover crops, rye–hairy vetch 
and oats–crimson clover—chosen to maximize organic matter and nitrogen. The cover 
crops need to be timed correctly. Tomatoes and peppers are raised on a no-till system that 
relies on crimping the cover.

Weed, Pest, and Disease Management

The Hitts’ biggest pest challenges are vertebrates—rabbits, deer, birds, and coyotes 
that have become established in the area and can threaten the turkeys they raise. Those 
animals are the hardest to control. They rely on electric fences around all their fields. They 
have relatively few insect problems, and they rely on the diversity of the system to retain 
generalist predators. The main pests are fruitworm on tomatoes, for which they use Bt, and 
western flower thrips.

To control weeds, they rely on a combination of rotation, cover crops, well-timed cul-
tivation, some hand thinning, and some flame-weeding. They also use landscape cloth on 
early tomatoes and hot peppers.

The disease management strategies are to break up disease cycles with rotations; use 
high tunnels for tomato diseases; avoid excess irrigation; and maintain careful field sanita-
tion. The primary issues are foliar anthracnose, bacterial leaf spot, and southern stem blight, 
which they manage with an organic formulation of Kocide, resistant variety selection, and 
field sanitation (removing diseased plants). Because of the range of crops on the farm and 
the amount of flowers grown, they have ample pollinator habitat so they do not have any 
separate planting to increase diversity.

Animals

The Hitts raise about 100 turkeys, half of which are Bourbon Reds and the other half of 
which are Broad Breasted Bronzes. They began raising turkeys in part to address an insect 
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problem. They get a premium for the birds at Thanksgiving, but there have been complica-
tions in the past couple of years in getting the birds processed. The Hitts have learned a lot 
about the business, and they believe that they now have a stable processor in the area to 
handle their needs.

Labor

The Hitts’ operation makes use of two “seasonal” employees who each work from 
March through October about 30 hrs/wk. They work under Alex’s direction and take turns 
helping with the two weekly farmers’ markets. The workers are provided benefits, but they 
live off the farm. The housing arrangement differs from other small farms that take on and 
house “interns” and is a strong preference of the Hitts. All of their employees, who tend 
to change from year to year, are interested in sustainable agriculture. Many have come 
from the sustainable agriculture program at nearby Chatham (County) Community Col-
lege and live in the area. Employees assist with the full range of production and handling 
tasks. Getting workers to understand and practice an “economy of motion” in those tasks 
is sometimes an issue.

Equipment

The Hitts have one small Ford tractor, chisel plow, flail mower, cultivator, and hand 
rototillers and mowers. They have two small walk-in coolers for the cut flowers and a cool 
room for handling tomatoes to sort by ripeness and prepare for farmers’ markets. They also 
have two trucks for delivery to markets.

MARKETING, BUSINESS MANAGEMENT, AND FINANCIALS

Marketing

Given the history of their operation, the Hitts feel that they “were at the beginning of 
the curve on local foods.” The majority of production from Peregrine Farm is now sold 
at the Carrboro Farmers’ Market (Wednesday and Saturday) in which they have been in-
volved since 1986. They are required to be at the farmers’ market 27 weeks of the year and 
note that 75 percent of their gross income comes from those two markets. The rest of their 
production is sold through Weaver Street Cooperative—a local store with three sites with 
which Peregrine Farm has had a longstanding relationship—and to a handful of local, chef-
owned restaurants. Customers, including the chefs, can and do order items to pick up at 
farmers’ market, thereby simplifying delivery. The key to their marketing has been to create 
direct and solid long-term relationships with their customers. Because they can track crops 
and sales over time, they can make decisions to alter the crop and marketing mix.

Certifications

The farm was certified organic for about five to six years in the 1990s. Over time they 
have let the certification lapse, even though they have not changed their practices. The 
administrative time and expense of certification have small marginal value now that they 
have a well-established customer base and reputation. However, they can see the value of 
the certification process in that it provides an incentive for planning, for keeping records, 
and for tracking inputs, such as manure, more carefully.
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Business Management

Peregrine Farm is very much a partnership between Alex and Betsy Hitt, and the part-
nership is critical to the success of the overall enterprise. The size of the farm is based on 
what they can manage on their own with modest hired seasonal labor.

Attention to record keeping has been key to this farm’s operation from the outset. They 
began with extensive records on Quicken software and later on QuickBooks as the need 
for more sophisticated records increased. Alex also took a course at North Carolina State 
University on farm-management record keeping that yielded useful information to adapt 
for their type of operation. Their records have included, from the beginning, planting, 
production, and financial records. Record keeping was important initially to inform inves-
tors about progress in the business but has become a foundation for the farm’s ongoing 
monitoring and success.

Record keeping is essential given the need for each production unit to be maximally 
productive and to manage the biological and marketing diversity on which the operation 
is based. They use Excel software for recording crop production and planning. In the Ex-
cel workbook, they track more than 200 varieties of vegetables and flowers. Turkeys and 
blueberries are handled as separate enterprises. The recordkeeping system is particularly 
valuable as a management tool in planning for orders, as an assessment of the value of 
individual varieties and plots, and in marketing. They are very systematic in their record 
keeping, and they input data weekly.

Alex noted that their ability to build their own sheds and outbuildings has been par-
ticularly important in keeping expenses down and allowing them to add buildings as 
needed. Alex and Betsy are technically employees of the S-corporation.

Finance

Peregrine Farm typically carries very little debt. The Hitts do not take out operating 
loans but occasionally take short-term loans ($3,000–$5,000) for capital or cash flow in the 
spring. They had no debt at the time of the interview.

They keep extensive records to make sure that their minimum target of $20,000 gross 
per acre is met. They have done progressively better each year, recently getting $27,000–
28,000/acre. They actively chart trend lines to monitor the economics of each part of their 
operation. For example, they track labor expenses and try to keep those expenses to 15 to 
19 percent of their gross sales.

The Hitts are unsentimental about crops that don’t yield adequate income per acre. 
They eliminate poor performers and try something else or shift the season, if the strategy 
can increase income.

SOCIAL AND COMMUNITY CONSIDERATIONS

Quality of life is an explicit and ongoing priority and consideration underlying many 
of the Hitts’ decisions about elements and practices of Peregrine Farm.

Markets as Community

The Hitts gravitated to the Carrboro Farmers’ Market in part for what they cite as 
 quality-of-life reasons. They noted, “The farmers’ market is our community. . . . To us, local 
is the community in which you live, shop, go to the doctor, and it’s basically 15 miles away.” 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

��0 TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

Both Alex and Betsy have been active in governance of the market that is critical to their 
business and their community.

Outreach

For the past five years, they have sent a weekly electronic newsletter to about 300 peo-
ple. Through the newsletter, they let people know about crops coming in, keep in regular 
contact with their customer base, and share seasonal pictures of the farm and news from 
the farm. They do not currently have a website, but are considering creating one, in part “to 
manage information about them and their farm that is already on the web” at other sites.

They also attend and speak at sustainable agriculture, “slow food,” and other meet-
ings. Alex has served on the board of directors for Weaver Street Market Cooperative and 
is currently serving on the board of Carrboro Farmers’ Market.

Government Programs

They have not participated in government programs, but they went to the Small Business 
Administration for help to rebuild their greenhouse after Hurricane Francis. In general, they 
said, “We were too early, too weird, too different” for government agriculture programs.

Learning and Obtaining Information

The Hitts have many contacts and “good working relationships” with university and 
extension people from North Carolina and other parts of the country. They are cooperating 
on variety–disease susceptibility trials with North Carolina State University. Alex remarked, 
“We go straight to the specialists,” but they also turn to fellow growers at their farmers’ 
market with questions, “since they are most like us.” Networking in general is important to 
the Hitts. Betsy has become very active in the National Association of Specialty Cut Flowers. 
Alex and Betsy attend conferences related to their specializations on the farm.

Food Safety

They have not experienced food safety problems. The scale and care with which they 
farm, their precise record keeping, the direct control they have over their crops, and their 
direct marketing to long-term consumers minimize their exposure to food safety concerns. 
They note that, across the board, food safety protocols such as a national animal identifi-
cation system would have a disproportionate and negative effect on small farms such as 
their own.

Labor Practices and Mentoring Workers

Half of their previous employees now own farms. The Hitts are very open in sharing 
information on farming and business management with their employees so that, in a way, 
the employees are apprentices. They are concerned about where help is going to come from 
in the future, as fewer people seem available. A gas allowance was provided to workers 
when fuel costs increased dramatically in 2008.

The Hitts have become more actively involved in the local and regional food move-
ments, including the Southern Foodways Alliance and Slow Food (they have attended 
Terra Madre in Italy several times since 2004).
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NATURAL RESOURCE ISSUES, ENERGY, AND CLIMATE CHANGE

Water

Two ponds and an adjacent stream, without much development upstream, provide 
water for the irrigation system. With careful management, the Hitts seem to have enough 
water, although they have expressed some concern about quantity. Everything is on drip 
irrigation—although the drought in 2007 affected establishment of cover crops. May is the 
month with the highest demand for water.

Energy and Recycling

With the exception of transportation to markets, the Hitts’ fossil fuel demands are mini-
mal. They have been using durable flats for raising transplants and have reusable landscape 
cloth. They had been using drip lines for about three years at the time of interview.

Climate Change

The Hitts have noted some evidence of climate change in terms of temperature and 
rainfall. They are thinking about how climate change might shift their planting calendar. 
They might do less production in high summer, when it is very hot.

RISKS, CHALLENGES, AND CHANGES

Flooding in the bottomlands provided a lesson. They moved that site out of their regu-
lar production rotation to reduce risk, and “We got terrible new populations of weed seeds 
there after that.” Farm transition issues are a major preoccupation for the Hitts, who are 
in their early 50s now. They are not yet ready to stop farming, but are beginning to think 
about succession and transition issues.

SUSTAINABILITY

“Being as diverse as we are has been making us sustainable,” the Hitts said. This idea 
is key to sustainability and to risk management. “Our system is established or carefully 
balanced.” Curiously, their very success creates new challenges; they share a sense that 
farming is not quite as exciting anymore, because in a way they have the system down. The 
day-to-day operation now is fairly straightforward in terms of knowing what to do.

The Hitts identify labor—and especially quality labor—as the chief barrier to their 
farm’s sustainability. This is a new time for small-scale farming as a second generation 
of farmers is coming along. The Hitts and other farmers are facing the issue of farm suc-
cession, and many of them do not have children or children who are likely to enter the 
business.

They feel that society has turned a corner on improving food quality. They have con-
cerns about the economic downturn, which leads them to want to develop even stronger 
relationships with their customers.
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OBSERVATIONS AND CONCLUSIONS

Peregrine Farm has always been a business that was also a farm. Although the Hitts 
are skilled and attentive farmers, their development of and adherence to a well-designed 
business plan along with their ability to keep, analyze, and apply an extensive record-
keeping system has been very important. From the outset, their habit of careful and regular 
record keeping helped in their overall success. Their innovative financing system and their 
willingness to be frugal in the early years allowed them to build a successful operation 
and to learn from their mistakes. They are proudest of the fact that they have done better 
financially every year they have been in business; that they have both been able to have 
full-time jobs on the farm; that half of their employees now have their own farms; and that 
they are able to contribute back to the sustainable agriculture movement.

Their willingness to do all the work on the farm and be personally involved in the 
marketing, along with their decision to focus on high-quality projects, has enabled them 
to develop strong relationships with their customers. They take care to maintain those re-
lationships. The value of their location in proximity to Chapel Hill with its well-educated, 
prosperous, and socially active population cannot be overstated.

Some advantages in being first-generation farmers and not from the area in which they 
are farming are that “we always look at things with fresh eyes, and we ask questions.” Ro-
tations and the subdivisions of land into quarter-acre sections with 100′ × 100′ plots makes 
possible the diversity of crops. The diversification reduces risk from overdependence on 
one crop, allows for direct marketing of a range of crops over an entire season, and offers 
opportunities to try small amounts of new crops in response to demand. Rotation is the 
key to the fertility and soil health programs and also to the pest management regime. A 
key contribution is the development of a well-defined system of plantings and cover crops 
along with the systematization and record keeping that is integral to its functioning. This 
has provided for important efficiencies and, as a result, income. A testament to the value of 
the system is its adoption by many of the people who previously worked with them and 
now own farms.
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Stahlbush Island Farms

BACKGROUND AND HISTORY

Stahlbush Island Farms, Inc., an integrated grower, processor, and marketer of veg-
etables and fruit, farms approximately 4,000 acres in three regions in and south of the 
 Willamette River Valley in Oregon. Bill and Karla Chambers acquired their original 
Corvallis-area farm in 1985, and have expanded and developed their business since then. 
The business centers on production of high-quality industrial food ingredients, retail fro-
zen and canned fruits and vegetables, and value-added products that are certified either as 
sustainable (for example, through the Food Alliance) or organic.

Bill Chambers grew up on a cattle ranch in the Willamette Valley, which “started as a 
hobby and became a business.”24 By the time he was in high school, the family farm was 450 
acres, and his family was raising 120 head of cattle (Hereford, Simmental, and Short Horn). 
Bill’s parents were both entrepreneurs, each having a business in other areas besides farm-
ing (one in construction and the other in broadcast and cable television). From his work on 
the family ranch, Bill says, he first “got the production ag bug.”

Realizing that the returns in cattle were not all that promising, Bill enrolled at Oregon 
State University (OSU) with the initial idea of becoming a veterinarian. During his senior 
year, he had studied in New Zealand in an agricultural sciences and management program, 
which exposed Bill to a different, “more progressive” agriculture. Upon completing his B.S. 
in agricultural sciences and agricultural economics at OSU, he worked for Farm Credit in 
Washington State for two years. There, he became immersed in long-term agricultural lend-
ing, credit analysis, and appraisal. Bill likens the learning through that work experience to 
“two informal years of graduate school,” which helped shape his approach to farm busi-
ness management. He then returned to OSU for formal graduate training, during which 
time he met and married Karla. Karla holds a B.S. and M.S. in agricultural economics from 
OSU. After 13 months of graduate school, Bill received his M.S. in agricultural economics.

In 1985, Bill and Karla had the opportunity to purchase the 500-acre Corvallis-area farm 
that is the core of their current operation. The farm’s owner was keenly interested in seeing 
his farming operation continue, but none of his own seven children had sufficient interest 
or the needed skills to take it on. Bill and Karla had some capital to put into the farm, and 
the retiring farmer was willing to finance them. He was also willing to stay involved as an 
informal adviser for the first year after the sale as the Chambers transitioned into the opera-
tion. His attention to detail and willingness to share information on the history of the farm 
proved beneficial to the Chambers as they became independent farmers.

The Chambers began with three people doing the production work on the farm—Bill, 
a mechanic, and a general laborer. The farm had been a conventional operation, raising a 

24 The interview was conducted primarily with Bill Chambers, president of Stahlbush Island Farms. Karla 
 Chambers, Bill’s wife, is vice-president of the company. The couple has four children, the eldest two of whom are 
now studying agricultural business at California Polytechnic State University, San Luis Obispo.
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rotation of sugar beets for seed (one year out of five because of problems with unintended 
“volunteer” plants) and soft white wheat. The farm had used agricultural chemicals exten-
sively, and the availability of agricultural subsidies had influenced cropping decisions. Bill 
recognized that the crop rotation they had inherited at the farm was not sustainable. The 
Chambers had a different situation and interests than their predecessor had: “I saw we were 
taking a lot of risk with that rotation and it wasn’t a good business strategy.”

In the winter of 1986–1987, Bill decided to look closely at the 10 most successful farm-
ing operations in Oregon to determine what they had in common. He concluded that the 
common characteristic of those successful operations was that all had some kind of vertical 
integration. He reflects: “That gave me a direction to look.” He considered several options, 
including flower production and specialty grass seed, but determined the returns for nei-
ther of those would be good enough. Moreover, he could be held responsible for such things 
as the genetics of new grass seed varieties, over which he might have little control.

At about the same time, the Chambers got a contract to raise pumpkins for edible seeds 
(for the snack food market). As the farm incorporated pumpkins for seed into its produc-
tion system, Bill noted that the pumpkin flesh, which was then typically left in the fields 
and treated as waste, could be an underused resource. He remembered thinking, “If I could 
create shelf life for pumpkin flesh, someone might send me money for it.”

That year, 1989, their second child was born. During Karla’s maternity leave from OSU 
where she then worked, they put together a business plan for frozen pumpkin. Bill made 
cold-call visits that spring to three major pumpkin pie companies (Sara Lee, Mrs. Smith’s, 
and Country Home Bakers) to see if they were interested in another supplier of pumpkin. 
The outcome of the discussions was fairly typical. All three companies expressed interest, 
but wanted product samples before making a decision or signing contracts. At the same 
time, the bankers wanted to see committed pumpkin buyers before financing a processing 
plant.

Bill and Karla came up with a 10-year plan to incorporate pumpkin processing into 
their operation. The farm was by then financially stable with the wheat and seed sales. 
They refinanced the farm, and built a small pumpkin-processing facility beginning in 
early summer 1989. Their business plan included the production of wheat and pumpkin 
for seeds and flesh. It also included building a plant to process the flesh (using an existing 
building and finding used equipment for everything but the refrigeration). They decided 
to let the farm pay for that experiment for four years, at which time they would evaluate 
and, if need be, shut down the processing plant and sell off the equipment. The summer 
they built the plant, Bill farmed all day and worked on the processing plant from 7 PM 
to 2 AM. The family included two young children then, and Karla worked full-time in a 
faculty position at OSU.

Their goal for the first year was 500,000 lbs of frozen processed pumpkin flesh. How-
ever, as Bill put it, “Murphy [as in Murphy’s Law] lived in this plant” that first year. Parts 
broke and would sometimes take as long as a week to be repaired. They only managed to 
produce 55,000 lbs of frozen pumpkin flesh in the first year. However, the production was 
sufficient to provide samples to the three pie companies. Mrs. Smith’s was very impressed 
by the high quality of Chambers’ pumpkin flesh, which had none of the flaws present in 
pumpkin from its existing suppliers. The company signed a contract for 2.2 million lbs.

Today, pumpkin remains a mainstay of Stahlbush Island Farms’ production, run-
ning 60–75 days per year at the plant. Because pumpkin does not use the plant fully, the 
 Chambers soon ventured into processing other vegetable products, including carrot puree 
and broccoli puree. As they identified and developed additional markets for industrial food 
ingredients, Bill said, “We’ve always had a focus on quality. ‘Quality is like beauty—in the 
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eye of the beholder.’ We try to figure out what is important to our customer.” He noted 
that while vertical integration might not be “the fashion today” in sustainable agriculture, 
“for us it has been absolutely critical” and, indeed, a large part of Stahlbush Island Farms’ 
success.

FARM PRODUCTION SYSTEM

Stahlbush Island Farms now includes three farm locations in Oregon totaling 4,000 
acres, 1,500 of which are owned and 2,500 of which are rented. Of that total, 3,500 acres 
produce vegetable crops and the remaining 500 acres are in small fruit crops. The crops 
raised include perennials—blueberries, blackberries, strawberries, and rhubarb—and an-
nuals—spinach, broccoli, corn, peas, and pumpkin. The operation includes 25,000 square 
feet of greenhouse space.

All farmland for Stahlbush Island Farm is now Food Alliance-certified. Of that, about 
30 percent is also USDA-certified organic, and another 5 percent is in transition to organic 
certification. The farms in the Corvallis area include three separate sites and total about 
2,000 acres (500 of which are rented).25 A farm southeast of Eugene in the McKenzie Valley 
involves about 1,000 acres; that land is rented and farmed as sustainable. Another farm 
near Medford in the Rogue Valley is 1,000 acres and all certified organic. Most of Stahlbush 
Island Farms’ rented lands are on 5–10 year leases. Bill points out, “It is way less expensive 
to lease land than to own it.”26

All production decisions at Stahlbush Island Farms (for example, varieties and irriga-
tion) are guided by the demands of customers, whether buyers of industrial food ingredi-
ents or they themselves “buying” ingredients for their own retail lines. Such buyer require-
ments in part stimulated the move to sustainable farming. In 1991, their first customer for 
puree was a baby food company. The Chambers learned that the cucurbit family has the 
propensity to pick up chlorinated hydrocarbons from pesticides. Through soil sampling, 
they learned their soils had persistent and inadvertent residues, an externality of former 
farming practices. Residues in some fields exceeded acceptable levels for baby food. That 
experience helped motivate the Chambers to move their farming practices in more envi-
ronmentally sustainable directions. In the late 1990s, they became the first farm certified 
sustainable by the Portland, Oregon-based Food Alliance, a third-party certifier.

Given the size and complexity of their operation, Stahlbush Island Farms has experi-
mented with different ways of structuring farm management over the years. They have 
tried assigning employees responsibilities based on specific parcels of land, on specific 
activities (such as irrigation), and on specific crops. They currently organize farm manage-
ment separately based on lands with annual crops and lands with perennial crops, but Bill 
notes that this may not be the final or only way to manage the operation.

Soils and Fertility

The soils in the Corvallis area and near Eugene are alluvial soils—well-drained river 
bottom land of sandy to silty clay loam to silty clay, whereas the soils southeast of Eugene 

25 Bill and Karla and their children live at the original farm site in Corvallis, within close walking distance of the 
fabricating shops, machine sheds, office, and processing plant.

26 In 2008, they were paying about $200/acre/year to rent land (even with pivot irrigation). Bill observed that 
most farmland leased where they are farming is not competitive, and there is social pressure from other renters 
of farmland to keep rental payments low.
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are rockier. The soils near Medford are 100 percent volcanic and quite variable, ranging 
from mucky clay to sandy soils.

Bill noted that he was taught that soil is a “mineral sponge” to be managed according to 
a sort of input-output model. He now rejects that model, stressing that he now sees “soil as 
an ecosystem that needs to be managed.” An ecosystem perspective on soil better suits his 
idea of improving the farm. The Chambers’ approach to farm sustainability aims to protect 
and improve soil health and the health of water systems in the Willamette River Valley.

The fertility program for Stahlbush Island Farms relies on university (OSU) recommen-
dations, but the Chambers are “backing off from that some.” The farm conducts soil and 
tissue analyses annually on the principle that “unless you measure it, you can’t manage it.” 
It uses an extensive amount of manure litter from the layer industry in the North Willamette 
Valley. A company cleans chicken houses and composts the material for a year. Stahlbush 
Island Farms buys that product, which provides the highest nutrient density per ton for the 
cost of transport. Bill said, “For organic fertilizer, it’s all about the freight.” Moving com-
posted manure can be costly, but Bill has found that for some crops, this method is cheaper 
to raise them organically. The Chambers also aim to have winter cover crops on all their 
cropland each year, although on some occasions, crop timing and weather has prevented 
covering 100 percent of the land (for example, pumpkin harvest)

Rotations

The crop rotation for the farm is based on the principle of two years of vegetable 
crops and one year of dryland or hay crop. Multiple variations are used, depending on the 
specific farming system. For the organic fields, the rotation changes to six years, with two 
years of alfalfa hay following four years of vegetable crops. The dryland crops are typically 
soft white wheat, annual ryegrass, or perennial ryegrass. Between the vegetable crops, a 
winter cover crop is always grown, which is a combination of grass or winter cereal and a 
legume. The cover crop is then incorporated into the soil during tillage for the next year’s 
vegetable crop.

Weed Management

Bill said that “weeds are where we struggle the most.” The farm uses steel first. All 
cultivating tractors are RTK (real-time kinematic) GPS (global positioning system) guided. 
The decision to move to GPS was both to reduce pesticides and to cultivate more reliably. 
Bill sees benefits in how GPS “breaks the human interface in operating the tractor.” GPS 
guided tractors allow the workers to cultivate more easily at night, make quicker passes in 
the field, and use less fuel. They also turn more efficiently, requiring 5 percent less space 
than a conventional tractor for turning. Stahlbush Island Farms has developed and fabri-
cated its own cultivation implements in order to cultivate closer to the row, down from a 
6-inch gap to a 1.5-inch gap. It, of course, uses different cultivation regimens for its various 
crops. Herbicide use often depends not just on the crop, but on the specific customer for 
that crop. Squashes are the most difficult crops for which to control weeds.

Pest Management

Bill noted “for the most part we just tolerate” insect pests. They monitor corn for root-
worm and earworm and “can mostly tolerate those two.” On broccoli, the Chambers use 
Bt and pyrethroids for lepidopteran pests. For aphids, they interplant cilantro to attract 
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predators. With their blackberries, they are particularly concerned about orange tortrix; 
they monitor carefully and end up spraying about one out of three years. The farm has no 
calendar spray program, but use monitoring and measuring of problems to make appropri-
ate cost-effective decisions.

The Willamette Valley is dry enough that disease problems are not great. Disease man-
agement is probably most intensive on cane berries, on which they use lime sulfur and 
Bordeaux mixture.

Rainfall and Irrigation

Rainfall varies considerably across the three farm locations, with the Corvallis farm 
area receiving 40 inches/year while the Medford farm area receives 19 inches/year. There-
fore, Stahlbush Island Farms uses every form of irrigation except flood irrigation, given the 
wide range of crops raised at the multiple locations. The preferred form is drip, used on all 
perennials except rhubarb and strawberries. The Chambers are trying to eliminate big guns 
because of the energy costs and land lines because of the labor involved. They currently 
use pivot and liner irrigation on their other acreage and are just starting to experiment with 
annual drip tape. Water continues to be plentiful; they have had only one year where water 
rights were an issue in the regions of their farms. Even so, water in the Willamette is fully 
allocated, and developing additional irrigated land would be difficult because of concerns 
about salmon. Two-thirds of the water used in the Corvallis area comes from the river.

Equipment

Crop-specific and efficient equipment is critical to the functioning of this vertically in-
tegrated operation. Stahlbush Island Farms now fabricates most of its own plant and field 
equipment and has done so for a number of years. The operation has 13 fabricators, a drafts-
man, and an engineer on staff. For example, employees developed innovative in-row culti-
vation equipment with sensors for crops like pumpkins. Precision and custom equipment 
is designed to enhance the productivity of the operation overall. Some new and specially 
designed equipment, especially for harvesting, reduces hired labor requirements.

Because of the size of the operation and the amount of equipment required, the 
 Chambers can order equipment to their specification from dealers who are eager for their 
business. For example, at the time of interview, they had just taken receipt of several new 
tractors, specifically built for their operations.

NATURAL RESOURCES, ENERGY, AND CLIMATE CHANGE

Water

Water is visually prominent, especially at the original farm site in Corvallis, which is an 
island in the river. A braided water system, constantly changing, can flood in winter. Rains 
can be significant at some times of year. Before World War II, the original farm site flooded 
frequently and dramatically, such that people could not really live there. When the Army 
Corps of Engineers built dams, the land could be more readily farmed.

For Stahlbush Island Farms, water for irrigation is a more significant concern than 
water for the processing operation. Crops are irrigated from surface water. Well water is 
used in the processing plant. All water in the processing plant is used three times: 1) as a 
coolant; 2) for washing fruits and vegetables; and 3) recycled again for use in irrigation. 
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Any organic residue picked up in the processing plant through that cycle thus goes back 
onto fields. This sequence conforms to Bill’s view: “There’s no such thing as garbage, just 
underutilized resources. The question is how do we make use of them to create value?”

Wildlife and Biodiversity

Bill noted that they have virtually lost wild bees in the areas where they farm, although 
he recently found two wild hives. They hire bees to pollinate their cucurbits and berries.

Energy

At the time of the interview, Stahlbush Island Farms was actively addressing ways 
to use waste products from processing and turn them into biogas for the production of 
electricity. Construction was underway on an on-site digester at the main Corvallis farm.27 
With the processing plant running 24 hrs/day, 365 days/year, it uses about 750 kwh/day. 
The Chambers hope to produce two times the electricity they currently use. Bill refers to 
the energy cycle on the farm as solar energy processed through plants and then through 
the digester. He sees the potential for “electricity becoming another crop of the farm.” The 
goal for the farm is to eventually be better than carbon neutral.

When Bill purchased seven tractors in the summer of 2008, his decision was guided, not 
by lowest capital cost, but by the tractors with the best fuel economy. He is also interested 
in compressed natural-gas vehicles, and he is beginning to look into them for the farm.

MARKETING, BUSINESS MANAGEMENT, AND FINANCIALS

Stahlbush Island Farms is structured as a privately held corporation, with Bill and 
Karla as the only stockholders. The partnership between them is at the very heart of the 
enterprise. As Bill says, “My wife and I are business partners and life partners. Her skills 
and attributes are almost a perfect complement to mine. She does marketing and short-term 
administration. I do farming, operations, and long-term administration.”

The guiding principle for the company is to provide quality for the customer by finding 
out what is important to the buyer. Bill and Karla used to visit customers face to face once a 
year. Stahlbush Island Farms now has six full-time staff in sales and marketing, each with a 
portfolio of customers to remain in contact. Karla oversees the establishing and maintaining 
of strong working relationships with customers through regular communications. Bill notes 
that Stahlbush Island Farms will grow different varieties as requested by its customers or 
process with more or less solids as the customer specifies. The Chambers, however, will 
also tell a customer when something cannot be done and still be a quality product. The 
business is very demand driven, yet guided by the Chambers’ knowledge and expertise. 
The Chambers have found that giving customers choices can produce better business deci-
sions. For example, they always try to give two samples to customers and then ask which 
they like better and why. That approach is part of working toward customer commitments 
and contracts: “We don’t grow it if we don’t have a market for it,” Bill said. “First we get 
the contracts, and then we plant.”

27 According to a May 31, 2009, article in the Corvallis Gazette-Times, the $10 million biogas plant generating 
methane and electricity from processing plant residues was to start up in June 2009 and is projected to be capable 
of generating enough electricity to power 1,100 homes.
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Stahlbush Island Farms sells into three food market segments: 1) industrial food ingre-
dients; 2) retail; and 3) food service, but it has targeted the first two the longest and most 
actively. Its industrial food ingredients segment, which began with the frozen pumpkin, 
has now expanded to processing 42 different crops into more than 300 different SKU’s 
sold domestically and to export markets. The retail segment is a smaller, but growing part 
of the business. Retail includes the frozen sustainable fruit and vegetables “Stahlbush Is-
land” brand, canned organic “Farmers Market” label (including canned pumpkin, canned 
sweet potato, and canned pie filling), and, most recently, a canned organic pet food brand, 
“Nummy-Tum-Tum.”28 The development of the retail brands creates the greatest value for 
the business. The food service segment has been the last to be developed, but it is now gain-
ing attention with focus on local restaurant chains and food service distributors.

Twenty percent of the farm’s business is exported, going to about 20 countries. Japan 
is its major export market, and China is one of growing importance. It also does some spot 
marketing through brokers but generally finds that using brokers inhibits communication 
with customers. Stahlbush Island Farms attends and exhibits at food-trade and natural-
food shows.

The processing plant, which operates year-round, functions, according to Bill, as a “job 
shop processor.” He said, “We are not usually the low-cost producer. We seek the customer 
where price is not the key deciding factor.” As a result, Stahlbush Island Farms only plants 
what it has sold under contract, which eliminates sales and price risks. Stahlbush Island 
Farms will accept a waiting list for orders of its products. Despite their positive experience 
with contracts for industrial food ingredients, the Chambers also moved into the retail 
market “where we could be our own customer.” Bill noted that with industrial buyers, 
the average life span of a product is only three to four years before the product is discon-
tinued. Developing its own retail lines provided a way for Stahlbush Island Farms to gain 
some control over the costs of that constant product churning on the industrial side of the 
business.

Audits and Certifications

Stahlbush Island Farms occupies an ultra high-quality market niche, which has become 
important to avoid potential recalls of its food products. The company brings in outside 
auditors to assess operations for food safety, and its industrial customers can also (and 
do) send in auditors. The company goal is 98 percent or better out of 100 points for good 
food-safety performance. It typically achieves that level or better when audited by a private 
food-safety auditing firm. The Chambers’ approach is to “take food safety and push it back 
down on the farm.” They also regularly audit the farm with their own internal quality-
 control group, ensuring that they meet Good Agricultural Practices.

Sustainable and organic certifications have been important for Stahlbush Island Farms 
as ways to increase the overall competitiveness of the operation by addressing the demand 
of quality-oriented market segments.

28 In the fall of 2008, Stahlbush Island Farms introduced Nummy-Tum-Tum, its new line of canned organic 
pumpkin dog food. The Chambers developed this product after learning that some customers of their Farmers 
Market line of canned organic pumpkin were feeding it to their pets as a healthful diet addition.
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SOCIAL AND COMMUNITY CONSIDERATIONS

Labor and Staffing

Stahlbush Island Farms is a significant employer, with 120 full-time year-round em-
ployees and another 340 either part-time or seasonal workers. Bill’s goal is to provide 
10 months’ full-time employment for most of the workers, which involves continually 
looking for things that can be done year-round.29 Hispanics make up the majority of sea-
sonal labor at Stahlbush Island Farms. In Oregon, about 70 percent of employees in natural 
resource industries, including agriculture, are Hispanic, according to a recent study. The 
diversity of the crops raised enables Stahlbush Island Farms to provide work over a large 
portion of the growing season and to make best use of the human resources engaged in the 
operation: “I’ve tried to select crops that allow us to have employment as long through the 
season as possible and a diversity of things for those people to do.” In perennials, workers 
might prune blueberries in winter, then harvest rhubarb, then harvest strawberries, then 
harvest blueberries, then train blackberries, for example. Employees often go back and forth 
between work on the farm and in the processing plant, although some workers specialize 
on particular tasks. Bill mentioned, “A lot of business people think of labor as an expense. 
I think of them [laborers] as an asset. People are important to me.”

The Chambers recruit nationally for skilled and professional positions, but they are 
able to heavily rely on the Corvallis area, which, with nearby OSU and other companies, is 
a hub for scientific and technological expertise. The farm also employs two in-house crop 
consultants as technical specialists for the farm operation.

Community Support, Service, and Recognition

Among other community activities, the business supports youth efforts like 4-H/FFA. 
Bill noted approvingly, “4-H supports entrepreneurship and kids learning responsibility.” 
In 2008, Karla bought 45 animals from 4-H/FFA members at the county fair, and she used 
her influence to encourage others in the community to purchase the animals as well.

The Chambers receive many queries from other farmers and prospective farmers and 
have been happy to share information about their farming practices with anyone who 
asks. They view information about the processing plant as more proprietary. In addition, 
both Bill and Karla have served in many different faculty, leadership, and training roles at 
OSU, which permits them to reach others about entrepreneurship in agriculture and the 
business of Stahlbush Island Farms. Karla currently serves on the Federal Reserve Board 
of San Francisco. She has served on the boards of various regional and local foundations 
and organizations as well. Bill has served on local school and several corporate and district 
improvement boards. The couple’s work and service have been recognized with awards 
such as the 2000 U.S. Presidential Award for Leadership in Sustainable Agriculture and 
2001 Agribusiness of the Year.

SUSTAINABILITY

The Chambers’ experience of supplying ingredients for the baby food market in the 
early 1990s helped motivate their turn to more sustainable farming practices. Rethink-

29 At the time of interview, the Chambers were looking at individually quick frozen products, including wild 
rice, as another option for extending work through the year.
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ing his received assumptions about pesticide use, Bill saw externalities for which society 
was not paying. He emphasizes five things about pesticide use that came to concern him: 
1) pesticides often lower the yield of crops receiving applications; 2) pesticides don’t always 
stay where you put them; 3) pesticides have negative effects on beneficial soil microorgan-
isms; 4) applying pesticides poses health risks, and Bill does not like asking someone else to 
do something that he does not like doing himself; and 5) pesticide residues in foods worry 
consumers, and therefore “less is more.” In 1992, the Chambers set a goal to eliminate pes-
ticides from their operation in five years, although, Bill noted, “We failed in this.” The cost 
of organic nutrients was a factor, but he also decided complete elimination of pesticides 
was perhaps an inappropriate and nonsustainable goal.

According to Bill, Stahlbush Island Farms sees sustainability in terms of three main 
criteria: profitability, responsibility with resources (such as soil, water, air, wildlife, and 
people), and taking care of customers. The Chambers’ goal is to continually make improve-
ments in all three areas.

Bill noted the importance of finding the balance between profitability and the unsus-
tainability of pesticides. He has developed a rule of thumb he calls the 2 × 4 × rule, which 
requires thinking through alternatives. For example, if the alternative to a pesticide is no 
more than twice the direct cost of a pesticide application, he will use the alternative. If the 
alternative is four times the cost of the pesticide application, he will use the pesticide, care-
fully choosing the one that is least harmful to the environment.30

RESEARCH AND POLICY CONCERNS

Research

Stahlbush Island Farms has sought to create a culture of continual innovation to reduce 
costs, improve quality, and enhance the environmental and resource conservation aspects 
of its operations. The Chambers helped found the Willamette Farm Improvement Associa-
tion (this group no longer exists), which was funded by USDA-Western SARE. They work 
extensively with OSU, participating in plant breeding trials for berries and studies on in-
sects and cover crops. They also conduct their own internal research on the farms, although 
this is more informal, through deliberate experimentation, rather than formal, structured 
scientific research. Bill sees two categories where further research is especially important: 
1) soil biology, and especially nutrient availability; and 2) the application of electronics to 
agriculture (for example, sensor technology to distinguish between weeds and crops in 
cultivation equipment).

Policy Concerns

Stahlbush Island Farms has not availed itself of government conservation programs 
or farmland protection programs. Bill cited the transaction costs (“the cost of dealing with 
the paperwork creates friction greater than the value from participating”) and reduced 
flexibility (program participation could limit future options) as reasons why not. The 
Chambers support country-of-origin labeling, in the belief that consumers deserve to 

30 Bill said that an alternative that costs three times what a pesticide costs usually requires some debate to 
decide which way to go. He further notes that they never use some pesticides under any circumstances, such as 
fumigants.
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know where their food is coming from and can make better choices for themselves with 
that information.

OBSERVATIONS AND CONCLUSIONS

Perhaps the most distinctive feature of Stahlbush Island Farms is its tight integration of 
production, processing, and marketing within the operation. The Chambers see their model 
of “vertical integration” as a strategy for better managing the risks inherent in agricultural 
operations. The stability allows Stahlbush Island Farms to produce a consistent quality 
product for distinct sets of valued customers. It also allows for continual innovation on the 
production side to increase the farm’s efficiency and profitability. Ultimately, Bill thinks of 
their sustainable farm operation as a farm that does processing and not as a processor that 
happens to farm.

This vertical integration strategy distinguishes Stahlbush Island Farms to some degree 
from other sustainable farming enterprises in the region. It certainly reflects the vision 
and evolving business plan of Bill and Karla Chambers. At the same time, their vertically 
integrated enterprise has been facilitated by particular circumstances of time and place. 
For example, the site of the original Corvallis Farm was subject to an exception in land use 
rules that allowed them to locate a plant for processing their own product. Without that 
provision, it might have been more challenging to start, develop, and expand their complex 
“vertical integration” model.

The strength of the company and the key to its business sustainability lie in hav-
ing carved out a very stable market in which they are a contract supplier of high-quality 
products. The company’s strategy enables the Chambers to ensure a price and market for 
their crops as they are planted, helps them know how to modify their production to meet a 
specific market, and provides them the security and flexibility to carry out environmentally 
sound production practices and long-term improvements to the farm.

From his experience, Bill has distilled three pieces of advice for others who want to 
build on the lessons of Stahlbush Island Farms:

• Know your real customer.
• Grow what your customer wants.
• Understand costs.
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Goldmine Farm��

BACKGROUND AND HISTORY

Owned and operated by Jack Erisman, his wife Jeannie, and their sons, Goldmine Farm 
is located in Shelby and Christian counties in central Illinois. Much of the 2,200 acres of 
land that the Erismans farm in their integrated crop and livestock operation is located in the 
southernmost, transitional zone of the Shelbyville Moraine. The soils are not the heaviest or 
deepest in the state, but they are very productive, on the southern edge of the guaranteed 
Corn Belt. The area remains highly oriented to the agricultural sector and farming (for ex-
ample, nearby Assumption is home to GSI, the largest grain storage bin manufacturer in the 
country, and home to a large, long-established John Deere dealer). However, farm popula-
tion in that area, as elsewhere in the Midwest, has dramatically declined in recent decades. 
For example, when Jack started farming in the 1960s, each township averaged roughly 30 
farmers. He guesses that there are presently fewer than 10 farmers per township.

Jack followed his father into farming in this area of Illinois. His father didn’t finish 
seventh grade, but “he was a smart man, a go-getter. People came to him to plant their 
land.” Over time, his father acquired farm properties, sometimes worn-out farms that no 
one wanted that he gradually improved. His father was concerned about soil conservation 
and bought a Graham-Hoeme chisel plow in 1942. Noting that the terrain had histori-
cally been somewhat wet, Jack recalls, “Dad was also a great drainage guy” who invested 
so much into tiling their farmland in the 1950s that Jack’s mother complained. The farm 
prospered under Jack’s father’s management approach, and he became one of the largest 
acreage farmers in the area.

Jack attended a Jesuit boarding school in Wisconsin during high school. This was fol-
lowed by stints in college (for liberal arts study), the Army, and back in college (studying 
agricultural engineering at Colorado State University). Before finishing, he returned home 
in 1963 to farm with his father. The operation then involved hogs, a small herd of beef cattle, 
and crops. His father quit farming actively in 1964. Jack was able to buy four or five pieces of 
his father’s farm machinery at the resulting auction and took over the farm. During a period 
of about four years starting around 1966, Jack also farmed in Macon County, Mississippi 
(cotton, corn, and soybean). The Erismans invested in land in the black prairie of eastern 
Mississippi because farmland in Illinois in that period had become “untouchable.” Jack 
found being away from his home state and facing solo farming responsibilities in a differ-
ent social context invigorating: “You can’t go to school and learn what I learned there.” He 
married during his Mississippi farming years. Despite his success and the freedom he felt 
farming in Mississippi, the commute between Mississippi and Illinois made the arrange-

31 This summary draws on some parts of a case-study report on Goldmine Farm’s transition to organic farming, 
written by Dan Anderson and posted November 16, 2007, on the website of the Rodale Institute, which comple-
ments and extends information obtained through the NRC case-study interview.



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

��� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

ment difficult to sustain. When he finally divested of the farmland in Mississippi around 
1973, he was able to invest in additional land for the operation in Illinois.

In Illinois, during the 1980s, Jack was also a small fertilizer and farm chemical dealer 
in partnership with a neighbor. The Illinois farm included a farrow-to-finish hog operation 
(producing about 1,000 hogs/year) up until the late 1970s. Faced with challenges of find-
ing labor to tend the hogs and his own misgivings about the growing trend toward total 
confinement operations, Jack quit raising hogs to focus on crops and cattle. It was in those 
years that his farming began to depart from “conventional” models. Beginning in the 1970s 
and through the 1980s farm-crisis years, he worked on reducing expensive chemical inputs 
to the farm and experimented with other ways to improve soil quality, including conserva-
tion tillage. In the late 1980s, he began transitioning his farm to organic production.

FARM PRODUCTION SYSTEM

Of the 2,200 acres that Jack farms, about half is rented and half is owned. About 300 of 
those acres (200 of which are tillable) is land that he custom manages for his sister’s five 
children (including doing the organic certification). Another 160 acres have been put back 
in permanent pasture (for the past 15 years) at the “home place.” An additional 80 acres 
is also in permanent pasture. Certified-organic production is central to the current farm 
operation. When the Erismans began the transition to organic in 1988, few large-scale crop-
ping operations were organic.

Typical annual rainfall on the farm is 37 inches, although it was already over that level 
at the time of the interview in October 2008. The land on Goldmine Farm is fairly drought 
tolerant due to its good water-holding capacity. Wet years prove more problematic for the 
organic production than drought years.

Soils and Fertility Management

The soils at Goldmine Farm are generally silty clay loams—moderately fine textured 
and somewhat poorly drained. Most are Herrick, Virden, and Harrison association.

The goal on Goldmine Farm is to enhance fertility by orchestrating the potential of 
components and processes inherent to the soil system. Attention to nitrogen fixation and 
the contribution of cover crops are important. Jack annually runs both soil and tissue analy-
sis and aims to balance micronutrients such as manganese sulfate, zinc sulfate, sulfur, and 
boron, not just nitrogen, phosphorus, and potassium. In developing his fertility program, 
he has looked carefully at what limits the uptake of nutrients and at the level of nutrients. 
He worked with a private consultant to index those factors and has developed a fertility 
program that can vary annually, rather than a set system. For example, the calcium program 
applies lime that varies by the crop that is grown on that land and by the base saturation for 
the soil in a particular field. Jack observed that understanding and improving fertility on 
the farm has been a “constant learning process. . . . We used to assess only soil chemistry. 
We also need the biochemistry.”

The farm has a nutrient management plan on file with the USDA Natural Resources 
Conservation Service, but the focus of the farm’s plan is more on erosion and erosion con-
trol (consistent with the “T by 2000” emphasis at the time the plan was created).32 Given 
the movement of the beef cattle from field to field, the animals generally self-spread their 

32 Goldmine Farm has terraces on four to five fields.
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manure. Jack builds some compost piles, typically after accumulations resulting from the 
cattle feeding in one place during the winter.

Cropping System and Yields

Goldmine Farm produces about 1,100–1,300 acres of row crops annually, focusing on 
corn, soybean, some small grains, and hay. When he still farmed conventionally, he had a 
five-year rotation (such as corn–beans–corn–beans–wheat/clover), so moving to a longer 
seven-year rotation was not a big departure. Soybean, then, often served as a “cash cow” 
(“you had to do them”), so they would sometimes even raise two years of beans and one 
year of corn in that seven-year rotation. Over the years, Jack has developed an increasingly 
complex rotation system, which itself could vary from cycle to cycle. The current typical 
rotation plants corn followed by a rye cover crop followed by soybean and a small grain. 
Then a grass–legume mix is overseeded to create pasture that they could continue for one 
to three years, or be followed by a year of corn, followed by a year of beans. Every seven 
years, a given piece of land is left essentially idle, sometimes with cattle on it.

The Erismans have stopped growing wheat, partly because of problems with the millers 
who became pickier about crop quality or began to insist that the farmer store the grain for 
extended periods. In addition, they were growing rye for seed, and it proved too difficult 
to clean out the equipment as completely as needed between the two crops. They now con-
centrate on rye and oats. In 2008, they raised 450 acres of oats. Jack notes that his oat yields 
(see below) look low compared to conventional production, but the quality is very good. 
The farm often sells small grains to organic seed suppliers, as those markets have recently 
been good. Annual per acre yields for the farm are as follows:

• Soybean, between 15–55 bushels (bu), with an average of 35.
• Blue corn, between 50–100 bu, with an average of 65–70.
• Rye, between 20–35 bu, with an average of 30.
• Oats, between 40–80 bu, with an average of 65–70.
• Corn, between 100–150 bu, with an average of 140.

Now committed to the extended seven-year rotation system, Jack continues to try a 
variety of new crops and practices. The Erismans have experimented with continuous corn 
(with hairy vetch or with kura clover, the latter of which they are still actively working on), 
or they might try continuous soybean (with winter rye). Jack thinks those rotations might 
be possible, if weed problems can be handled. The purpose of his experiments in cropping 
systems is to simplify the system but remain productive. They have solid seeded beans, 
but the results are a toss-up because of weed problems. They recently conducted a small 
one-third-acre experiment with a red-corn hybrid. They harvest about 65 acres/year of hay, 
taking one hay crop per year from any given field.

Production Practices

Jack adapts tillage to specific field conditions in each field and also tests for compac-
tion. Although he strives not to plow on the farm, he will use a moldboard plow to break 
up clumps and root balls in orchard grass stands, if necessary. Otherwise he will disc and 
V-chisel, disc-chisel, or just disc as necessary. He is also experimenting with a rototiller on 
sod and has no-tilled into spring-planted winter rye. Generally, however, he does not do 
much no-till, because of concerns about weed control within the organic system. He relies 
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on an air drill for all seeding other than corn. He might rotary-hoe corn as many as three 
times, depending on conditions. He strives to cultivate corn twice, with the first cultivation 
when the plants have reached six to eight inches in height.

The organic harvest has proven more challenging than conventional farming. Because 
he plants two to three weeks later than conventional growers to prevent cross-pollination 
and contamination by GMOs, Jack also harvests his organic crops later than conventional 
growers in the area. He thinks organic soybean stalks might retain more moisture, which 
could result in a healthier plant, but could also contribute to slow drying of the plants. The 
actual moisture content of crops does not always seem to suit the harvesting equipment, 
and that mismatch can delay harvests.33 For soybean, issues in timing the harvest can result 
in beans too discolored for food grade and perhaps lost yield. He recently had 140 acres of 
beans that went through the winter, but, when finally harvested in April, had to be sold as 
feed grade. Specialty corn can also pose problems in harvest; for example, the hybrid blue 
corn sometimes does not stand up well.

Pest and Disease Management

Jack noted that pest management should ideally be a “symphony, but sometimes it’s a 
cacophony.” That comment captures his sense of the challenge of coordinating management 
decisions related to pests and disease. He quit using synthetic insecticides in 1969, and, in 
the subsequent 39 years, he has honed his concern about the short-term view and potential 
long-term losses with constant applications of synthetic insecticides. That has led him to 
approaches based on crop diversity, encouragement of natural enemies, and mechanical 
measures. For corn borers, he has used strips of buckwheat as a harbor for lacewings, which 
will eat the corn borer larvae. He might try buckwheat on the edges of fields (to reduce the 
problem of subsequent weeds by being able to mow around the edges of fields), but he is 
unsure if that planting strategy would be as effective for pest management as strips within 
the larger fields. Rootworm has not been a serious problem on the farm, probably because 
of their long (seven-year) rotation. When leafhoppers become a problem in alfalfa (within 
a mixed hay field), Jack’s solution is to cut the hay. He has experimented with planting and 
interseeding turnips for nematode suppression, but he has found that a clean field is nec-
essary for establishing a stand. He finds that Canada thistle and bull nettle seem worse in 
organic production. Alluding to the social desirability in this part of the country regarding 
clean farm fields, he says, “We just don’t look as good [as conventional farm fields].”

Controlling storage pests can be a problem with organic crops, and solutions acceptable 
under organic certification can be limited. The Erismans gave up growing wheat partly 
because of this difficulty. They have used PyGanic PRO (a pyrethrum-containing product 
certified for organic use). Given the importance of crop storage to the operation, storage-
pest management approaches that comply with organic regulations are essential.

Livestock

Goldmine Farm now has about 260 head of beef cattle, and they play an important part 
in Jack’s extended rotation, noted above. The Erismans breed roughly 115–120 cows per 
year. In the 1970s, Jack started with Black Angus, and in the 1980s he worked with breeds 

33 A significant portion of this farm interview was conducted either in the field where Jack and his hired man 
were attempting to fix a combine that had broken during the harvesting or on runs to a farm supply store to 
obtain parts.
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such as Red Brangus, Black Simmental, and Polled Herefords. All his cattle were initially 
grain-finished. Now he pasture-finishes his cattle and is trying to develop a phenotype for 
smaller frame animals that are better adapted to his operation and more efficient. At the 
moment, the transition involves some line breeding, with six lines of females on the farm 
breeding (AI) with seed stock from a top Murray Grey bull from New Zealand. The inten-
tion is locally adapted genetics that will include desired traits—specifically being able to 
finish well on grass, because it has proven too costly to feed his cattle organic grain, from 
his farm or elsewhere.

The cattle might be divided into several herds (three to five) that rotate among the pas-
tures, depending on water and on pasture availability and quality. The majority of the animals 
are rarely brought in from the pasture. Supplemental hay is fed as necessary in the winter 
months, but pastures are managed for winter grazing.

Jack normally calves in June, which he sees as optimal. The cattle-raising cycle has gen-
erally lengthened “more in keeping with nature’s cycles,” according to Jack. For example, 
he does not tend to wean calves until the following spring when they can be put on fresh 
grass. That schedule gives the calf 9–10 months with its mother, which Jack believes is more 
healthful for the animals. With a forage-finished system, the calf then goes another year. The 
system is flexible year-to-year, gradually harmonizing across phenotype of cattle, season, 
and mineralization in pastures.

The Erismans provide kelp and Redmond salt plus a little selenium as a free-choice 
supplement for their cattle. If an animal develops an infection or presents a disease that they 
are unable to resolve homeopathically, they will treat it with an antibiotic. Such animals 
then come out of organic certification. They are generally taken to the sale barn. Sometimes 
a local beef customer is happy to buy such an animal. They do not seem to care about anti-
biotic treatment in the context of what they know about the overall quality of Jack’s animals 
and his beef cattle system.

Adequate shade is an issue for the beef cattle. Therefore, Jack is considering planting 
trees or building shelters for the cattle in the newer permanent pasture areas. Although he 
notes that good veterinary services are available in the area and address most of the needs 
for their livestock, he observed that large animal veterinary services are not as prominent 
or available as they were in the past.

Equipment

Jack owns an extensive assortment of large farm equipment particularly for crop pro-
duction, management, and harvest. He said, “I’m a machinery buff, but I do have some 
pink elephants around.” Much of the equipment used on the farm is adapted to its specific 
conditions and needs.34 He has equipped an older tractor with flotation tires to reduce com-
paction for harrowing and rotary-hoeing solid seeded soybean. The air drill can plant grain 
at a desired depth while also incorporating micronutrients or overseeding a grass–legume 
mix. Jack noted that the machine has 144 monitoring points to ensure precise delivery of the 
seeds and materials. Such equipment can present not only mechanical but also electronic 
problems, but he notes, “We thrive on the challenge of what can we use or adapt to make 
things work better.” A driving concern is improving precision of application and minimiz-

34 Jack notes that the area has a lot of people who do fabricating, which can be useful for customizing equip-
ment. The grain-bin manufacturing out of nearby Assumption and the legacy of farm manufacturing (including 
Caterpillar, Inc.) in Decatur, a 30-minute drive to the north, have probably contributed to a level of fabricating 
skills and innovative capacity in the local population that benefits those who farm in the area.
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ing trips over the field. Given his own considerable range of equipment, he does not hire 
custom operations.

NATURAL RESOURCES, ENERGY, AND CLIMATE CHANGE

Soils on the farm can sometimes be wet, although flooding seems to be controlled, prob-
ably because of the drainage system and benefits from the rotation system. Jack sees some 
resilience from his organic farming system: “I’ll do better than my [nonorganic] neighbors 
in a droughty year.” The resilience is a result of the water-holding capacity of his soils. 
However, he notes that the reverse is also true: “Wet years become harder for us.”

Jack believes that increasing no-till on the farm would help reduce its carbon footprint, 
but no-till presents challenges in an organic system. Because of high fuel costs in 2008, he 
has made some changes that include making fewer passes with equipment, less mowing 
of roadsides, and less cutting of some pasture. He has looked into wind energy and has 
explored its possibilities on his land. He pays more attention now to farm-related travel 
and tries to consolidate trips into town.

MARKETING, BUSINESS MANAGEMENT, AND FINANCIALS

The farm business includes three different business structures: one property is a lim-
ited partnership of Jack, his wife, and sons; another property is a sole proprietorship; and 
the rest of the farm operates as a C corporation. The different fiscal year closing for the C 
corporation provides a helpful way to manage some income and tax liabilities, although it 
has potential negatives, for example, with estate planning.

All marketing is done through the corporation, which is a certified-organic entity. The 
operation keeps meticulous records on production and income, which Jack sees as useful 
for finetuning and adjustment that ensures success. For example, the Erismans receive 
numbers from their buyer on the “cut-outs” when their animals are slaughtered. That data 
help to inform decisions on herd genetics and selecting animals.

Marketing and Organic Certification

The Erismans received their organic crop certification before USDA set and administered 
federal organic standards. Organic certification has been important for Goldmine Farm’s 
access to profitable national and international organic grain markets (for example, much of 
its white corn has recently gone to the European market). Although the market premium for 
organic certification is important to the bottom line, the decision to transition to organic was 
initially also about reducing production costs. “In the first year of transition [to organic], I 
saved $100,000 in fertilizers and chemicals,” Jack said, “but I didn’t get good yields.” Over 
time, his yields in organic production have, of course, improved. Non-GMO verification, 
however, is becoming a new area of concern. Even with his longstanding organic production 
system, he sees a risk that there might be “no zero anymore,” given more widespread cultiva-
tion in the region and country of transgenic crops.

Jack did not organic-certify the cattle operation until 2003. He noted, “You can be 
successfully organic without the beef line. For us, the organic beef is a complement, a 
supplement. Most of our income is in the organic commodities.” There is only one organic-
 certified kill floor in Illinois. The majority of finished animals (roughly 20 head annually) 
are sold through a grass-finished market. A few head are sold into the Chicago organic 
market (about two to four head annually) and into the St. Louis organic market (about six 
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to nine head annually). Some of his beef (perhaps six head annually) is marketed locally, 
more as a community courtesy than a focused market niche.

Jack has been willing to try new varieties targeted for new markets. He is trying an 
experiment with red corn in addition to his production of blue corn. One critical issue with 
the development of new crops, in addition to getting the production system right, is the 
uncertainty of working with a buyer who is unfamiliar with the dimensions of the new 
market. Those challenges often increase the risk to a producer and can cause vexing delays 
in delivery and payment.

Although he had a contract for his first blue corn production, Jack views contracts 
cautiously, noting “I’ve been burned.” Now, when he is setting up a contract, he tries to 
sit down with the other party, and ideally they write it together. He cites the importance 
of having trust and being trusted but emphasizes that he tells them, “Here’s what I want.” 
Ultimately, however, he said, “My preference is no contract. I’m a gambler.” Therefore, he 
plans each year with the idea of storing all his grain, which allows him the flexibility of 
not having to sell his crop on the market at a specific and perhaps unprofitable time. Such 
storage capability is, in his view, essential for a farmer to be successful in organics. Over the 
years, he has shipped corn and beans directly to international markets.

Financial

Goldmine Farm’s income derives overwhelmingly from crops and commodities rather 
than from the beef. Jack was able to pay off the debt on his farm, even before he started 
the farm’s transition to organic around 1990. He has now reached a stage of financial com-
fort and success in farming. In 2008–2009, his financial concerns paralleled those of other 
 Americans, whether or not they were farming, who have questions about how best to invest 
and protect their financial resources.

Risk Management and Insurance

For personal and philosophical reasons, the Erismans had for a long time chosen not 
to buy medical or life insurance. At Jack’s wife’s request, they now carry supplemental 
medical insurance. Although Jack had crop insurance on 320 acres farmed the first year he 
farmed with his father, he has not taken out crop insurance since then. As he said, “I don’t 
believe in it [crop insurance]. What am I going to do? Sit around and pray for hail? I just 
never take it.”

SOCIAL AND COMMUNITY CONSIDERATIONS

Labor

Despite farming more than 2,000 acres and managing livestock, Goldmine Farm oper-
ates with a minimal amount of hired labor. Jack currently has one full-time employee, who 
helps in all areas and is “as good with a wrench as he is with a sick animal.” This employee 
grew up about an hour away and has a background in construction. He began working 
on the farm in 1999. The employee has been building equity in the operation by taking 
ownership of one cow in the herd each year plus her offspring. (In late 2008, the employee 
was up to 26 head total.) Jack developed similar arrangements with previous workers that 
helped to retain them for extended periods of time and that also recognized and rewarded 
the importance of hired labor as a resource contributing to the farm’s success. In 1987, at 
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the end of 10 years work at the farm, one worker went away with a $10,000 bonus. Jack 
described his full-time workers: “All those people have value. I don’t want to be a user. I’m 
not talking about altruism. It’s good logic for making systems work.” Aside from having a 
full-time, year-round employee, he also hires college students to help on the farm intermit-
tently in the summer.

Community Involvement

Jack has been active in his local community (for example, he has served as a volunteer 
fireman for some 30 years, and he has served on the board for his local conservation dis-
trict). Particularly within his state and region, he has been a leader and spokesperson for 
what many describe as “sustainable agriculture.” Although Jack started “doing” sustain-
able agriculture in the 1970s, it was in the mid-1980s that he became involved with efforts 
in Illinois to “bring those concepts into the mainstream.” To that end, he played a part in 
the Illinois Sustainable Agriculture Society, an organization that is now mostly defunct 
because, as Jack puts it, “We’ve done what we set out to do, bringing the concepts into the 
mainstream.” He continues to speak to groups of farmers and others on his approach to 
organic production of crops and beef cattle. Although few of his immediate neighbors farm 
organically, he has supported or informally advised other people in his region as they have 
transitioned about 1,500 acres to organic production.

Observations on Access to Organic Food

Jack sees the farmers’ need to develop strong organic markets as linked through pro-
duction innovation to the consumer’s ability to access those markets. He says, “If you want 
the organic market to grow, you need to make it more affordable for more people. With 
forage-finished [beef], you can maybe compete.” He has had the opportunity to work on 
these issues as a member of the Illinois Local and Organic Food and Farm Task Force, which 
was established by the Illinois Food, Farm and Jobs Act of 2007.

RESEARCH AND POLICY CONCERNS

Farm Programs

Jack serves on the board of the Organic Trade Association (OTA). He has assiduously 
avoided the use of federal farm programs or crop insurance. His aversion is based on per-
sonal experience in the failure of insurance and a belief, borne out by the success of his farm, 
that he can thrive economically without those programs. He firmly believes, “You don’t 
have to have a government program to survive.” The farm has received some technical 
assistance with conservation measures, such as terraces and waterways, but not financial 
assistance.

Research Participation and Needs

Jack served on the original elected board of the Illinois Council on Food and Agricul-
tural Research (C-FAR), an entity with a broad base of stakeholders that in the past 15 years 
has directed more than $100 million of state money for needed research at four public Il-
linois universities in such disciplines as agricultural production systems, water quality and 
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conservation, rural development, and food safety. For organic production in particular, he 
believes that research is best done at the farm level.

In terms of research needs, he is concerned about development of and access to good or-
ganic varieties. He believes that the organic seed supply system has become too proprietary 
and sees a need for more public plant breeding targeting organics. More work by land-grant 
universities on organic soybean is especially needed. Not many companies supply good 
lines of non-GMO seed, and some have unilaterally dropped lines that Jack considers good. 
Growing organic on contract is a way to get organic seed, but contracts have drawbacks, 
in his view. He feels that contracting should not be the only way to farm organically. He 
sees a need for farmers to adapt varieties to local conditions over time. More research at 
the farm level could help develop new organic varieties that are appropriate for specific 
sites, regions, and markets. He also sees a need for additional research investigation into 
the federal organic standard, its implementation, impact, and problems of compliance.

SUSTAINABILITY

The challenge to the gradual accomplishment of sustainability on this farm has been 
understanding and optimizing the system: “The most important thing we do here is un-
derstanding compatibilities and synergisms of different crops and plants in the system. 
It’s knowing what crop do I need to follow with.” He stresses the need to work with and 
reinforce the natural order of things, creating the lightest carbon footprint, achieving the 
greatest return from nature “without having to do much,” and making the best use of the 
natural topography and soil resource.

Jack believes that his system is transferable because it is flexible. It involves knowing 
the site’s soils and the topography, having good drainage, and understanding what steps 
nature will take in combination with a realistic sense of markets. A realistic sense of the 
market requires, he said, knowing what you are good at and what markets you can afford 
to supply.

Farm Transition Issues

The question of farm transition has become more salient lately. His two sons have gone 
away for college and for military service, and he is unsure whether either would be inter-
ested in the farm, given interests and obligations in their adult lives as they marry and start 
families. Jack muses, “The biggest question for me: How do we transcend my presence, if 
it’s my presence that has been important. The farm may be more my personality than it 
should be.” He recognizes that for someone to take on this farm requires a special combi-
nation of will and skill. He notes the depletion of young people from central rural Illinois, 
especially compared to generations past, but he also insists that he is “open to some bright 
young person who might come in.”

Labor as a Limiting Factor

Jack identifies labor as a factor that could constrain what activities or enterprises can 
be taken on and developed at the farm. For example, value-added initiatives (such as 
packaging some of their specialty grains) could be considered if additional qualified labor 
is available. In that sense, limited access to sufficient labor might circumscribe some entre-
preneurial options for his farm.
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OBSERVATIONS AND CONCLUSIONS

Two factors appear central to the success of Goldmine Farm. First, the incorporation 
of livestock into the cropping system not only adds an important income stream, but also 
figures centrally in establishing a sound, highly integrated rotation system. Keeping land 
in pasture helps restore soil health and minimizes weed problems when cash crops are 
planted. Second, the ability to access a premium (for organic crops and beef) and to reduce 
and even eliminate costly chemical inputs of conventional farming enhances economic 
profitability. Those factors contribute to the success of the enterprise overall.

As Jack Erisman reflects on his life’s work at Goldmine Farm, he is proudest of not 
having used government programs, educating his sons, and having created an organic ag-
ricultural system that has survived and thrived, even when at some junctures many people 
(including some family members) thought it was not possible.
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Rosmann Family Farms

BACKGROUND AND HISTORY

The Rosmann Family Farm is deeply rooted in the rural Iowa community in which it is 
located. The original ancestor, George Rosmann, came to Westphalia around 1875, part of a 
wave of German Catholic immigrants brought to work and settle the area by the railroads. 
Present-day Westphalia is a small and still largely German Catholic hamlet located on a 
ridge a few miles north of the current Rosmann Farm. Westphalia remains an important 
community focus for the Rosmann family.35 Ron Rosmann’s great grandfather began farm-
ing in the area in 1883, at the original farm and homestead that the family retains and where 
Ron’s middle son now lives. Ron’s grandfather acquired additional farmland in the area. 
Born in 1907, Ron’s father, as the eldest son, had to farm. He moved to Ron and Maria’s 
present farm, after this farm was lost by another family during the Depression. It was on 
this farm and in this farmhouse that Ron grew up.

Ron went to Iowa State University in 1968, beginning as a farm operations major, shift-
ing to distributed studies, and finally graduating with a degree in biology. He began college 
with no particular intention of going back to the farm, and while there became influenced 
by the anti-Vietnam War movements and other social issues of the time. Upon graduating, 
he worked briefly in a youth home in Ames and considered going into psychiatric social 
work. Ron’s two older brothers were by then pursuing non-farm career paths. When Ron’s 
father said, “You’re the last one. Try it or I’ll have to rent the farm,” Ron decided to return 
to the farm, then 320 acres, for a year. He found he liked the independence of farming and 
the opportunity to be a leader in a small community. As he says, “I never looked back.”

When Ron returned in 1973, his father was raising cattle and hogs, doing crop rota-
tions, and using pesticides and anhydrous. His father was locally regarded as an innovative 
farmer. He had the first combine and first corn dryer in the area. He also kept a team of 
Belgian draft horses (until 1969) to work on the farm, even though they had three tractors. 
Ron and his father worked together from 1973 to 1980, when his father passed away “far too 
young.” Ron regards those years of farming with his father as invaluable for their father-son 
relationship and crucial in his own development as a farmer.

The current farm of 600 acres (200 of which are rented) is in Shelby County, in a region 
of fertile rolling hills, roughly 35 miles from the Missouri River. All the land is classified as 
highly erodible, with slopes of 8 to 11 percent. The soils are loess soils that include Marshall 
silt loam on the high flats, Monona on the hillsides, and Judson in the bottoms, which were 
all tiled by hand by Ron’s father and grandfather. The tilth of the soils is, in Ron’s words, 
“incredible”—they dry out well but they also hold moisture. The farm has no ponds and 
no major streams, although Keg Creek starts on the Rosmann land. Ron and his wife Maria 

35 The Rosmanns are active in the Westphalia Catholic Church, which leads or coordinates a number of com-
munity and service programs, including recent construction of a new community center. 
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have three sons. The eldest, David, works for an agriculture-focused nongovernmental or-
ganization in the Twin Cities. The middle son, Daniel, has returned to farm with Ron and 
Maria, after completing a B.S. in agronomy at Iowa State University. The youngest, Mark, 
just finished a double major in agronomy and history at Iowa State University. He works 
on the farm summers and vacations and is still determining his post-college plans.

FARM PRODUCTION SYSTEM

Rosmann Family Farms is a diversified crop–livestock system, premised on internal 
cycling of nutrients, reduced purchased inputs, and organic certification, which provides 
formal recognition of its sustainable farming practices and a market premium.

Crops

The Rosmanns currently follow a six-year crop rotation of corn–beans–corn–oats or 
barley or succotash–alfalfa–alfalfa, with crops certified organic since 1994. The two years 
of corn represent a concession to economic reality, as corn is raised for feed and for cash; 
its production contributes to the profitability of the farm. The Rosmanns feed their barley 
and oats to their hogs and cattle. After harvest, cattle are run in the fields for gleaning; 
otherwise “we are throwing feed away.” It is hard to do more than two years of alfalfa in 
a field, before pocket gophers begin to damage roots and make the terrain more difficult 
for farm equipment.

Planting

Their seed corn is 50 percent Blue River and 50 percent an untreated and non-GMO 
Pioneer® hybrid; their soybean for planting comes from Blue River. The Rosmanns also 
raise some soybean for Blue River. The farm is divided into 40 fields, between 5 and 40 acres 
each, depending on the slope.

They ridge-till corn and beans, planting the rows 38 inches apart. A key to their system 
is planting on time, which is roughly May 1 for corn and May 20 for beans, depending on 
the weather and soil. Ridge tillage works best for their system, which has four to seven 
times less weeds than other systems (for example, no-till) and provides them with the best 
yields. As required for organic certification, the Rosmanns keep a 30-foot buffer around 
their fields from plantings on neighboring farms of GM crops.

Yields

The Rosmanns’ crop yields are at the county averages, which are 135–145 bu/acre for 
corn, 45 bu/acre for soybean, 80 bu/acre for oats, 65 bu/acre for barley, and 5–6 tons/acre 
for hay. (In 2007, the farm averaged 55 bu/acre for beans and 160 bu/acre for corn.) The 
farm does not currently produce enough manure to get higher yields, and the Rosmanns 
do not haul any additional manure onto the farm.

Inputs

Ron stopped using pesticides in 1983, but the farm did not become certified organic 
until 1994, when organic markets were strengthening. He notes that when he first moved 
toward organic farming practices, purchasing off-farm organic inputs was the emphasis. 
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The Rosmanns do not purchase nitrogen inputs for their farm and have never used fish 
meal. They have not applied potassium since 1983. They use soft rock phosphate every 
third year at 250–300#/acre; they also add micronutrients (zinc, copper, and sulphur) based 
on soil tests, which they conduct every third year. They often bring home from the mill the 
cleanings from processing of their organic soybeans into meal to feed their own hogs to 
maximize economic value from that crop.

Livestock

Hogs

The Rosmanns have 50 sows at any one time, and raise about 600–800 head a year. 
Their hogs are a Berkshire–Chester White–Duroc cross (Berkshire and Duroc for the 
meat quality). Organic Valley requires half-Berkshire for the red color of the meat and 
the marbling. The hogs are housed in small groups in barns with access to the outdoors 
for disease and parasite reduction. Indoors, Ron keeps the straw bedding sufficiently 
deep so the hogs stay dry, and he notes that bedding application levels need to be coor-
dinated and agreed on among everyone working on the farm to achieve that. Pyrethrins 
are not added to the feed; a chrysanthemum-based spray is used on the pigs for lice and 
mange. The Rosmanns use vinegar in the feed rations to manage scours to keep the hogs’ 
guts somewhat acidic. Sick hogs are isolated, treated, and then sold as nonorganic (not 
through Organic Valley).

The hogs are raised in a farrowing house, which has individual units, for six weeks 
after they are born. They remain in the farrowing house for at least two additional weeks 
after they are weaned and the sows are removed. The Rosmanns no longer use farrowing 
crates for the hogs. When they reach 30 pounds, the hogs are moved to a small hog barn, 
where they are kept segregated. At 50 pounds, the hogs are moved to the grower unit where 
they are raised to 100–120 pounds. When the hogs reach 120 pounds, they are moved to a 
finishing barn. All of the barns are treated in the same way as hoop houses, with a constant 
cover of bedding and a cleaning once the hogs are removed. The Rosmanns try to allow the 
farrowing house to sit empty between groups of young, but find that they often cannot do 
so for very long. They rely on good sanitation practices, using a power and chlorine wash 
on the building after it is emptied.

They seed peas in with the barley and harvest them together as feed for their hogs, 
which the hogs love. Changes over time in the hog operation include discontinuing docking 
tails and taking out needle teeth. Those changes, which Ron supports, were his son Daniel’s 
choices as he assumed more control of the hog enterprise.

Cattle

The Rosmanns raise 70 feeder steers and heifers and about 85 cows and calves, all a Red 
Angus breed for which they are continually try to select for individuals suited to their farm 
location. Ron notes that “every breed has good individuals, and it’s a matter of selecting 
within the breed” to improve their own internal system on the farm. They also raise their 
own bulls. Their cattle do not have as many health problems as their hogs. They have had 
only a few isolated outbreaks of pneumonia over the past 10 years, for which they isolate 
the cattle in the same way they do sick hogs. Per requirements of Organic Valley, their buyer, 
they feed corn to their cattle, because that helps them make “choice” rather than “select” 
grade.
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The Rosmanns are considering a transition away from such heavy corn feeding, but 
they recognize the need to find the right genetics to get choice grade meat with grass-fed 
cattle. Their hope is to do some selection for individuals with the right characteristics for 
their farm and location that would thrive on a pasture regime with some grain. However, 
those considerations are tempered by their knowledge that it typically takes at least two to 
three months longer to raise a pasture-raised animal for market.

They rent a tub grinder to grind hay that they pile for the cattle when the snow is too 
deep (from December to February). They spread the manure out from the cattle feeding 
areas before they are ready to plow.

Poultry

Maria manages another small enterprise of about 150 non-certified organic broilers 
once a year. She starts the birds in late summer and butchers them in the fall before the cold 
of winter, a system that is the reverse of many farmers, but more efficient in her view. The 
birds are used on-farm and sold informally to local extended family.

Pest Management

The Rosmanns now have minimal insect problems, although they stopped raising 
food-grade soybean (for the Japanese market) in part due to an infestation of bean leaf 
beetles that discolored the beans and downgraded their market value. They have since 
moved entirely to feed-grade organic beans that yield better and pose less risk. On occa-
sion they have problems with corn borers for which they use Bt, but they have only used 
Bt once in 25 years.

Their weed problems include a variety of thistles, which they believe they are manag-
ing through hand-digging from their pastures. They have velvet leaf and giant ragweed in 
the crops. Velvet leaf was at one time much worse. Giant ragweed has become a more recent 
concern, spreading up into field areas adjacent to small creek bottoms. Their primary tools 
for dealing with weeds are ridge tilling and crop rotations.

Pocket gophers and deer are serious vertebrate problems. As mentioned, the gopher 
mounds damage crops and equipment and prevent the Rosmanns from going more than 
two years in alfalfa if they decided that was desirable. They also have to consider gopher 
infestations as they think through their rotations. The deer tear up fences and crops at the 
perimeter of fields.

Pasture Management

The Rosmanns have 120 acres of pasture, which they like to keep for 7–10 years (one 
pasture has now been in place for 14 years). They do not rotate pasture as much as they 
used to, and they see a need for more nitrogen on their pasture lands. Ron notes, “There’s 
a weak link. We recognize we need more nitrogen [in the pastures] for optimal growth.” 
They fence their field with high tensile wire on the outside perimeter and move cattle from 
paddock to paddock every three to four days, based on a visual assessment of the condition 
of the forage in the pasture.

They have added shrubbery to some of their terraces even though doing so has not 
matched recommendations from NRCS. The shrubbery provides beneficial insect and bird 
habitat. Despite concerns from NRCS, the terraces have remained stable and intact.
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Equipment

The Rosmanns have a large diversity of equipment, including an old Case IH tractor. 
Most of their equipment is bought used, except for the manure spreader, which was bought 
new. Over the past five years or so, they have purchased about one new piece of machinery 
each year. They bought a new wheel rake in 2007 and a new manure spreader in 2008. They 
also purchased a new disc mower for cutting hay in 2007. They rarely get rid of machinery, 
noting that one never knows what might be needed. It has become harder to get parts for 
some of their older machinery, partly because it is old and partly because of the decline in 
nearby farm equipment dealerships. The Case IH dealership in nearby Harlan went out of 
business in 1983, so they go to Avoca for Case, which is 15 miles away, even though Ron ac-
knowledged that 15 miles is not so far considering what many farmers now have to travel. 
Their ridge tillage and planting equipment is smaller than typical, which allowed them to 
get it used for less expense and then adapt it to their farm. They do some sharing of farm 
equipment with neighbors.

New technology, such as cell phones, has been useful for the farm, enabling Ron, Maria, 
their sons, and a hired man to check in with each other, answer questions, and reduce truck 
miles around the farm or into town.

Labor

The Rosmann Family Farms are very much a family operation, with Ron managing 
most of the production side until recently, Maria handling most of the marketing, and their 
sons providing critical labor and input. Daniel, in his mid-20s, plays a particularly impor-
tant role and has joined the farm full-time, assuming greater responsibilities. Among other 
things, he has taken over feed management. With his younger brother, he has taken the lead 
on the hog enterprise. Currently, the Rosmanns also employ a nearby farming neighbor 
three days a week year-round. This worker has exceptional mechanical skills. He is critical 
for “making us more efficient for production” particularly given some of the ongoing chal-
lenges in operating, repairing, and maintaining equipment.

Nutrient Management

The Rosmanns have a Comprehensive Nutrient Management Plan, which they com-
pleted with help from NRCS. They use composted manure from their cattle and swine. 
They compost the manure in windrows with the bedding—barley and oat straw—along 
with round and square bales of stubble hay that are used for farrowing. The compost is 
mechanically turned to achieve optimal temperatures and then applied to fields with a 
manure spreader.

The alfalfa in their rotation is also used to provide nitrogen for the soil. Being on a two-
year rotation maximizes the tonnage of hay and the nitrogen, which peaks at the second 
year. Manure is also distributed in the field through the feeding system in the winter for 
the cows. The system uses a hay grinder to create feeding piles that are moved around the 
fields.
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NATURAL RESOURCES, ENERGY, AND CLIMATE CHANGE

Water

The farm’s water comes from wells and the rural water system. The wells frequently go 
dry because they are less than 100 feet deep. The typical rainfall is 28–30 inches/year. The 
farm is on the drier side of Iowa and was not adversely affected by the torrential rain and 
flooding in the spring and summer of 2008.

Energy and Carbon Concerns

The Rosmanns have long been interested in alternative energy and in reducing their 
energy use. Ron and Maria organized an alternative energy conference in nearby Harlan 
some years ago, which was attended by 300 people. They built a solar nursery and farrow-
ing house (from a design of Iowa State University Extension), which saves significantly on 
 energy costs. They have focused on purchasing smaller, more efficient equipment appropri-
ate to their size operation. They have also cut back on some operations, such as mowing. 
They are considering growing beans specifically to make biodiesel and would like to explore 
wind power. Alternative energy is something Ron says he would like to “key in on.”

They look at their system as an economically productive ecosystem in its use of carbon. 
The size of their operation allows for a rotation of crops to restore nitrogen and carbon to 
the system (without importation of nitrogen). The livestock provides a means to create a 
value-added product that also returns nutrients to the biological system.

MARKETING, BUSINESS MANAGEMENT, AND FINANCIAL

Marketing

The Rosmanns have been marketing organic beef for 10 years and organic pork for 4 
years through Organic Valley. They thought it would be more difficult to meet Organic Val-
ley’s requirements for pork than was the case. Organic Valley frequently shifts where it has 
the beef cattle sent for slaughter. The slaughter site for pork, which is in Sioux Center, Iowa, 
has not changed since they started. Ron would like to see Organic Valley move toward stan-
dards for more pasture-feeding of animals. His interest in how markets for grass-fed meat 
develop has been reinforced by emerging information about the potential human (heart) 
health benefits of grass-fed meat. Current debates about U.S. agriculture and the American 
diet resonate with him, considering his own personal and family health histories.

The Rosmanns also process some organic beef at the Amend plant in Des Moines, a 
longstanding arrangement that has worked well. They pay for the organic certification at 
the Amend plant. For 10 years, they have marketed that beef under their own Rosmann 
Family Farms label. Most of it goes to central Iowa retail establishments, notably Wheats-
field Cooperative in Ames and Campbell’s Nutrition, which has three stores in Des Moines. 
Those retail shops have been good outlets for their label. Maria has held cooking demon-
strations and tastings at Wheatsfield.

They also process some organic pork at a different meat processor to sell under their 
own label. That pork is not certified organic (instead “natural”) because they are not sure 
they can get the processor certified. It is sold to the same shops as their beef.

They were the first to market organic meat in the area. For a brief time, they had a 
mini-CSA in Des Moines through the support of an interested acupuncturist. It involved 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

ILLUSTRATIVE CASE STUDIES ���

both Ron and Maria being in Des Moines once a month (12 days a year). As their chil-
dren reached the more activity-laden years of middle school, they found the arrangement 
worked less well, and they focused on retail outlets. In the late 1990s and early 2000s, they 
frequently supplied meat for special events at Iowa State University that sought to serve 
“Iowa-sourced meals.” Although that arrangement provided good visibility for their farm 
and product, they have moved away from it. Ames is not close to their farm, and “we’ve 
streamlined now for our needs.”

They keep seven freezers on the farm to ensure sufficient supply of their farm-raised 
meat to service their central Iowa accounts and customers. Even with the economic down-
turn in 2008, sales remain steady. Although they might now be selling “less steak, it’s con-
sistent for ground beef.”

They have never had to advertise their own label meats, as word-of-mouth recogni-
tion has spread. They recently bought their first advertisement, in the Wheatsfield Co-op 
newsletter, but this was more to support the cooperative than because they actually need 
to advertise.

They market the grain that they do not use on farm for their own animals to a variety 
of buyers. In general, they “can’t meet the demand” for organic grain and have no problem 
selling it. They have marketed their grain through Scoular Grain in Omaha, Grain Millers 
in Minnesota, and Heartland Organic Coop. They were involved with a marketing coop-
erative that focused on organic soybean for export to Japan. It went under five years ago, 
because, Ron asserts, it became a victim of poor timing and perhaps too narrow of a focus 
relying on Japanese sales. Everybody in it lost money.

Certifications

The cropping operation has been certified organic since 1994. The Rosmanns’ beef op-
eration has been certified organic since 1998.

Finance and Business Management

The farm is organized as a sole proprietorship, although the Rosmanns have consid-
ered an LLC or another corporate structure. They carry production loans each year because 
of the crop cycle. Their accountant works with them to use the tax system effectively (pay-
ing attention to depreciation and timing of sales) for their farm. They continue to be com-
fortable with the debt load they carry and look at it as a management tool that is key to the 
success of their operation and their peace of mind. Ron noted that “debt is not a bad thing 
necessarily. You have to manage it.”

They carry catastrophic insurance. They do not carry revenue insurance even though 
they believe it is better than hail insurance. (It hails often in their area.) The primary reason 
is that they typically receive higher than average prices for their products so the insur-
ance would not adequately compensate them. With Daniel joining the farm now, they feel 
greater concern about farm income to support both generations.

SOCIAL AND COMMUNITY CONSIDERATIONS

The Rosmanns’ orientation to farming is undergirded by a strong sense of social re-
sponsibility. Both Ron and Maria are active in church and local activities, and they have 
also been active in state and national policy debates. Both have provided testimony before 
Congress on agricultural issues, and Ron was running for a seat in the Iowa House of Rep-
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resentatives at the time of the interview. He had been thinking of entering state politics for 
a while, and he saw the moment as a good time to launch a bid, given issues in the state 
and Daniel’s developing role on the farm.

The Rosmanns have long relied on and learned from a network of other Iowa farmers 
also interested in low-input and organic farming. They have been members since the begin-
ning of the Practical Farmers of Iowa (PFI), and Ron has served as its president. Sustained 
connections with other PFI farmers over the years have allowed informal back-and-forth 
about ridge tilling, crop rotations, composting, animal rations, and other topics. The Ros-
manns have held numerous field days for PFI farmers and others at their farm.

They have also participated in considerable research on their farm. Some of their par-
ticipation has been through field and farm experiments coordinated and managed by PFI. 
The Rosmanns execute the trials and collect the data. Many Iowa State University research-
ers have also conducted research on the Rosmann farm.36 When asked why they partici-
pate in research, Ron notes he is “enthralled with it,” and sees involvement with farming 
research as a way to be more involved with science. At the same time, he is bothered when 
he sees grants for sustainable agriculture research that budget little or no compensation to 
the participating farmers. Both Ron and Maria have served on various grant review panels 
related to sustainable agriculture, including for the USDA Cooperative State Research, Ex-
tension and Education Services’ organic program, Value-Added grants, USDA Sustainable 
Agriculture and Research Program, and the Organic Research Foundation.

More recently, Ron has become involved in and served as treasurer of the Iowa Or-
ganics Association, a group formed in part to provide a collective voice for the interest of 
Iowa organic farmers relative to issues of genetic drift from GM production. He has some 
concerns about the viability of another new organization and how it fits within the larger 
landscape of organizations addressing sustainable agricultural concerns.

Informally, the Rosmanns often confer and compare notes on farming or specific chal-
lenges with a neighboring farmer who also farms organically. He does not have livestock, 
but this connection is still an important source of information and support.

Federal Farm Programs

The Rosmanns receive commodity payments for corn and soybean (they also receive 
some small payments for oats and barley) but have a comparatively small base relative to 
their neighboring farmers.

They have been involved with Environmental Quality Incentive Program for their 
comprehensive nutrient management plan for windbreaks, pasture management, and buf-
fer strips. They also have 2.5 acres of land along Keg Creek in the Conservation Reserve 
Program. They would have been glad to be involved in the Conservation Security Program, 
but their farm is not in a priority watershed. They hope to participate in the Conservation 
Stewardship Program coming out of the 2008 Farm Bill.

They will not put any more land into terraces because the terraces take too much out 
of production and are difficult to maintain. Instead they will rely on buffer strips that are 
more flexible. They currently make good use of their headlands, keeping them organic and 
cutting hay from them.

36 Other studies, beyond the many with Iowa State University researchers, in which the Rosmanns have par-
ticipated are Michigan State University examining ridge till vs. conventional cultivation and the University of 
Iowa investigating methicillin-resistant Staphylococcus aureus in the animals and workers on sustainable versus 
conventional farms.
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Ron stresses the importance of helping beginning farmers in the community. He notes 
his own father’s approach, which involved renting out two 160-acre farms to young men 
wishing to get started, rather than his father farming that land himself. Daniel is participat-
ing in the USDA Beginning Farmer Program for a low-interest loan (a 30-year loan at an 
interest rate of 2 to 3 percent) for the purchase of an additional 70 acres (all in CRP), which 
will bring the Rosmann Family Farms to a total 670 acres. Daniel has spoken publicly in 
Washington about the importance of that program.

RISKS, CHALLENGES, AND CHANGES

While diversity is a linchpin for the Rosmann Family Farms, it is also time consuming. 
Ron is quick to underscore the advantages of diversity on the farm—its beauty, produc-
tivity, associated ecosystem services, and energy processes. However, he and Maria quip 
about the possibility of being “overly diversified,” pointing to challenges in identifying 
“optimal diversification” on the farm, itself a condition that is different over time in re-
sponse to the various elements of the system and needs and resources of the people farm-
ing. Nonetheless, they feel considerable pride and pleasure about the system they have 
developed.

The Rosmanns are beginning to think through transition issues, especially now that 
Daniel is farming full-time. Ron’s experience in working well with his father in that farm 
transition has provided a good model for involving his son’s ideas and energy in the farm. 
Although there is some day-to-day operational learning in the transition, there are also is-
sues of calibrating the farm’s enterprises overall and ensuring they can support all family 
members who look to the farm for livelihood.

OBSERVATIONS AND CONCLUSIONS

The keys to the success of the Rosmann Family Farms, as they see it, have been their 
longstanding commitment to crop rotation, finding a ridge-till system that works well for 
them, including ruminants to recycle nutrients, growing a diversity of crops, and pursuing 
value-added (organic) meat production. Having an excellent location for farming, includ-
ing good soils, provided a good base. The involvement by all their sons and a commitment 
to farming as an occupation by at least one of them have also been critical to the vitality 
and prospects of their farm.

Sheer zest for farming is also important for understanding Rosmann Family Farms. 
Ron says of farming: “I love it. There is always something to learn.” They see research as 
an ongoing and pressing need to ensure the future of their type of farming, particularly 
for development of more and better organic crop varieties (for example, barley). Although 
they have been very involved with sustainable and organic farming research, they see the 
need for much more in this area.
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Zenner Farm

BACKGROUND AND HISTORY

The Zenner Farm is a family-operated sole proprietorship run by Russ and Kathy 
 Zenner. It is located in Latah and Nez Perce Counties, Idaho, in the southeast corner of the 
Palouse region. Dryland farming predominates on the rolling terrain of the Palouse. The 
Zenners currently farm 2,800 acres of land (640 owned, 2,160 leased) and produce wheat, 
small grains, lentils, peas, and garbanzos. Russ has been a regional pioneer in adopting, 
learning about, and promoting direct seeding (a method of planting and fertilizing done 
without prior tillage to prepare the soil). He is a longstanding member of what is now 
the Pacific Northwest Farmers’ Cooperative, which handles a large portion of the pulse 
market in the United States. More recently, he has marketed a portion of his crops through 
Shepherd’s Grain, a new regional value supply chain certified by the Food Alliance.

Russ’s family came to the area in the 1890s from Luxembourg. His grandfather man-
aged to get six boys started farming, beginning in 1936. Russ reflects, “We’ve been blessed 
with where my granddad settled. We’ve got good dirt here.” He says that the first genera-
tions of Zenners who farmed had the goal of living conservatively to make future oppor-
tunities possible for themselves and their children. By the time Russ was growing up, the 
family farm included cropland and a cow-calf operation that Russ’s father and uncle ran 
in a partnership. Russ and Kathy married after high school, and she worked at a bank and 
helped put him through the University of Idaho. After finishing his B.S. degree in agricul-
tural economics, Russ worked for a while for the Farm Credit System. The couple came 
back to the farm in 1970. Russ was the oldest of his generation in the extended family who 
returned for some involvement with the farm.

By the early to mid-1970s, the farm was structured as a corporation that involved 
members of the extended family, including Russ’s uncle, his father, his brother, and various 
cousins. At that time, the farm involved an extensive (1,500 head) livestock-finishing opera-
tion and about 4,000 acres of cropland and 8,000 acres of rangeland. In 1984, the farm split 
into two separate partnerships, one with Russ and his brother (which included livestock 
finishing and 2,200 acres of cropland) and the other run by his cousins. In 1993, Russ and 
his brother split their partnership in two, with Russ’s brother getting the finishing operation 
and Russ and Kathy taking over the cropland. Because Russ observed consistent profits in 
livestock farming and had developed his passion for the cropping side, he preferred to turn 
his full attention to crop farming. His approach and philosophy were influenced heavily 
by what had been his first volunteer experience: serving for 12 years as Latah County Soil 
Conservation supervisor. That work opened Russ’s eyes to the dramatic impacts of soil ero-
sion in the region and the role of agriculture in that problem. He says, “I was on a mission 
early in my farming career to reduce the detrimental influence of tillage on our cropland. I 
didn’t want to go broke doing it, so we went slow with changes on our farm.” In that way, 
Russ developed a clear goal early on to question and change long-accepted practices of 
farming in his region.
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Over the years, Russ and Kathy expanded their land holdings through purchase and 
developed some long-term relationships to rent farmland.37 For about 20 years, Kathy aug-
mented their farm income by working at the local cooperative. In time, the Zenners had 
three children—a son and two daughters. The couple also made some sound investments 
that provided security and enhanced their ability to develop their farming system in accor-
dance with their values and priorities. Russ now enjoys reading about and discussing food, 
agricultural, and environmental issues. In the summer of 2008, he spoke avidly of ideas he 
had encountered in Michael Pollan’s The Omnivore’s Dilemma, William McDonough and 
Michael Braungart’s Cradle to Cradle, and Andrew Duffin’s agricultural and environmental 
history of the Palouse, Plowed Under.

FARM PRODUCTION SYSTEM

Russ’s approach to his farm and development of a farming system emerge from his 
attunement to topography and the health and productivity of his soils. He says, “My main 
motivation is to farm this ground in a manner that we can build topsoil. That means we 
can’t do much tillage.” His concerns regarding the sustainability of his farming system thus 
center first on tillage and the need to reduce disruptions, and subsequently on the impacts 
of manmade chemistry (that is, how agricultural chemicals might affect soil biology). He 
describes himself as becoming increasingly interested in “biological farming”: an approach 
that focuses less on chemical inputs and more on improving the microbiology of soils and 
plants as a way of enhancing crop health, quality, and yield.

Soils and Growing Conditions

The soils in the region are unique, young, wind-blown loess soils that are easily affected 
by erosion on the rolling hills. Tillage erosion, over the roughly 120 years during which the 
area has been farmed, has exposed clay ridges. As the land has been tilled with moldboard 
plows initially, and chisel plows and disks today, the soil has been moved further down the 
slopes so that the topsoil on the upper part of the hills has thinned. The evidence of erosion 
and knowledge of its impacts have compelled Russ to move to direct seeding.

Between Russ’s farmlands and up into Canada, little irrigation is done. However, 
the conditions are more desert-like southward. Annual rainfall on Russ’s farm is about 
22 inches. The weather can affect the quality of the pulse crops he grows. There is good 
moisture in May and June, and weather can be cool even in the summer. At the same time, 
moisture has critical effects on the quality of lentils and garbanzos; it can negatively af-
fect the color or can discolor the crop, which reduces its quality. The region can have wet 
 autumns, which can make late-season harvesting difficult. In addition, harvest times differ 
across the rolling topography. A week’s difference in maturity can affect the quality of the 
crop with frequent differences between north- and south-facing slopes.

Crops and Rotations

In this region, according to Russ, winter wheat has been king for a long time. With the 
shift toward planting more pulse crops, wheat on Zenner Farm now has a place in a more 

37 Russ notes that farm expansion opportunities have become very competitive in his area. Today they can be 
more driven by money, than by long-term relationships. However, in some cases, being a direct-seed farmer can 
help, as when an older landowner, taking his land out of CRP, specifically sought a direct-seed farmer and leased 
to Russ.
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complex rotation of cool-weather crops. The rotation typically involves winter wheat, fol-
lowed by a spring grain (wheat or barley) or certified seed, and then followed by a broad 
leaf crop (such as lentils, peas, garbanzos, or a brassica). Within a category, the Zenners try 
to diversify at least every three years; hence, they rotate garbanzos with peas or lentils to 
break up disease cycles. At times, Russ has also planted grass for seed. He is exploring the 
possibility of other rotations, such as sweet clover–alfalfa as a nurse crop for late-season 
planting, which could be a means to include green manure in rotations and still minimize 
the need for tillage.

In the process of considering rotation options, Russ has looked at the possibility of 
raising livestock, which was a more typical production option in previous decades than at 
present. He has considered sheep, which could pulverize the stubble and eat volunteers 
(and possibly allow less glyphosate use). However, most livestock in this region require an 
over-wintering facility, which could create concentration-related problems, because deep 
mud can limit grazing in winter and early spring.

In terms of current crop allocations, about 1,200 acres are to winter wheat and winter 
peas, 800 acres to spring grains, and 800 acres to pulses; another 30 acres are in CRP. Russ 
averages 1700#/acre production on garbanzos. He averages 95 bu/acre on winter wheat, 
and 60–65 bu/acre on spring wheat. For winter peas, he averages 2,500#/acre; for spring 
barley, 5,000#/acre; and for lentils, 2,000#/acre.

Fertility Program

Russ conducts regular soil tests before every grain crop and applies fertilizer accord-
ing to Washington State University and University of Idaho recommendations. The re-
quirements vary dramatically by crop. For dark-red winter wheat, he typically applies 
120#N/20S/10–20# per acre. He will then top-dress soft white wheat (20#/A of N) and high 
protein wheat varieties (40#/A of N). He does not put fertilizer on his pulse crops.

Russ has seen a general decline in soil pH over time on his farm, but he has no cost-
effective source of lime to apply. He has seen a decline in yield for pulse crops, perhaps due 
to the change in pH and the absence of new genetics for those crops. He has not observed 
as much change in the grain yield. There appears to be nothing in the literature on work to 
adapt crop genetics to deal with declines in soil pH. He is particularly frustrated that cur-
rent management practices are not sustainable because of factors such as declining soil pH. 
He does not believe that what has worked in the past will necessarily work in the future.

Russ monitors pH and Brix in the sap of the plants while they are growing. He has 
looked at some research into the response of plants to biological agents such as the applica-
tion of molasses at 1 pt/acre. He has also tried biological foliar sprays, but with equivocal 
outcomes: “We thought our discovery process would happen quicker.”

Direct Seeding

As noted earlier, Russ’s service with the Latah County Soil Conservation District after 
returning to the farm helped him see firsthand the need to create a more sustainable agri-
cultural system and prompted his interest in direct seeding (no-till) as a viable conserva-
tion option. The late 1970s had seen a push for no-till, but various challenges from disease 
problems, inappropriate rotations, poor yields, residue management problems, and the 
cost of glyphosate all served to create new risks for farmers interested in the transition. 
Russ observes that in those days, they did not understand, for example, the “green bridge” 
and failed to anticipate how heavy residues could pose a problem for planting. In a flurry 
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of activity, the result was that a lot of farmers jumped into no-till too quickly and then did 
not do it successfully. Russ says that “no-till has struggled to be acceptable, to have a good 
name. That’s actually been another motivation for PNDSA [the Pacific Northwest Direct 
Seed Association].”

As Russ looked at direct seeding for his own farm, he did not want to lose his certified 
seed capability (and the associated income) and realized that he would have to figure out 
how to reduce risk in the system. The transition took seven or eight years and involved 
considerable experimentation, inquiry, and informal education. For example, he learned 
a lot from experience of others, including Dr. Dwayne Beck at the South Dakota State 
no-till research station. Russ sees the transition to direct seeding as key to his long-term 
profitability.

As the Zenners have become established in direct-seed production, they have also 
adapted and designed planting and spraying equipment that is more efficient and par-
ticularly suited to the region and their operations. Russ comments, “We’re so much more 
labor and equipment efficient than we were 20 years ago. It’s dramatic.” They also provide 
custom services with their direct-seeding equipment through ViCo (see below and see also 
a case study on the Zenner Farm by Washington State University Extension38 for a good 
description of the equipment).

Disease and Pest Management Issues

Although this area of the country is fairly dry, plant diseases can still pose problems. 
Garbanzos can be infected with ascochyta blight, which damages the plant (stem, seed, and 
pod) and is exacerbated by cool wet weather. Solutions have included finding and using 
resistant varieties (which the USDA Agricultural Research Service has been working on at 
Washington State University). Nonetheless, managing the problem is challenging, as evi-
denced by the production moratorium on garbanzos in Idaho from 1988–1991 as an effort 
to break the disease cycle.

Crop rotations, which contribute to more diversified production, also help with disease 
management. Russ has found a two-year or ideally three-year interval between planting a 
particular crop helpful in managing diseases. He sees rotation management and incorpora-
tion of diversity as critical for his farming system. The use of certified seed also seems to 
have reduced disease problems. Finally, Russ has made prophylactic applications of some 
fungicides when grass herbicides are applied to reduce the potential for infection. Overall, 
the blight has not posed much problem in the past two years. Russ attributes the scarcity 
of blight problems to farmers in the region commonly using one fungicide application as a 
preventive measure, having better seed sources, and attending more carefully to rotations. 
Russ is fairly satisfied with his own current ability to address plant diseases. He also sees 
his own generally successful disease management as a function of monitoring his fields. 
Nonetheless, he says, “this issue [of pest and disease management] does bother me. It 
relates to our dependence on manmade chemistry to manage these problems.” He thinks 
more knowledge about soil and plant health could be useful for devising other manage-
ment options for disease.

Another important disease issue Russ identified on his farm is “green bridge.” Under 
minimum tillage or direct seeding of spring crops, the volunteer grain and weeds grow-

38 Mallory, E.B., R.J. Veseth, T. Fiez, R.D. Roe, and D.J. Wysocki. 2001. Direct seeding in inland northwest. Zenner 
Farm case study. Available online at http://pnwsteep.wsu.edu/dscases/ext_pubs/pnw0542.pdf. Accessed on 
December 6, 2009.
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ing between crop harvest and spring seeding can serve as a “green bridge” host for root 
diseases and other pests. A good fall weed control program has seemed to contain that 
potential problem. Nonetheless, Russ feels that insufficient research has been done, par-
ticularly with regard to the role and function of soil and plant health in minimizing or even 
suppressing “green bridge” problems.

With respect to insects, wireworms can pose a problem in lentils. Russ has responded 
with early seed treatment and some insecticides. He has also had problems with slugs on 
Austrian winter peas and has used some baiting. Aphids can be a significant problem in 
pulse crops; Russ has in the past had to spray as often as twice a year, although that is not 
the case now. He believes that his overall farming system is healthier now, as his rotation 
diversity has increased. He has noticed that weaker plants are more likely to be infested 
and speculates that aphids are more attracted to those plants, which reinforces his belief 
that plant and soil health needs to be a priority.

The direct-seed system, which is at the core of the Zenner farm, is intended to minimize 
weed competition. However, changes in weed species problems are observable during 
the transition process. The use of glyphosate as burn down at planting is typical. While in 
general, Russ would like to see less glyphosate in his farming system, it plays an important 
role at present. “We’re not close yet to zero [glyphosate] use,” he says. With the use of the 
direct-seed system, Russ has observed some shift in the types of weed problems he faces. 
It is more common now to have problems with bedstraw, china lettuce, and rattail fescue 
than in the past.

NATURAL RESOURCES AND WILDLIFE CONCERNS

Russ has observed changes in wildlife populations in the years he has been farming. 
He notes it was rare to see elk when he was a child. But elk, moose, and deer populations 
have increased in this area, as wolf reintroductions in the high country have chased them 
southward. As well, farmers see a lot of evidence that the elk and deer love the garbanzos 
and the Austrian winter peas. However, Russ did not frame predation on crops by wildlife 
as a major problem.

Russ has the impression that bird populations have declined in the area and wonders 
if the decline is related to bigger fields and fewer fencerows. He also wonders how pesti-
cides are affecting bird populations, but he stresses he does not have the answers to those 
questions.

Russ has participated in an Idaho Fish and Game program promoting buffer strips for 
wildlife. The agency pays farmers $20/acre, for up to a total of 100 acres, to leave a foot of 
stubble on lands along existing bird habitat. He and other farmers also participate in the 
state’s Fish and Game’s Access Yes program, which provides public hunting opportunities 
on private lands.

MARKETING, BUSINESS MANAGEMENT, AND FINANCIALS

Preserving identity and adding value to products are central to the marketing strategy 
for this farm. Russ observes that identity-preserved crops can involve more work (for exam-
ple, meticulous cleanout of combines), but their greater profitability makes it worthwhile.

The Zenner Farm markets about 80 percent of its crops through the Pacific Northwest 
(PNW) Farmers Cooperative and the remaining 20 percent through Shepherd’s Grain. 
The Pacific Northwest Farmers Cooperative emerged in June 2008 from the union of two 
preexisting cooperatives in Colfax, Washington, and Genesee, Idaho. The new PNW Co-
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operative now includes 600 farmer members who raise 500,000 acres of cool-season crops: 
peas, lentils, wheat, and garbanzos. The cooperative has $100 million in gross sales and 
13 million bushels of storage capacity. Forty to 45 percent of the sales are domestic, a fair 
amount under contract. For the past 25 years, PNW Cooperative has focused on provid-
ing valued-added products sorted by size, color, and quality, with the goal of ensuring 
high product uniformity to meet customers’ expectations. The strong orientation toward 
adding value to products has enabled the cooperative (and its immediate predecessors) to 
grow even in tough times. The cooperative’s products, depending on destination for ex-
port or domestic markets, are either loaded on barges in Lewiston and transported down 
the Columbia River to Portland, trucked directly to Seattle, or trucked to one of two PNW 
Cooperative rail-loading facilities in the growing region.39 As a farmer-owned institution, 
the cooperative, Russ stresses, is an integral part of the local community. Russ has agreed 
to serve on the board of directors for the cooperative.

Russ is also a member of Shepherd’s Grain (http://www.shepherdsgrain.com/index.
htm), a marketing label and alliance of farmers in the Pacific Northwest, who use sustain-
able production practices and market differentiated wheat products together. Shepherd’s 
Grain consists of 28 farmer-members, all of whom are certified by the Food Alliance.40 It 
has drawn growing attention from agrifood researchers and activists as an example of new 
“value chains” that can help support an “agriculture of the middle.” Shepherd’s Grain has 
emphasized wheat varieties with special flour functionality desired by artisanal and qual-
ity markets. It supplies flour, for example, to family-owned Hot Lips Pizza, which has four 
restaurants in Portland, Oregon. It also supplies to Bon Appétit, a food service company 
that has become very engaged in regional sourcing. Most of Shepherd’s Grain’s distribution 
occurs within the Pacific Northwest or northern California.

Russ views Shepherd’s Grain as “a very fun project.” It has brought him into greater 
contact with the Portland food market, which he sees as currently one of the most innova-
tive and sophisticated in the country. Experiences and insights from his participation in 
Shepherd’s Grain, in turn, are useful for his involvement with PNW Cooperative, especially 
in terms of how to anticipate and respond to the challenges facing value-added agricultural 
products and the possible impacts of economic downturn.

The Zenner Farm has been certified by the Food Alliance since 2004, the first farm in 
Idaho to receive this certification. It was certified on the basis of its direct-seeding practice 
and additional criteria, such as worker safety and chemical storage. The Food Alliance in-
spects the farm every three years. Russ notes that the certification compelled him to make 
some changes in areas such as chemical storage. He approvingly notes that the Food Alli-
ance now has a cropping system certification option, rather than only a focus on certified 
crops. Russ thinks that the certification offers helpful differentiation in the market place, is 
the most recognizable of the certification programs, and elevates awareness and commit-
ment for sound growing practices. “For what we’re [Shepherd’s Grain] doing, Food Alli-

39 The consultants learned during their field visit that PNW Cooperative now supplies garbanzos to food manu-
facturer Sabra, which recently entered the U.S. market and now makes hummus on the East Coast. The hummus 
is then shipped back to the western United States, where it can be purchased in the Lewiston, Idaho, Costco.

40 Many links and overlaps exist between groups such as Food Alliance, Shepherd’s Grain, and the Pacific 
Northwest Direct Seed Association (PNDSA). Some direct-seeding farmers saw the potential of Food Alliance 
certification to provide a value-added marketing opportunity that could reduce the risk of transitioning to direct 
seeding. From its start, Shepherd’s Grain, comprised solely of direct-seeding farmers, worked with Food Alliance. 
Furthermore, a significant core group within the Shepherd’s Grain alliance is the Columbia Plateau Producers. 
Columbia Plateau Producers (CPP) is an LLC with about 14 farmer members, including Russ Zenner. CPP farmers 
constitute about half the farmers participating in Shepherd’s Grain.
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ance is the best match,” he says. His long-term goal would be no-till organic, but “we’re 
not close to it at all.”

Financials

The Zenners took out production loans regularly in the past, but have not done so 
for the past four years. Russ notes that the farm incurred considerable debt to get where 
they are today, but that over the years, he was still able to “push the envelope and have 
consistent profitability.” His adoption of no-till farming had to meet the test of being “sus-
tainable financially,” which led to a measured and cautious approach and “doing a lot of 
homework.” In 2008, the Zenners made a significant pay-down of long-term farm debt, so 
that farm debt is now approaching zero

SOCIAL AND COMMUNITY CONSIDERATIONS

Labor

Despite the considerable number of acres farmed, Zenner Farm has only one full-time, 
one part-time, and two seasonal workers. Good mechanical skills and an ability to recog-
nize and respond to timing issues in getting critical jobs done have been especially impor-
tant attributes of the full-time worker. Russ sees a strong technical skill set and reliability as 
essential for worker productivity. Although communication and social skills are desirable, 
they might not be as critical as technical skills and reliability. In general, fewer individuals 
with the needed technical and mechanical skills and interest are available in the surround-
ing community to hire, in part because fewer farm children grow up in the area. A pending 
dearth of local labor to work on the farm could become a problem in the future.

For the full-time worker, the farm provides health insurance, a retirement plan, a house 
to live in, and a crop bonus share. The part-time and seasonal workers play important 
roles during the busy season, but overall their hours are limited. Part-time and seasonal 
workers tend to be older, retired people, often with rural and farming roots, who have had 
nonfarming occupations (in some cases, professional occupations) for much of their adult 
lives. Some of them, Russ notes, “maybe would have preferred to farm.”

Learning

Russ’s approach to farming is premised on active learning and experimentation: “I’m 
constantly trying to glean information from someone else’s experience. I’ve attended 
no-till conferences nationally and internationally.” He has connected with and visited 
 direct-seeding farmers in Australia, and he believes he learned a lot from them. Russ says 
 Australian farmers generally have much tougher weed control issues than farmers in Idaho. 
He also believes they are much farther along with the “biological farming approach” than 
most American farmers.

Russ’s personal interest in continual learning has spilled over into auxiliary enterprises 
with others. For example, he is involved with ViCo (stands for “visions cooperatively”), a 
small LLC he founded in 1998 with three fellow growers in the region to provide innovative 
farm management services.41 A relatively new company partner is a former extension agent 

41 Three of the four ViCo grower partners are Columbia Plateau Producer members, and hence also members 
of Shepherd’s Grain.
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who manages “information discovery” on subjects the other partners want to learn more 
about—essentially more about practices that reduce impacts from chemical and fertilizer 
applications and other farming practices that can enhance soil health.42 The research-driven 
work of ViCo is done in addition to managing custom equipment operations. Regarding 
the motivation for ViCo, Russ said: “To a man, we’re concerned that current management 
practices we have are not sustainable. We’re not getting answers from traditional research 
resources and what we’ve done in the past is not going to carry us into the future.” ViCo 
received an NRCS Conservation Innovation grant for “technology innovation” focused on 
how precision agriculture can reduce chemical fertilizer applications. It has also partnered 
with Shepherd’s Grain on a grant project to study the soil health and human nutrition 
link. They intend to apply for a larger grant. The members of ViCo have shared their farm 
employees and also sensitive personal financial information. Overall, ViCo emphasizes 
finding new farming practices and approaches to try, first on a small scale, with a priority 
to maintain profitability.

Russ also interacts frequently with other farmers, which is often a learning exchange: 
“I don’t mind sharing information. I’ve been blessed. I’ve had some opportunities most 
people will never have.” His stance on sharing information and learning follows consis-
tently from his admission that “this [farming] is my main passion in life.”

Russ’s orientation to learning includes attention to the consumption side of the food 
system. Among the things he has enjoyed with Shepherd’s Grain is getting into cities 
like Portland (for promotional events, for instance) to meet and interact with consumers 
of the Shepherd Grain’s product. “It’s fun to talk to people who really understand how 
food is produced,” he says. Those events allow Russ to provide information about the 
realities of farming in the Palouse to the customers of his products and to learn about their 
preferences.

Community Relations and Service

Russ suggests that models from the past have affected his views on the importance of 
good community relationships for farmers. He notes that in his father’s generation, farm-
ing neighbors did not always get along well. Observing those social dynamics “has had a 
profound impact on how I get along with my neighbors” and made him aware of the long-
term implications of social interactions in the community.

In addition to his involvement with the Cooperative and the Conservation District, 
Russ has been active in organizations that conduct research, provide consultation, and sup-
port direct seeding. He spoke at a South Australian no-till farming conference and more 
recently at the first no-till conference held in Finland. Russ has also been involved with the 
Pacific Northwest Direct Seed Association, which “was formed in 2000 to provide informa-
tion exchange and advocacy on conservation policy issues and research coordination that 
will assure adoption of economically-viable and environmentally-sustainable direct seed 
cropping systems” (from website www.directseed.org).

Russ goes so far as to suggest that as his time has been freed up by direct-seed farming 
practices, he has more discretionary time for volunteer and public service. He served as a 
director on a regional (Oregon, Washington, Idaho) bank board. That role afforded numer-
ous regional contacts and insights on the local economy. His role ended recently when the 
bank was sold. He views his participation on various volunteer boards as an opportunity, 

42 Work on Brix measures for garbanzos is an example of research undertaken by ViCo that, thus far, is not being 
done at the land-grant universities.
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not only for service, but also for learning: “There’s some self-motivation in all this volun-
teering, you know. You can ask the right questions, keep your ears open, listen to different 
people from different places.”

RISKS, CHALLENGES, AND CHANGES

Research Needs

Russ has become very interested in the possible connection between organic matter, 
soil health, the nutritional value of food, and their impacts on human health. He believes 
that connection is under-researched, and the knowledge gained would be very beneficial. 
He also expresses concern about the sources of funding for research: “Some research ef-
forts and their funding come from the chemical companies, like for glyphosate. I don’t 
think enough research is being done to monitor the effect on the soil biology of repeated 
applications of glyphosate.” Such information is important for designing and improving 
direct-seeding systems.

He worked with other farmers and STEEP (Solution to Environmental and Economic 
Problems), a joint program of the University of Idaho, Oregon State University, and Wash-
ington State University, which was an innovative interdisciplinary research and education 
initiative focused on developing profitable cropping systems technologies for controlling 
cropland soil erosion and protecting environmental quality. His views about the contribu-
tion of public research to his farming enterprise are ultimately somewhat mixed. On the 
one hand, he recognizes some definite advantages in his location near two land-grant 
universities (Washington State University and University of Idaho) and has personally ex-
perienced benefits, particularly from USDA-ARS work on green bridge management and 
from STEEP’s work on cropping systems rotation research. On the other hand, he notes 
the constraints now facing public agricultural research. He says, “Generally speaking, the 
land-grant universities are not always doing the kind of work we’re looking for [to answer 
the questions we have].” This, in part, motivates his involvement with ViCo, as discussed 
above.

Russ sees a need for much more research investment in the genetics of pulse crops, 
where knowledge has lagged the extensive work on corn and soybean. He identifies a 
continuing technical challenge that research could address—how to avoid the “yield hit” 
in the early stages of transition to direct seeding. Managing the heavy residue common in 
this region (which can depress yield) is another area that needs research. Better information 
and resources for weed control in no- or minimum-till systems would be very helpful, in 
his view.

Transportation

A big issue for growers in this somewhat remote region, and of concern to Russ, is de-
pendable and efficient transportation infrastructure. Rail access is particularly important 
for the cooperative, which is looking to be more strategically positioned in terms of its rail 
access. The cooperative is also very concerned about the river system on which it relies to 
move grain from Lewiston to Portland. Environmentalists and sportsmen are pushing to 
breach the dams on the upper Snake River, but that would make the barge transportation 
on which the cooperative now depends no longer viable.
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Farm Transition Concerns

Russ and Kathy encouraged their three children to obtain college educations. Given 
that their children, now adults, are established in professional careers and living in Boise 
or Seattle, and, as Russ puts it, “none had the passion (for farming) I did,” the Zenners are 
beginning to think about other options for continuing the farm operation, including hired 
management. A year before the interview, when Russ had back problems, he felt ready 
to make the transition. Resolution of that issue made the transition question less urgent, 
although it has not gone away. Russ notes, “I feel I have some obligation to what my father 
and grandfather did.” Their hope is to set the farm up with top-level management that can 
mentor any eventual family members in the succeeding generation. At the same time, they 
concede that it is difficult to find people who can fulfill all their expectations as well as 
those of their children. Russ and Kathy have been to a Farm Credit’s succession program 
on family business transition. They have held several all-family meetings about the future 
of the farm. Their children say they are not interested in selling the farm and express some 
desire to keep the farm so that their own children (Russ and Kathy’s grandchildren) could 
come back to it and know that work ethic. Reconciling the various internal family interests 
with maintaining profitable farm operations remains a challenge.

GOVERNMENT PROGRAMS AND POLICY INVOLVEMENT

Russ observes, “I’ve been a significant recipient of farm program benefits over the 
years, but I think the system is very flawed in terms of ensuring rural communities and 
sustainable resource management.” In general, he believes that regions reliant on program 
crops experience a stifling of innovation and diversity. Those regions are likely to find their 
economic opportunities restricted to those associated with niche or specialty crops. Russ is 
interested in seeing policies that are more sustainable and that encourage resource conser-
vation and more value-added options at the local level.

Russ has been involved with the Dry Pea and Lentil Council, serving as chairman of its 
research committee in the 1990s, at which time he pushed for sustainable cropping systems 
research and links to the work of STEEP. The Dry Pea and Lentil Council later sought to 
address federal policies, but Russ was not involved in that effort.43 He underscored that the 
system as currently structured does not adequately support sustainable resource manage-
ment or rural economic health and does not support crop diversity. For example, if a grower 
has a diverse rotation (grows a crop one out of every three years), it is extremely difficult 
to develop the yield history required to participate in crop insurance—even though such a 
rotation would involve less risk from yield loss.

Russ has been involved in the Conservation Security Program (CSP) in the Clearwater 
watershed (2007, his first year, and 2008). He likes that type of incentive program, which 
he sees as promoting sustainable resource management. He says the CSP application was 
geared to no-till, so it was fairly easy for him to apply. Zenner Farm is getting full CSP fund-
ing as the Zenners are addressing many of the issues that CSP is concerned with, notably 
water quality. Russ articulates some concern that, at present, CSP does not reward the new 
biological farming approaches that he believes hold promise for the future. Zenner Farm 
has also participated in EQIP to develop buffers around streams.

43 In 2002, the pulse marketing assistance loan program came in, but peas and lentils do not have program crop 
status nor the associated direct payments. 
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OBSERVATIONS AND CONCLUSIONS

Russ Zenner attributes the success on the farm to good soil, his opportunity to exercise 
responsibility at a young age, involvement on the conservation district board, and his gut 
feelings about what is strategically important. He has been particularly glad to share his ex-
perience and the information he has gained with others. The Zenner Farm has four specific 
features, which together distinguish its sustainability approach from many other farms:

• Conversion of the entire farm to direct seeding.
• Involvement in value-added marketing efforts at the commodity level through the 

cooperative.
• Extensive involvement in research and education efforts to increase the use of di-

rect seeding and other environmentally sound practices.
• Involvement in innovative marketing efforts that connect with discerning local and 

regional consumers through Shepherd’s Grain.

In addition, as true with many of the farmers at the farms studied for this report, Russ 
Zenner has a very active mind, such that he is continuously looking for new ways to pursue 
his interests and passions related to farming and to learn more. As Russ says, “The farther 
I’ve got in my farming career, the less I know. We remain so far from sustainability.”
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Sustainable Agriculture in  
Sub-Saharan Africa:  

“Lessons Learned” from 
the United States

T he world population is projected to increase to more than 9 billion people by 2050, 
mainly in developing countries. Thus, it is important to know whether any sup-
portable conclusions or “lessons learned” about sustainable agriculture practices or 

principles are transferable from one region to another or from industrialized to developing 
countries. In particular, is it feasible to transfer technologies and practices effectively used 
in the United States to resource-poor farming systems in developing countries? An exten-
sive literature on agricultural development and a myriad of discussions on challenges and 
potential solutions for agriculture in Africa exists. This chapter is not intended to provide 
an exhaustive review of that literature, but to limit the discussion to the key findings that 
emerged from this study and consider them in the context of sub-Saharan Africa. Further, 
the committee recognizes that numerous “prescriptive” technology-transfer efforts from 
North to South have often lacked success (as noted below); therefore, the committee’s 
approach to the issue of technology transfer is to draw principles and lessons from this 
study that could be applicable and adapted in a developing country context, rather than to 
identify specific technical “fixes.”

The first part of this chapter briefly summarizes the food and agricultural challenges in 
the developing world, and the current adoption of agricultural practices that can improve 
sustainability, with an emphasis on sub-Saharan Africa. It then draws upon the lessons 
learned in previous chapters and assesses whether the principles and practices for improv-
ing sustainability derived from U.S. agriculture are relevant and transferable to developing 
countries. Furthermore, the chapter relates this committee’s findings to recommendations 
made in a number of recent multistakeholder international reports that address the future 
of agriculture and sustainability in Africa.
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THE IMPORTANCE OF CONTEXT

Evolving Agriculture in Sub-Saharan Africa

Agriculture is critical for human welfare and economic growth in developing countries. 
More than 1 billion people in China and India live on small-scale farms. In sub-Saharan 
Africa, more than 750 million people who live in dire poverty (earning less than US$1 per 
day) rely on subsistence agriculture as their major source of food and income, and about 
two-thirds of the people depend on farming for their livelihood (FAO, 2006; Diao et al., 
2007; Toenniessen et al., 2008; World Bank, 2008). Yet, compared to India, China, and South 
America, only sub-Saharan Africa continues to show a decline in food security and agricul-
tural productivity per capita and an increase in undernourishment since 1990 (FAO, 2006). 
The contribution of agriculture to gross domestic production in African countries varies 
from 10 to 70 percent (Mendelsohn et al., 2000). In other words, local livelihood of some 
African countries depends on the agricultural sector.

In general, part of Africa’s poor agricultural performance (and the concomitant per-
vasive problems of hunger) can be attributed to a wide array of production-limiting con-
straints faced by resource-poor farmers that include: shrinking farm sizes and inequitable 
land-distribution patterns, depleted soils and limited use of fertilizer and soil amendments 
(either organic and inorganic), unreliable rainfall and lack of irrigation capacity, and limited 
access to improved varieties and seed distribution systems. Other underlying factors that 
often contribute to or aggravate those constraints include: poorly maintained roads and 
transportation systems, inefficient markets or lack of access to regional or international 
markets, lack of credit, labor availability and demands, unstable political systems, poor 
security, warfare, and underinvestment by national governments and other institutions in 
the physical, institutional, and human capital needed to support sustainable agricultural 
intensification (Diao et al., 2007). Challenges to agriculture in Africa are likely to be made 
more difficult by the effects of global climate change (NRC, 2008). Numerous scientists, 
international organizations, political bodies, and others have analyzed the complexities 
associated with the challenging agricultural situation in many parts of Africa; likewise, 
various organizations have made many efforts to resolve or mitigate agriculture-related 
problems and to alleviate hunger. A comprehensive review of that literature was beyond 
the scope of this committee; instead, this chapter provides a brief overview of the issues 
and highlights what lessons can be drawn from U.S. experiences that, in the committee’s 
opinion, have relevance to agricultural development in Africa.

Lessons Learned from the Green Revolution

In Asia and Latin America, the introduction of Green Revolution technologies began 
in the 1960s, including high-yielding varieties, inorganic fertilizers, modern pesticides, 
irrigation, agricultural machinery, supportive government policies, wide-scale training of 
scientists, establishment of the Consultative Group for International Agricultural Research 
(CGIAR) Centers, and massive funding for research and development (R&D). These tech-
nologies dramatically increased agricultural output, raised farm-level income, and reduced 
food costs for urban consumers in many countries. The impact has been profound—aggre-
gate world food production grew by 145 percent (140 percent in Africa, nearly 200 percent 
in Latin America, and 280 percent in Asia). In comparison, and starting at much higher 
levels of productivity, modern agricultural practices during that time doubled food pro-
duction in the United States and grew production by 68 percent in Western Europe (FAO, 
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2006; Pretty, 2008). There was also a dramatic, if often overlooked, rise in consumption of 
animal-origin food products in developing countries, mostly in Southeast Asia and China. 
On a quantity basis, the additional meat, milk, and fish consumed between 1971 and 1995 in 
developing countries was two-thirds as important as the increase in wheat, rice, and maize 
consumed (Delgado et al., 1999). The increases in food production outpaced population 
growth and greatly reduced the incidence of chronic famine and the threat of starvation in 
many areas of the world, even as global population grew from 3 billion to 6 billion during 
that time period.

The historic transformation of agriculture across the world was massive and unprec-
edented, but its impact was not universal. In certain regions of South Asia and sub-Saharan 
Africa, small-scale farmers did not adopt the suite of modern agricultural technologies 
needed to obtain the gains in productivity because the package of new technologies gen-
erally favored large farms that had access to irrigation, improved varieties, and inorganic 
fertilizers, which many small farms did not have, nor could afford. In addition, Green 
Revolution technologies worked best in large areas of uniform cropping and irrigated sys-
tems, such as the high-production rice and wheat systems in Asia, or in rain-fed environ-
ments where both climate and soil quality are favorable for crop growth , such as the wheat 
systems of northwest and central Europe and maize-based systems in North America 
(Cassman, 1999). In contrast, as discussed below, Africa’s highly diverse cropping systems 
are primarily rainfed, on poor soils, and inherently riskprone.

Where the Green Revolution was successful, other problems developed—loss of local 
crop genetic diversity; fertilizer and pesticide contamination of water systems; pesticide 
poisoning of agricultural workers, beneficial insects, and wildlife; depletion of ground 
water sources; large concentrations of animals in urban environments where the regulatory 
framework governing livestock production is weak; degradation of rural grazing areas; and 
the clearing of forests (Delgado et al., 1999; Pretty, 2008). These problems are not confined 
to developing countries, and, indeed, some might be more acute in the developed world 
than in developing countries.

The transfer of modern agricultural technologies in general from developed countries 
to small-scale poor farmers in developing countries, particularly in sub-Saharan Africa, 
has been ineffective for several reasons. First, African farmers produce a wide variety of 
crops using diverse farming systems across a range of agroecological zones. Second, they 
are largely dependent on rain-fed agriculture, and many areas have soils that are severely 
depleted of nutrients. External inputs are expensive, and high transportation costs and 
lack of infrastructure often inhibit access to outside resources and markets. Third, African 
farmers’ perspectives, knowledge, and cultures were not taken into consideration during 
the technology development process (InterAcademy Council, 2004). Consequently, many 
modern agricultural practices that were successful elsewhere were not applicable to the 
complex needs of resource-poor small farming systems (Sands, 1986; Ashby, 1987; Lado, 
1998). Furthermore, many sub-Saharan African countries do not invest much into agricul-
tural research and development (Morgan and Solarz, 1994), so that they lack the capacity 
to adapt modern agricultural practices to local conditions.

A Second Green Revolution

Many organizations and governments in Africa are calling for a second Green Revolu-
tion (InterAcademy Council, 2004; Toenniessen et al., 2008; African Green Revolution, 2009; 
IAASTD, 2009). Unlike the first one that largely bypassed Africa, some argue that a second 
Green Revolution should be based on technological developments and favorable policies 
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that respond to a diversity of local farming systems and bring a high level of nutritional 
self-sufficiency to a region where people in many countries suffer from undernourish-
ment. Many believe, and experience suggests, that no “silver bullet” technology package 
will broadly apply across the region. Rather, a systems approach is needed with research 
grounded in local contexts to develop locally appropriate technological and ecological solu-
tions (InterAcademy Council, 2004).

According to several recent studies that document practical experiences of sustain-
able agriculture programs in developing countries, biological and ecologically based ap-
proaches, practices, and principles have resulted in improved production and positive 
economic outcomes, while also making more efficient use of natural resources (Pretty 
et al., 2006; Pretty, 2008). Similarly, a number of multistakeholder reports (InterAcademy 
Council, 2004; NRC, 2008; IAASTD, 2009) state that high priority should be given to devel-
oping technologies that focus on integrating biological and ecological processes (such as 
nutrient cycling, nitrogen fixation, soil regeneration, and biodiversity) into the production 
processes. That way, use of nonrenewable inputs, which can make farmers more vulner-
able to input cost fluctuations, can be kept to a minimum and used judiciously. Further, 
productive use of the knowledge and skills of farmers’ and other people’s collective ca-
pacities to work together to solve common problems is important (Pretty, 2008). The idea 
of agricultural sustainability does not mean ruling out technologies or practices on ideo-
logical grounds if they can improve productivity and do not significantly affect the other 
objectives of sustainability (for example, cause undue harm to the environment or increase 
farmers’ vulnerability to risk). For example, integrated soil fertility management can bene-
fit from the judicious use of inorganic fertilizer combined with organic fertilizers—a highly 
synergistic combination because organic matter increases the water-holding capacity of 
soils and increases the efficiency of fertilizer use by crops (Evanylo et al., 2008; Toenniessen 
et al., 2008). Yet, small farming systems are vulnerable to sudden cost increases or short-
ages if they become too reliant on external inputs, as observed in 2007 when oil and fertil-
izer prices reached record highs, and previously when governments eliminated subsidies 
on agrochemicals as part of structural adjustment programs (Denning et al., 2009).

Although there have been successful programs in the development and adoption of 
innovative sustainable approaches in many resource-poor contexts, barriers to more wide-
spread implementation or change persist. One obstacle to launching a large-scale second 
Green Revolution is the decline of the CGIAR Centers and the pressure they face to focus on 
scientific or technological solutions which could be difficult to adopt across diffferent natural 
resource, economic, and political environments, rather than contextual systems solutions. 
That is in part because of severe budget cuts and decreasing support to other development 
programs and nongovernmental organizations such as CARE, World Neighbors, Winrock 
International, Heifer International, Rodale, and local institutions dedicated to developing 
innovative approaches in agriculture and natural resource management. In addition, a new 
Green Revolution would require additional support for local research and education institu-
tions that can respond to needs of the small farming systems across the developing world (as 
discussed below). A second Green Revolution is unlikely without substantial funding from 
the international donor community, a commitment of resources, and favorable policies that 
reach out directly to the poor and build human capital at national levels.

LONG-TERM EVOLUTION TOWARD SUSTAINABILITY IN SUB-SAHARAN AFRICA

The challenge for Africa is the sustainable intensification of agriculture, that is, increased 
production per unit of land. In addition, some argue that the amount of land in agriculture 
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in some regions of Africa can potentially be expanded (FAO, 2009a). Projections indicate 
that a number of African countries could make much progress toward poverty reduction 
and food and nutrition security over the next 15–20 years by targeting policies and invest-
ment strategies that raise average crop yields by 50 percent, increase livestock numbers by 
50 percent, and accelerate overall gross domestic product growth rates to 6.5–8.0 percent 
and the agricultural sector growth rate to 6 percent. Several experts agree that to achieve 
such a level of growth would require a commitment among African governments to re-
allocate up to 10 percent of their national budgets to agriculture, up from an average of 
5 percent over the past decade continent-wide and only 4 percent in sub-Saharan Africa 
(African Union Report, 2008; World Bank, 2008). Although the growth performance implied 
above is high by historical standards, it is within the range of recent economy-wide and 
agricultural growth rates observed across Africa since the late 1990s (Runge et al., 2004; Af-
rican Union Report, 2008; World Bank, 2008). Recent data also show that even agricultural 
production in sub-Saharan Africa grew at a rate of 3.5 percent in 2008 (FAO, 2009a). The 
Comprehensive Africa Agriculture Development Programme (CAADP) and the Sirte Dec-
laration on Agriculture and Water are at the heart of efforts by African governments under 
the African Union to accelerate growth and eliminate poverty and hunger. The main goal 
of CAADP is to help African countries to reach a higher path of economic growth through 
agricultural-led development that eliminates hunger, reduces poverty and food insecurity, 
and enables expansion of exports. As a program of the African Union, it emanates from and 
is fully owned and led by African governments (African Union Report, 2008).

CONSIDERATIONS OF U.S. “LESSONS” LEARNED

Transferability of Agricultural Practices for Improving Sustainability

A large number of scientific-based issues relating to agricultural sustainability have 
been discussed throughout this report. Most, if not all, of the findings could be argued to 
have relevance to nearly every country. However, the specific methods chosen and priori-
ties for their use in Africa need to be determined primarily by local and regional contexts 
and needs, as well as costs, potential and timing for impact, national R&D capacity, and the 
ability to attract resources from development assistance agencies.

The committee recognizes that many of the findings and conclusions in this report 
concur with recommendations made in recent reports that include Realizing the Promise 
and Potential of African Agriculture (InterAcademy Council, 2004); Emerging Technologies 
to Benefit Farmers in Sub-Saharan Africa and South Asia (NRC, 2008); Science and Technology 
for Development (IAASTD, 2009); and The World Report 2008, Agriculture for Development 
(World Bank, 2008). The commonalities among reports demonstrate that some sustain-
ability principles and approaches are widely relevant, although, as discussed below, the 
details of implementation on the ground will be highly context specific. A series of science 
and technology recommendations to increase food security in Africa recommended by the 
InterAcademy Council (see Box 8-1) illustrate many of the commonalities in sustainability 
principles and the specific needs for the African context.

Further discussion and explanation of the recommendations in Box 8-1 can be found 
in the relevant sections below. The International Assessment of Agricultural Knowledge, 
Science and Technology for Development (IAASTD) reached many similar conclusions 
in its 2009 report (IAASTD, 2009). IAASTD is a multidisciplinary and multistakeholder 
effort that was initiated by the World Bank and the Food and Agriculture Organization of 
the United Nations in 2002. It evaluates the relevance, quality, and effectiveness of agri-
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cultural knowledge, science, and technology on hunger, poverty, nutrition, human health, 
and environmental and social sustainability, and the effectiveness of public and private 
 sector policies and institutional arrangements that focus on smallholder agriculturists. The 
assessment addressed how agricultural knowledge, science, and technology could reduce 
hunger and poverty, improve rural livelihoods, and facilitate equitable environmentally, 
socially, and economically sustainable development. It also proposed that new priorities 
and shifts in agricultural knowledge, science, and technology recognize and give increased 
importance to the multifunctionality of agriculture, which encompasses multi-output activ-
ity producing not only commodities (food, feed, fibers, biofuels, medical products, and 
ornamentals), but also noncommodity outputs such as environmental services, landscape 
amenities, and cultural heritages. It proposed, as well, that new institutional arrangements 
and policy changes be directed primarily at resource-poor farmers, women, and ethnic 
minorities. Fifty-eight countries approved the executive summary of the IAASTD syn-
thesis report, but three countries (Australia, United States, and Canada) had reservations 
about some parts of the report, particularly the findings concerning the role of genetically 
engineered (GE) crops in sustainable agriculture development. The use of GE crops was 
not rejected in principle; rather, the report found that GE crops were appropriate in some 
contexts, but as of yet, the potential of GE crops to serve the needs of resource-poor farmers 
remains unfulfilled. There is no conclusive evidence so far that GE crops offer solutions to 
the broader socioeconomic dilemmas faced by developing countries (Kiers et al., 2008).

The next section first discusses the relevance of conclusions from earlier chapters of this 
report at the whole-system level, and then discusses component technologies that could be 

BOX �-� 
Science and Technology Recommendations to Increase Food Security in 

Africa Proposed by the InterAcademy Council of the United Nations (�00�)

Near-Term Impact:

•	 	Adopt	a	production	ecological	approach	with	a	primary	focus	on	identified	continental	priority	farming	
systems.

•	 Pursue	a	strategy	of	integrated	sustainable	intensification.
•	 	Use	a	blend	of	knowledge-intensive	and	technology-driven	approaches	that	integrate	with	indigenous	

knowledge.
•	 	Adopt	a	market-led	productivity	improvement	strategy	to	strengthen	the	competitive	ability	of	small-

holder	farmers.
•	 Recognize	the	potential	of	rain-fed	agriculture	and	accord	it	priority.
•	 Reduce	land	degradation	and	replenish	soil	fertility.
•	 Explore	higher-scale	integrated	catchment	strategies	for	natural	resource	management.
•	 Enhance	the	use	of	mechanical	power.
•	 Embrace	information	and	communication	technology	at	all	levels.

Intermediate-Term Impact:

•	 Bridge	the	genetic	divide.
•	 	Improve	the	coping	strategies	of	farmers	in	response	to	environmental	variability	and	climate	change.

Long-Term Impact:

•	 Promote	the	conservation	and	the	sustainable	and	equitable	use	of	biodiversity	management.
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appropriate for the African context. The committee identified 12 major areas of agricultural 
science and technology, agricultural-supporting infrastructure, policy, and development 
process that are critical for the United States and have relevance, with appropriate adapta-
tion, to African sustainable agricultural development.

1.  Sustainability is ultimately defined by the goals and objectives determined 
through an inherently political process and are highly context dependent.

Sustainability is a process of moving toward identified goals, but progress can be 
made in many different ways or by using a combination of different strategies. The four 
sustainability goals1 outlined in Chapter 1 of this report are sufficiently broad to apply to 
the African context, although specific objectives within each goal, and the priority given 
to each objective, need to be determined through a political process (informed by scientific 
principles and knowledge) by people in the different regions of Africa. The importance of 
reflecting the priorities of African countries is strongly stated in the United Nation’s In-
terAcademy report (InterAcademy Council, 2004) and in the report from the African Union 
(African Union Report, 2008). The need for African ownership of development efforts to 
improve food production and sustainability will require building a stronger indigenous 
research and education capacity. Increasing the involvement of farmers, especially women 
farmers, in research, policy discussions, and activities is critical to pursue appropriate goals 
and strategies (IAASTD, 2009).

Throughout this report, the importance of understanding the biophysical, socioeco-
nomic, and political context within which a farming system operates when seeking strate-
gies to increase productivity sustainably has been discussed at length. That understanding 
is critical in a highly diverse continent such as Africa. The strategies for achieving different 
sustainability objectives will be specific to particular regions of the continent, and as such 
will require creation of interdisciplinary research and education institutions at multiple 
levels, from regional and national to local, with effective mechanisms to exchange informa-
tion and knowledge among them.

2.  Sustainable systems need to be productive, efficient in resource use, and 
robust.

System attributes that are important for sustainability—productivity, system efficiency, 
and robustness (that is, have a combination of resilience, resistance, and adaptability to 
stress and changing conditions; see Chapter 1)—are emphasized in this report. In other 
words, a system needs to have the ability to continue meeting identified goals in the face 
of unpredictable weather and fluctuations in cost and availability of inputs to be sustain-
able (see Chapter 1). These points are also made in other reports (InterAcademy Council, 
2004; NRC, 2008; World Bank, 2008; IAASTD, 2009) that argue for specifically focusing on 
strategies and technologies to improve productivity and increase efficient use of resources, 
most notably water, and to address the ability to adapt to climate change.

The importance of building resilient and adaptable systems cannot be overstated. Pre-
dictions are that under climate change, there will be higher rainfall variability and uncer-
tainty than at present, especially in arid and semiarid areas; extreme events like floods 
and droughts will become more frequent; and temperatures will increase in sub-Saharan 
Africa (NRC, 2008; IAASTD, 2009). Given that only 4 percent of agricultural land in sub-

1 Satisfy human food, feed, and fiber needs, and contribute to biofuel needs; enhance environmental quality 
and the resource base; sustain the economic viability of agriculture; enhance the quality of life for farmers, farm 
workers, and society as a whole.
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Saharan Africa is irrigated, unpredictable weather patterns will greatly affect the majority 
of rain-fed systems. As discussed in the report Emerging Technologies to Benefit Farmers in 
Sub-Saharan Africa and South Asia (NRC, 2008), developing strategies to alleviate both the 
agroecological and economic impacts of climate change will be necessary. Farmers will 
need tools to have the flexibility to adapt to changing conditions. Adapting to changing 
climate conditions will involve agroecosystem design, such as use of multiple cropping 
instead of monoculture, and use of varieties bred to incorporate adaptation to multiple 
stresses such as drought, high temperatures and flooding, and landscape diversification. 
Systems that take advantage of natural processes, complementarities, and efficiencies can 
often reduce the need for external inputs, and thus reduce vulnerability to changes in input 
availability and cost. A diversity of products and markets would also help buffer farmers 
from fluctuating weather and prices, and reduce the risk of food shortage in bad years.

In addition, strengthening social and institutional networks (Turner et al., 2003; Nelson 
et al., 2007) and building appropriate infrastructure can also help buffer against fluctuating 
conditions. High capital investment (especially in infrastructure) would need, however, to 
be well planned, cost effective, and seek to improve both the productivity and adaptive 
capacity of farmers in the region.

3.  Criteria and indicators are needed to assess progress toward achieving 
sustainability goals.

In addition to goals and objectives, criteria for assessment and well-designed indica-
tors of progress toward sustainability are needed at each level from the global to regional, 
national, and community levels. Much attention is given to that notion in the Millennium 
Report, which discusses goals and indicators from the level of the Millennium Develop-
ment Goals (United Nations, 2008) downward to goals for nations and for community-level 
civil society groups. In defining indicators of sustainability, the development and testing 
process has to be decentralized at the national, state, and community levels if the indicators 
are to be relevant and have broad ownership.

“Sustainability” has particular priority objectives and time frames when very poor 
farmers are striving to move toward greater productivity, quality of life, and resource sta-
bilization, which indicators need to reflect. For example, ensuring adequate productivity 
for short-term survival is critical, as is sufficient system robustness to prevent yields fall-
ing below critical levels over the longer term. In addition, resource stabilization, such as 
building soil organic matter and inherent fertility, is a long-term but critical component. 
“Improved” systems need to address all these priorities simultaneously to effectively move 
toward sustainability, and therefore need to be evaluated against appropriate indicators for 
each component (see Chapter 1).

Well-constructed indicators can be highly relevant as guides for agricultural develop-
ment agencies and groups at all levels. The process for their identification could be infor-
mal, but the indicators and the assumptions upon which they are based would have to be 
made clear by all development groups as interventions are made.

4.  Priority should be given to an integrated systems approach to R&D that 
encompasses ecological, technological, and socioeconomic elements.

If the four sustainability goals are to be addressed, then efforts to develop new tech-
nologies need to use integrated systems approaches to assess performance characteristics 
and the agroecological, environmental, and socioeconomic drivers operating in the farming 
system in question. Integrated studies of performance and the various drivers are particu-
larly important to identify synergies among different management practices or barriers to 
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adoption of different practices. The need for a systems approach is a key recommendation 
in a number of recent reports (InterAcademy Council, 2004; NRC, 2008; World Bank, 2008; 
IAASTD, 2009). That need is strongly echoed by Pretty et al. (2006), who identified many 
synergies when multiple practices were used together in a systems approach. Programs, 
thus, need to avoid reductionist approaches that have a single focus on particular technolo-
gies and “interventions” that are seen as silver bullets or panaceas.

To date, Pretty et al. (2006) have conducted the largest study examining systems that 
have adopted practices aimed to move toward improved sustainability and production 
in developing countries. Their findings illustrate the importance of taking an integrated 
systems view of agriculture. They analyzed more than 286 agricultural projects cover-
ing 37 million hectares in 57 developing countries that used a variety of what they called 
“sustainable farming technologies and practices.” Their objective was to determine which 
low-cost and locally available technologies and inputs increased total food crop produc-
tivity, and the impact of those methods on water use efficiency, carbon sequestration, and 
pesticide use. They found that some 12.6 million farmers on the 37 million hectares were 
engaged in transitions toward improved agricultural sustainability. When various agricul-
tural practices were adopted and certain resources were available, average crop yields and 
available food, over a variety of systems and crops, increased by an average of 79 percent. 
The practices included effective use of locally available natural resources (for example, 
water harvesting, conservation tillage practices, composting, use of livestock manures, and 
irrigation scheduling and management); intensification of production from microenviron-
ments in farm systems (for example, gardens, orchards, and ponds); managing diversity 
by adding new regenerative components (for example, cover crops and green manures); 
and efficient use of nonrenewable inputs and external technologies (for example, resistant 
crop varieties and livestock breeds, new seed, low-dose and non-toxic pesticide sprays, 
and machinery). In addition, developing farmer and community participatory processes; 
building human capital through continuous education; and improving access to markets, 
infrastructure, and affordable finance (for example, credit, grants, and subsidies) were also 
found to be critical. Therefore, supportive government policies are important.

Targeting investments in systems research for the highest-priority production system 
types within Africa, and locating research institutions in areas where they can represent 
as large an area of a similar production system as possible, will be important. The United 
Nations’ InterAcademy Council identified four priority systems based on the criteria of the 
number of malnourished children who depend on the system and the potential for signifi-
cant improvement in productivity: maize-mixed system, based primarily on maize, cotton, 
cattle, goats, poultry, and off-farm work; cereal-root crop-mixed system, based primarily on 
maize, sorghum, millet, cassava, yams, legumes, and cattle; irrigated system, based primar-
ily on rice, cotton, vegetables, rain-fed crops, cattle, and poultry; and tree crop-based sys-
tem, based primarily on cocoa, coffee, oil palm, rubber, yams, maize, and off-farm work.

Systems research suitable for the African context needs to be locally grounded, with 
researchers actively engaged with farmers in the area to ensure the appropriateness of the 
study (InterAcademy Council, 2004). As discussed in Chapter 5, systems experiments can 
be established at field stations or in farmers’ fields to compare management approaches. 
Such studies in the United States have produced a lot of useful information (see examples in 
Chapters 3 and 5). Studies comparing integrative practices that are well defined have been 
particularly useful. Examples are tillage comparisons, cover crop integration into rotations, 
integrated pest management for particular crops such as tree fruit or certain field crops, 
and, in some instances, well-defined systems approaches such as organic production. Many 
of these studies compared specific integrative practices within a whole-farm context to de-



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

�0� TOWARD SUSTAINABLE AGRICULTURAL SYSTEMS IN THE 21ST CENTURY

fine and measure appropriate interactions (Drinkwater, 2002; Snapp and Pound, 2008). The 
on-farm systems studies are often conducted under experimental management by farmers 
and last for 5–10 years to measure intermediate-term effects. The studies require consider-
able farmer interest and support (Carter et al., 2004). In developing countries where farms 
are resource poor, such lengthy on-farm comparison studies might be too costly and take 
up too much land. Systems experiments might be more suited for well-located field stations 
than for farms, as long as farmers are closely involved and research institutions are given 
sufficient and secure funding to carry out multiyear trials.

Other kinds of on-farm research also can be used and can enable farmers to directly 
observe how different management or technological approaches perform and to develop 
their own adaptations on their farms to the systems studied elsewhere (Snapp and Pound, 
2008). Instead of having replicated studies on farms, an alternative and more feasible ap-
proach for farmers with limited landholdings can be to compare different practices, or 
suites of practices, once on each farm, and repeat the trial on multiple farms. The different 
farms are treated as replicates (see, for example, Snapp et al., 2002a).

Participatory on-farm research has ranged from trials designed and managed by 
researchers, but located in farmers’ fields, to farmer–researcher-designed and farmer-
managed approaches (Snapp et al., 2002a; Snapp and Pound, 2008). The more involved the 
farmers are, the greater the exchange of information and mutual learning. One drawback 
of on-farm research is that it can be risky because the environment is less controlled, and 
farmers might have more pressing priorities than research.

A combination of approaches might provide the best information, with on-station ex-
periments determining the potential for different approaches and on-farm trials providing 
information on performance and challenges in the real world. One example of a combined 
approach is the “mother and baby” trial design of Snapp (1999, 2002), where a series of 
“mother” trials are conducted at experiment stations, and then selected systems are tested 
in a series of “baby” trials in multiple farms and villages in the region. Snapp et al. (2002b) 
conducted their on-farm trials in different landscape positions (slopes, well-drained gentle 
slopes, and flood-prone valley floors) to evaluate the relative performance of different 
systems based on legumes and fertilizers in each landscape type. Using that design, agro-
ecological and production data were collected, including spatial and temporal variability 
in system performance, and information on farmer preferences and assessments of the 
systems were tested (Snapp et al., 2002b).

Another successful example of a combined approach is the integrated natural resource 
management program in West Africa, where a number of international institutions have 
worked together with farmers to increase productivity in mixed crop and livestock systems. 
The first step was to prioritize the main constraints to production, then draw upon the 
“best-bet” options that have emerged through research experiments and have farmers test 
them against their own practices. Assessments of productivity, nutrient cycling, economic 
and social benefits and farmers’ perceptions were then made (Snapp and Pound, 2008).

5.  Farmer participation in research is critically important to ensure research is 
locally relevant.

Agricultural research that is locally relevant is necessary and can be achieved by con-
sulting with and actively involving clients, notably farmers. Earlier paradigms that tried 
to fit farmers into the typically linear top-down structures of research–development–exten-
sion worked well for major cash crops, but had little success with small-scale diversified 
farms (IAASTD, 2009). Potential ways to address that problem include involving farmers 
in setting research priorities, increasing collaboration with social scientists, and increasing 
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participatory and interdisciplinary work at the core research institutions (IAASTD, 2009). 
Chapter 6 discussed some examples of successful participatory agriculture programs for 
improving sustainability in the United States that demonstrate the value of linking re-
searchers with farmers. Such approaches have contributed to moving farms toward meet-
ing multiple sustainability goals by working with a systems perspective (see Warner, 2006, 
for examples). The argument for farmer participation has been made for many years in the 
context of agricultural development, and such approaches have been used in different con-
texts (Pretty et al., 2006; Snapp and Pound, 2008). Farmer involvement is a central theme in 
the United Nations’ InterAcademy Council report, which states the “knowledge intensive 
and technology driven approaches must be integrated with indigenous knowledge and 
farmers needs and demands to ensure appropriateness and adoption of innovation” (In-
terAcademy Council, 2004). Similarly, the National Research Council argued that a locally 
trained workforce is imperative for development and adoption of new technologies (NRC, 
2008). The IAASTD report points out that innovation is more than invention. Successful 
innovation is based not only on technological performance, but also on how the technology 
builds knowledge, networks, and capacity.

Many grant programs and development institutions require participatory approaches 
in which farmers or groups of producers are actively engaged in the R&D process to ensure 
long-term success of any initiative for change and improvement. Those approaches have 
been extended from project-specific efforts of participatory research and appraisal, partici-
patory learning and action, and the Farmer Field Schools of the Food and Agriculture Or-
ganization (FAO) to engaging farmers in policy-related efforts or organizational initiatives 
to achieve broader institutional and policy changes that can contribute to improving sus-
tainability at a regional level (Farrington and Martin, 1998). One of the largest participatory 
programs, FAO’s Farmer Field Schools, has reached millions of farmers in many different 
countries with training in integrated pest management (Pontius et al., 2002). Many regard 
the Farmer Field Schools as a general success (Pontius et al., 2002; Pretty et al., 2006; van den 
Berg and Jiggins, 2007), but some observers see limitations (Feder et al., 2004a,b). Another 
example of a successful participatory approach is the Sustainable Livelihoods Analysis ap-
plied as part of an FAO project in Afghanistan (FAO Project: GCP/AFG/029/UK) (Snapp 
and Pound, 2008). Further, evidence from East Africa suggests that innovative participatory 
approaches to agricultural development, such as farmer research groups, are more success-
ful in reaching women farmers (who represent the majority of farm workers in sub-Saharan 
Africa) than traditional extension activities (IAASTD, 2009).

As part of a consultation meeting to prepare for the Global Conference on Agricultural 
Research for Development (GCARD)2 to be held in France in 2010, the African Farmers 
Organization released a declaration that recognizes the importance of agricultural research 
and development for farmers in Africa, and reaffirms the central position of farmers and 
farmer organizations in making research successful (African Farmers Organization, 2009). 
This organization comprises five regional farmer federations that, in turn, represent alli-
ances of national farmer organizations from countries within each region. However, despite 
the advances that have been made, the organization also highlighted some continuing 
concerns (African Farmers Organization, 2009), including the following:

2 GCARD is organized by the Global Forum on Agricultural Research (GFAR) in collaboration with the Con-
sortium and Independent Science and Partnership Council (now being formed) of the Consultative Group on 
International Agricultural Research (CGIAR).
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• “The weak engagement of farmers and farmer organizations with research institu-
tions in terms of setting the research for development agenda in Africa.

• The challenges that farmer organizations are facing in identifying, collecting, ana-
lyzing, and articulating the research needs of poor farmers.

• The weakness of the extension/agricultural advisory services, leading to failure of 
research findings reaching the farmers.

• The diminished involvement of farmers in measurements of impact and 
use of tools to evaluate successes or failures of research on improving rural 
livelihoods.”

Those concerns would have to be addressed in future research and education efforts be-
cause they identify critical issues in terms of process, resource allocation, and investment.

6.  It is critically important to consider the social, market, and policy 
environments within which farming systems are embedded.

Farms and the technologies and practices used in their management are nested in 
changing and fluctuating social, economic, and political environments. This report stresses 
the importance of markets, policies, knowledge institutions, and local resource conditions 
in shaping the ability of farmers to move toward sustainability goals. (See Chapters 4 and 6.) 
Those contextual factors operate at the level of households, communities, landscapes, na-
tions, and global markets. The lesson about fluctuating environments applies equally well 
to Africa. For example, recent fluctuations in global energy and corn prices caused consid-
erable hardship in Africa, and changing national policies with respect to subsidizing farm 
inputs have dramatic implications for options available to resource-poor farmers.

IAASTD (2009) recognized that to improve agricultural productivity, economic secu-
rity, environmental quality, and social welfare simultaneously requires more than tradi-
tional agricultural production science and technology development. Rather, movement 
toward greater sustainability requires careful consideration of how the viability of farming 
practices might be affected by differential patterns of access by farmers to land, inputs, 
and irrigation water; the specific goals and objectives of farm operator households; the 
structure of agricultural input and output markets; and the prevailing policy environment. 
An integrated approach also requires attention to the multiple functions of agriculture 
beyond mere food production, such as the contribution of agriculture to improvement of 
livelihoods and the maintenance of social and cultural traditions, provision of ecological 
services, and conservation of natural resources. The importance of considering the social, 
market, institutional, and policy contexts are discussed further below.

 a. Social Environments
As in the United States, the farm sector in Africa is extremely diverse, ranging from 

large-scale modern commercial farms to subsistence production on extremely small parcels. 
Unlike in the United States, however, much of the African population relies on small-scale 
commercial or subsistence farming to survive. Therefore, efforts to improve the well-being 
of the smaller producers are seen as a critical component to improve social and economic 
well-being on the continent. Programs such as the National Fadama Development Project 
in Nigeria supports smallholder farmers by helping them increase agricultural productiv-
ity, access infrastructure, and add value to their products (National Fadama Development 
Project, 2010). The First National Fadama Development Project (Fadama I) was designed 
to promote simple and low-cost improved irrigation technology. Adoption of low-cost ir-
rigation technology enabled farmers to increase production. Fadama II, a follow-up to the 
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first phase, aims to increase the incomes of the Fadama users through expansion of farm 
and nonfarm activities with high value-added output. It includes a participatory approach 
in which Fadama users will collectively identify their development priorities and agree 
on their investment activities. Other distinct strategies to develop innovative production 
techniques might be necessary to meet the needs of farmers with differential access to land, 
labor, machinery, inputs, and markets.

Attention to social dimensions of farming over the past two decades also has led to 
greater appreciation of the critical role of women in African agriculture. Women account for 
about 70 percent of agricultural workers and 80 percent of food processors in sub-Saharan 
Africa. It is imperative, therefore, that women have significantly increased representation 
in research, extension, and policy making, and equitable access to education, credit, and 
secure land tenure (IAASTD, 2009). The training of women as researchers and extension 
agents would greatly facilitate the process of reaching women farmers and understanding 
their needs and limitations when looking to introduce new management technologies and 
approaches.

 b. Market Advances and Policy
The general consensus is that for small farmers in rural Africa to improve their liveli-

hoods, they will need greater access to markets and that economic policy needs to be con-
ducive to their entry. For example, the United Nations’ InterAcademy report (2004, p.xxvii) 
states that “a vibrant market economy and effective economic policies are essential in mak-
ing poor families income and food secure.” The IAASTD report (2009) goes as far as to state 
that “the lack of connection between Sub-Saharan African farmers and the market has seen 
agriculture remain rudimentary, unprofitable and unresponsive to market demand.”

At the same time, the structure of new markets for farm commodities in Africa will 
affect which producers will benefit most from new opportunities. As Chapter 6 indicated, 
nearly all farmers in the United States depend on being able to market their products, but 
different types of markets have produced different opportunities and constraints to their 
abilities to use practices that enhance sustainability. Conventional global agricultural com-
modity markets, for example, principally reward farmers who can produce large volumes 
of specialized commodities at the least cost. Farmers who seek to diversify their operations, 
minimize their environmental impacts, enhance social acceptability, or address farm labor 
or animal welfare concerns might find themselves at a competitive disadvantage if they 
rely on traditional marketing outlets. At the same time, emerging marketing alternatives, 
including value-trait and short-supply chain markets, can provide new incentives that 
could encourage farming practices that advance other aspects of sustainability.

Importantly, developing new markets for farm products often requires explicit public 
and private efforts to create the infrastructure and reduce transaction costs, particularly 
for alternative markets that operate outside the global agrifood system. The committee has 
argued that the lack of an appropriate agricultural infrastructure can constrain the ability 
of farmers to adopt new commodities or marketing approaches on local farms. Efforts to 
increase sustainable farming systems may need to focus as much on infrastructure and 
market development as on production techniques or practices.

This is equally true for African farmers, where local and regional agricultural and 
rural infrastructure and market development are typically very poor, but urban areas and 
commercial farms are increasingly being integrated into global agrifood retailing chains 
(Reardon et al., 2009). Growing commercial markets have sometimes provided important 
benefits to smallholder farmers in Africa (Minten et al., 2009), but often disadvantage 
resource-poor farmers relative to larger operations (Neven et al., 2009).
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Unlike the United States, postharvest storage and handling facilities are poorly de-
veloped in much of Africa, but will be critical if farmers are to access markets other than 
those available locally. Investment in storage infrastructure and rural roads is needed for 
products to meet quality standards and make international and regional markets accessible 
to small farmers. To enter international markets, the issue of food safety and food-safety 
standards will need to be addressed, especially for fresh produce (as discussed for the 
United States in Chapter 4).

The United Nations’ InterAcademy Council report (2004) also makes the point that 
information and communications technology can play a critical role in market develop-
ment by giving farmers better access to markets and information on demand (for example, 
prices). Those technologies could also enable farmers to participate more actively in policy 
discussions and in setting R&D priorities.

Market diversification is an important strategy for risk management and economic suc-
cess. (See Chapters 4 and 6.) The ability to access a range of markets from local to regional 
and international can improve market diversification. As in the United States, diversifica-
tion options could include seeking value-trait markets and the creation of value-added 
products. One example of African farmers accessing a value-trait market is organic cot-
ton. Kenya and Tanzania have the most developed markets in Africa, but countries such 
as Burkina Faso and Benin have also entered the market (Dowd, 2008; UNEP-UNCTAD, 
2008). The market demand is expected to exceed production in the near future and make 
organic cotton a promising avenue for African farmers provided that barriers and chal-
lenges to production and market access can be overcome (Dowd, 2008). Meanwhile, studies 
of global systems to certify and source organic, fair trade, and other value-trait foods from 
developing countries have discovered a number of potentially adverse impacts on smaller 
and less sophisticated producers, who may be less prepared to comply with mandatory 
paperwork and could be forced to forgo the opportunities (Marsden and Murdoch, 2006). 
It is predicted, however, that market demand for organic cotton will exceed production 
in the near future, making it a promising avenue for African farmers provided that barri-
ers and challenges to production and market access can be overcome (Dowd, 2008). The 
adoption of certified-organic practices in general has expanded substantially in developing 
countries, and could provide particularly beneficial income opportunities for farmers who 
export their produce, particularly if they are organized that share the paperwork burden. 
Nonetheless, adoption of certified-organic practices poses significant administrative chal-
lenges, as mentioned previously, and significant production challenges in areas where 
soils are extremely degraded or in humid areas where weeds are prolific and expensive to 
control using only organic methods. Certified-organic production still represents a small 
proportion of overall agricultural production in the developing world, but could offer sig-
nificant potential for the future, particularly if supported by further research, investment, 
education, and adaptation for local contexts.

The committee also discussed how the policy environment has a major impact on farm 
economics. (See Chapter 6.) Environmental and conservation policies might require or 
encourage the adoption of some best management practices, whereas others, such as com-
modity program payments, might discourage the use of complex rotations; similarly, the 
availability of crop insurance might encourage high-risk production systems. The policy 
context is equally important for affecting agriculture in Africa. For example, subsidies for 
agricultural inputs such as fertilizer have had a major impact on accessibility to small farm-
ers and their subsequent levels of production. One example is Malawi, where fertilizers 
and other agricultural inputs were heavily subsidized prior to structural adjustment. When 
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the subsidies were removed, production declined. Because of low productivity, subsidies 
have been reintroduced in recent years to avoid widespread hunger (Denning et al., 2009). 
Simply subsidizing fertilizer, however, cannot be sustained over a long term (as discussed 
below in the technologies section), and incentives for using other soil improvement and 
water-efficient approaches will be needed if they are not provided by markets. It is also 
critical to establish means for African farmers, irrespective of farm size, to obtain loans at 
reasonable terms of repayment.

Payments for environmental services (PES) can be an option for African agriculture to 
directly reward management practices that contribute to maintaining and enhancing en-
vironmental services (for example, biodiversity conservation, carbon sequestration, water 
quality and availability, and land rehabilitation and nutrient cycling) and for small-scale 
farmers to be involved in voluntary markets for carbon (IAASTD, 2009). The challenges to 
instigating such payment systems, however, are discussed in Chapter 6, and it should be 
noted that in the United States, the use of PES has been limited. PES requires substantial 
record keeping that, for smallholders, is best done through farmers’ organizations and 
nongovernmental organizations.

World trade is highly competitive, and removal of formal and informal barriers to 
trade, both interregional and international, will be critical to expanding market opportuni-
ties (InterAcademy Council, 2004). It is important to note that when the United States uses 
agricultural export subsidies, imposes import tariffs or quotas, or provides subsidies for 
production of U.S. commodities, non-U.S. agricultural producers are at a disadvantage. 
Even the delivery of U.S aid to countries, if the aid comes in the form of U.S. agricul-
tural products, can depress local country prices and thereby reduce the income of local 
farmers.

7.  A major investment in institution-building will be required to advance 
African agriculture.

The lack of well-funded and well-equipped research and education institutions is a 
serious problem facing much of Africa. The lack of infrastructure is related to a lack of gov-
ernment investment. For example, investment in agricultural research tripled in China and 
India over the past 20 years, but it only increased by one-fifth in sub-Saharan Africa overall 
and actually declined in about half of the countries. The lack of strong indigenous research 
and education systems is especially problematic in Africa because the agroecological com-
plexity of its farming systems means that they are less able to benefit from international 
technology transfers (World Bank, 2008). Furthermore, many of the most talented research 
scientists seek to work in other countries with better facilities and funding (InterAcademy 
Council, 2004).

Efforts are currently underway to try to increase public investment in agriculture R&D 
to 10 percent of gross domestic production (an increase from 4 to 5 percent in Africa) in 
the near future, which represents a critical juncture for planning how to best invest that 
money (African Union Report, 2008). Investment in research and education institutions 
that promote systems approaches to improving sustainability and productivity is critical 
(InterAcademy Council, 2004; NRC, 2008; IAASTD, 2009). In Chapter 6, the roles of govern-
ment funding, research institutions, and university programs in U.S. agricultural R&D were 
discussed at length, with the following points emerging: public sector funding is critical for 
addressing nonproduction efficiency questions such as the environment and resource man-
agement, poverty alleviation, and others; shifting the direction of longstanding programs 
into more holistic systems thinking and approaches has been difficult but necessary for the 
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development of new programs to advance those research efforts; and active involvement of 
farmers and farmer organizations in research can be effective in influencing how agriculture 
is conducted. These points are important lessons for Africa. To move forward on meeting 
multiple sustainability goals simultaneously, it will be imperative that integrated systems 
approaches, interdisciplinary thinking, and participatory process be an integral part of both 
newly created institutions and efforts to rebuild and refocus existing programs.

Education in general is a critical element in improving agriculture in Africa, both for 
the general population and for research and extension personnel. Indeed, the United Na-
tions’ InterAcademy report (2004) suggested that a major change in curricula at universi-
ties and other higher education institutions is needed. The suggestion is to build curricula 
that focus on production, ecological, and multidisciplinary approaches and that expose 
students to farmers and their knowledge and issues. In that way, researchers and extension 
agents will be well versed in the socioeconomic and policy contexts in which agriculture 
is operating.

A number of short- and long-term goals for institutional development in Africa are 
listed in the InterAcademy report (see Box 8-2). Those goals emphasize a multilevel ap-
proach with the development of strong local, national, regional, and international research 
and education institutions. These institutions will need to be firmly embedded in interdis-
ciplinary and systems thinking, the context within which farmers are operating, and be 
connected closely with the farming communities in the surrounding areas. In the United 
States, one mechanism to ensure farmer involvement has been to make it a requirement for 
research funding. For example, a number of U.S. Department of Agriculture competitive 
grants programs require researchers to explain how farmers are involved in the design, 
execution, and evaluation of projects when submitting proposals. Furthermore, modify-
ing university curricula to train new researchers and extension agents to become well 
grounded in interdisciplinary knowledge and systems thinking will be critical.

BOX �-� 
Institution-Building Recommendations to Increase Food Security in Africa 

Proposed by the InterAcademy Council of the United Nations (�00�)

Near-Term Impact:

•	 	Design	and	invest	in	national	agricultural	science	systems	that	involve	farmers	in	education,	research,	
and	extension.

•	 Encourage	institutions	to	articulate	science	and	technology	strategies	and	policies.
•	 Increase	support	for	agricultural	R&D.
•	 Provide	sustainable	funding	for	higher	education	in	science	and	technology.

Intermediate-Term Impact:

•	 Cultivate	African	Centers	of	Excellence.
•	 Strengthen	International	Agriculture	Research	Centers.
•	 Focus	on	retention	of	agricultural	scientists	by	creating	opportunities	at	well-resourced	institutions.

Long-Term Impact:

•	 	Reform	 the	 university	 curriculum	 to	 stress	 both	 production	 and	 ecological	 and	 multidisciplinary	
approaches.
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8.  Development and adoption of suitable technologies to address abiotic and 
resource constraints will be critical.

Technology development will provide new tools and practices to increase agricultural 
production and achieve other sustainability goals at the same time. The NRC report Emerg-
ing Technologies to Benefit Farmers in Sub-Saharan Africa and South Asia (2008) recommended 
18 high-priority technologies as most likely to have a significant impact on agricultural 
productivity in the two regions. Many of the priority technologies listed in the 2008 NRC 
report coincide with practices and technologies discussed here. The technologies focus on 
natural resource management, improving genetics of crops and animals, overcoming biotic 
constraints, and energy production. Three similar types of technological improvements 
were thought to have played substantial roles in the field productivity increases observed 
by Pretty and colleagues in their study of 246 projects discussed earlier (Pretty et al., 2006): 
technologies that improve water-use efficiency in both dryland and irrigated farming; im-
prove organic matter accumulation in soils and carbon sequestration; and manage pests, 
weeds, and diseases with an emphasis on in-field biodiversity and reduced pesticide use. 
Pretty et al. also noted that combinations of different improvements and practices showed 
the greatest positive effects. Some of the key technologies and management practices that 
the committee judges to contribute to the sustainable intensification of African agriculture 
are listed below.

 a. Management to Improve Soil Quality
Chapter 3 discusses the central role of proper soil management and maintenance of 

good soil quality in improving agricultural sustainability. Soil quality encompasses a range 
of properties including nutrient cycling, disease and pest suppression, soil physical struc-
ture, water infiltration rate, and water-holding capacity. A key component of good soil 
quality is building and maintaining soil organic matter, which is particularly important for 
many of the poor fertility soils found in Africa where organic matter levels are low. Inputs of 
organic residues (such as animal manure, green manure, and crop residue) and reduced or 
no tillage are strategies known to increase soil organic matter. Prevention of soil loss in the 
surface layers, where the organic matter is generally highest, also is critical. Implementing 
such approaches as reduced tillage, use of organic matter inputs, and protection of the soil 
surface is a priority for agricultural development in Africa to reverse the serious problems 
of declining soil fertility and soil quality.

A suite of practices referred to as “conservation agriculture” has been increasingly pro-
moted and adopted in developing countries to improve soil organic matter levels and crop 
productivity. Conservation agriculture is similar to the move toward reduced or conserva-
tion tillage in the United States (Chapter 3). Conservation agriculture is characterized by 
three principles that are linked to each other in a mutually reinforcing manner. The three 
principles are continuous no or minimal mechanical soil disturbance (that is, direct sowing 
or broadcasting of crop seeds, and direct placing of planting material in the soil), permanent 
organic-matter soil cover (by crop residues and cover crops in particular), and diversified 
crop rotations in the case of annual crops or plant associations in case of perennial crops, 
including legumes (Meyer, 2009). Conservation agriculture has been successful in some 
areas, notably Brazil (European Technology Assessment Group, 2009), but it is not a simple 
technology package that can be applied across widely different areas. For example, appli-
cations in South America usually are based on highly mechanized farming systems where 
low-tillage planters are readily available and herbicide application technologies are acces-
sible to farmers. In contrast, while conservation agriculture in South Asia uses herbicides, 
it is based on small-scale equipment or even planters who use draft animals. Conservation 
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agriculture is knowledge intensive, requires farmers to adapt planting methods to reduce 
or eliminate tillage, can be greatly enhanced with selective herbicide application, and re-
quires farmers to finetune the application of the recommended technologies to their own 
specific situations (European Technology Assessment Group, 2009). Some argue that lack 
of adoption can be a problem particularly in Africa (Gowing and Palmer, 2008; Baudron 
et al., 2009). A comprehensive review of the scientific literature on conservation agriculture 
with relevance to Africa and to its benefits and adoption in the Americas (Giller et al., 2009) 
lists the many factors of water availability, soil type and condition, competing uses for crop 
residues, increased labor demand for weeding (or for use of herbicides), and lack of access 
to, and use of, external inputs as critical constraints to adoption of conservation agriculture 
in Africa. Clearly, more research is needed to determine if conservation agriculture can 
successfully be adapted for the challenging environments of Africa and help address soil 
degradation and fertility problems. A number of such research efforts are now underway 
(FAO, 2009b; Giller et al., 2009).

The NRC report (2008) identified a number of techniques for improving overall soil 
quality that could be applicable in Africa, and the key will be to identify which work best 
in different environmental and socioeconomic contexts. Techniques listed include: use of 
cover crops in rotations, applying manure, agroforestry, terracing, no-till or conservation 
tillage, crop residue retention, mulches for erosion control, controlled grazing, appropri-
ate irrigation, and integrated fertility management (NRC, 2008). In addition, the report 
suggested exploring the potential of nanotechnology in the future, notably the applica-
tion of zeolites that have specific ion exchange and reversible dehydration properties and 
could function as slow-release fertilizers and aid in water retention. Similarly, rhizosphere 
manipulation could be useful, as discussed in Chapter 3 of this report. In particular, the 
NRC report (2008) identified long-term potential for breeding plants with improved root 
structure, encouraging populations of plant growth–promoting bacteria either through soil 
management or by adding them as a soil amendment, and improving soil suppressiveness 
to disease.

 b. Integrated Fertility Management
Fertilizer use in Africa is low compared to elsewhere. The average application in Africa 

is less than 10 kg/ha, and increased fertilizer use is seen by many as a fundamental need to 
improve production (IAASTD, 2009). However, fertilizers need to be part of an integrated 
fertility management plan that includes judicious use of organic fertility sources in combi-
nation with chemical fertilizer inputs (InterAcademy Council, 2004). Indeed, the IAASTD 
report suggested that research be reoriented from high-input blanket approaches to site-
specific efficient application and integrated fertility management. Chapter 3 discussed the 
value of organic matter addition from such sources as green manures, cover crops, animal 
manure, and composts for both fertility and soil quality management. A number of exam-
ples show that a combination of inorganic and organic fertility inputs can have synergistic 
benefits, partly because of improved water retention (Evanylo et al., 2008; Sirrine et al., 
2008; Toenniessen et al., 2008), which is critical in rain-fed agricultural systems.

 c.  Integrated Water Management
In the United States, agriculture’s use of water is becoming an increasingly critical is-

sue. In some regions, water demand for alternative urban and industrial uses puts pressure 
on agriculture to reduce use, while in other areas, water resources are diminishing because 
of overuse (see Chapter 2). Individual farms might be highly efficient in water use, but 
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water overdraft in aggregate at a regional scale can become a driving factor for reduced use 
or abandonment of agricultural system types.

Issues of water use and scarcity loom large in much of Africa, especially sub-Saharan 
Africa. Water use and irrigation planning need to be done at a landscape and watershed or 
regional level, as illustrated for the United States, to identify areas of potential overdraft 
and to manage competition among different sectors for limited water supplies. However, 
the capacity for increasing the amount of irrigated cropland is small in sub-Saharan Africa, 
and most agricultural land will likely remain in rain-fed production systems, where small-
scale water capture and storage systems are most appropriate.

In regions where shortages are occurring or are foreseen, developing a database of 
water use and implementing policies at appropriate local and regional scales are critical 
for managing the resource sustainably. As an example, a consortium of U.S. states and 
Canadian provinces bordering or using Great Lakes water and its ground water aquifers 
sets guidelines and policy under the U.S. Clean Water Act. (See Chapter 6.) All users are 
mandated to keep pumping-of-use records. Total use is coordinated with rainfall records 
and lake levels. Eventually, it will be necessary to allocate use, which requires historical 
records and projections for long-term use.

Because of the characteristics of agriculture in sub-Saharan Africa, it is generally agreed 
that smaller-scale irrigation and green water technologies, such as water conservation, 
rainwater harvesting, pumping from rivers on an individual and small group basis, and 
community-level water management, need to be explored as alternatives to large-scale ir-
rigation projects (InterAcademy Council, 2004; NRC, 2008; IAASTD, 2009). In addition, the 
IAASTD report suggests some capacity for ground water pumping using medium-scale 
and irrigation techniques that require little infrastructural development and can reach 
many farmers (IAASTD, 2009). However, local and regional ground water overdrafts, as 
have occurred in other parts of the world, would have to be avoided.

Efficiency of water use also needs to be improved. Water-application efficiency can 
possibly be improved by using such techniques as land leveling and switching to more 
efficient irrigation methods such as drip systems. Drip systems currently might be too 
expensive for many small farmers, but some argue that it is worth exploring the potential 
for locally manufactured drip systems using recycled plastic bottles (NRC, 2008; IAASTD, 
2009). Good soil management leading to increased organic matter will also help improve 
water use efficiency by allowing more water to percolate into the soil and increasing the 
water-holding capacity of soils. (See Chapter 3.)

9.  Technologies are needed to effectively address biotic constraints to production.
Losses to pests, diseases, and weeds are substantial in developing countries, with es-

timates of 40 percent of potential yields lost to diseases and insects in Africa (NRC, 2008). 
The use of synthetic pesticides in those countries is likely to be limited because of cost and 
access constraints (InterAcademy Council, 2004); therefore, approaches such as integrated 
pest management (IPM), biological control, use of resistant crop varieties, development of 
disease-suppressive soils, and biopesticides could be as or more important than synthetic 
pesticides (NRC, 2008). Others also highlight diversification of the farming landscape as a 
way to encourage conservation biological control by providing habitat for natural enemy 
populations (World Bank, 2008; IAASTD, 2009).

Some of the aforementioned approaches, as discussed in Chapter 3, are more advanced 
in their development than others. For example, IPM and the release of biological control 
organisms have had success in developing countries including Africa (see Chapter 3; NRC, 
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2008). Other techniques, such as manipulation of the rhizosphere to increase disease sup-
pressiveness, need considerably more work to improve their success in African production 
systems. Efforts have been made in the United States to develop formulations of microor-
ganisms associated with disease suppression, but those formulations have been used by 
few farmers because of a lack of reliable suppression. For that and other reasons, focusing 
on how to encourage soil suppressiveness through management—that is, by manipulat-
ing carbon inputs and designing crop rotation to increase and maintain populations of the 
beneficial microorganisms—might be more appropriate than developing microorganism 
formulations. Similarly the potential for use of induced resistance (see Chapter 3) is in its 
infancy in U.S. and African agriculture.

10.  Genetic improvement of both crops and animals will play an important role in 
the sustainable intensification of African agriculture.

Active plant-breeding programs are essential for agricultural systems to respond to 
changing abiotic and biotic constraints that affect crop production. Host plant resistance is 
especially important for farmers with limited resources to purchase or use external inputs, 
such as pesticides. Similarly, tolerance to abiotic stresses such as drought, heat, and flood 
are increasingly important, especially for rain-fed agricultural systems. Unfortunately, gov-
ernment and donor support for public plant-breeding programs has not kept up with the 
needs of many developing countries. The plant-breeding programs and national program 
staff training efforts of the CGIAR Centers have been underfunded and understaffed for 
years. The lack of trained plant breeders has become an international concern and a num-
ber of recent initiatives have been established to train and support African plant-breeding 
programs.

Facilitated by FAO, the Global Partnership Initiative for Plant Breeding Capacity Build-
ing (GIPB) is a multiparty initiative of institutions working with national agricultural pro-
grams to increase their plant-breeding capacity through the establishment of an Internet-
based Knowledge Resource Center. The Knowledge Resource Center’s shared information 
portal covers key areas such as training needs and opportunities, access to conventional 
and molecular-breeding technologies and genetic resources, general information on breed-
ing programs, and other useful links.

The African Centre for Crop Improvement (ACCI), established in 2004, is located at the 
Pietermaritzburg campus at the University of Kwa Zulu-Natal in South Africa. With initial 
support from the Rockefeller Foundation, and more recently from the Alliance for a Green 
Revolution in Africa (AGRA), the aim of ACCI is to train plant breeders from Eastern and 
Southern Africa using conventional and biotechnological breeding methods to improve 
African crops, with a focus on cereals, roots and tubers, and pulses. The students complete 
two years of course work at the university before returning to their home countries where 
they undertake three years of field study with the support of their university supervisors.

Another recent program is a five-year, multipartner project on “Plant Molecular Breed-
ing in the Developing World” funded in part by the Bill and Melinda Gates Foundation 
and the CGIAR Generation Challenge Program. The aim of the project is to use advanced 
genomic sciences and comparative biology to develop tools and technologies that will help 
plant breeders in the developing world produce better crop varieties for resource-poor fam-
ers, with an emphasis on drought tolerance and pest and disease resistance.

Although most of the world’s diversity of livestock animals is in the developing world 
(FAO, 2007), conservation of animal genetic diversity and breeding improved breeds of 
key animal species in the region is very limited. FAO’s Global Plan of Action for Animal 
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Genetic Resources and the Interlaken Declaration on Animal Genetic Resources (FAO, 2007) 
noted with alarm the significant ongoing loss of livestock breeds throughout the world 
and recommended prompt action to conserve animal breeds at risk. The strategic priori-
ties for action include: characterize, inventory, and monitor trends and associated risks to 
animal genetic resources; ensure sustainability in animal production systems with a focus 
on food security and rural development; preserve animal genetic diversity and integrity; 
and develop coherent and synergistic policies and institutions. The International Livestock 
Research Institute (ILRI) program for community-based management of indigenous farm 
animal genetic resources in Africa is one of a few efforts (International Livestock Research 
Institute, 2009a). It recognizes that community involvement is crucial for success and that 
farmers and pastoralists are innovative in finding ways to combine production and adapta-
tion to their breeding stock.

11.  Sustainability and productivity could be improved by increased crop and 
livestock integration.

Chapter 5 discusses the potential benefits of crop and livestock integration for the 
United States. For example, the ability to feed crops to livestock enables producers to 
capture and potentially recycle nutrients back to farm fields, which reduces the need for 
purchased fertilizers and enhances desirable soil attributes such as organic matter, water-
holding capacity, and soil structure (Schiere et al., 2002; Entz et al., 2005; Hendrickson et al., 
2007).

Livestock serve a number of important roles in many African communities. They can 
serve as a source of meat or milk products, as draft animals for preparation of crop fields, 
as a store of wealth, and as an indicator of status and medium of exchange in important 
cultural rituals (such as marriage arrangements). While crop and livestock farmers have 
often been ethnically and operationally separate, groups of pastoralists and sedentary crop 
farmers have long been linked in functional ways (Powell et al., 2004). As population densi-
ties have increased, a growing number of integrated or mixed livestock and crop systems 
have developed across sub-Saharan Africa. In those systems, livestock can provide a vital 
source of manure to increase levels of soil quality and fertility that are critical for improv-
ing crop productivity throughout Africa. In turn, livestock are able to take advantage of 
underutilized resources, such as crop residues and less productive crop lands that can be 
converted to intensive pastures. Mixing livestock and crop enterprises can also add diver-
sity to sources of food and income available to farmers and could increase the resilience of 
the farm system and reduce risk of food shortages.

The IAASTD report specifically recommends the integration of crop, livestock, trees, 
and fish components where applicable as an important risk management strategy for sub-
Saharan Africa in the face of unpredictable weather patterns and the prospects of global 
climate change (IAASTD, 2009). Efforts to improve the sustainability of crop production 
systems could benefit from integration of livestock enterprises within individual farms.

Recent efforts to modernize and improve productivity of African commercial farms 
have also led to the development of large-scale specialized crop or livestock operations 
(more similar to dominant production systems found in the United States). Although spe-
cialization can create productivity or economic gains, it raises the potential for the loss of 
synergistic crop-livestock interactions and could generate more adverse social and environ-
mental impacts, particularly in a political environment in which government capacity for 
regulation and oversight tends to be weak. Issues of nutrient imbalances, animal welfare, 
and animal health that are linked to the growth of concentrated animal feeding operations 
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in areas separated from crop production will likely need to be addressed, as discussed in 
the NRC report (2008). Given those structural changes, creative strategies to reintegrate 
livestock and crops at the regional scale may be required (Powell et al., 2004).

12.  Many processes and issues need to be addressed by landscape- and watershed-
level planning and analysis.

Sustainability and robustness of agroecosystems are defined by economic, social, and 
environmental characteristics at the farm, landscape, and regional levels. The scale and 
diversity of individual enterprises on the landscape is an important determinant of, for 
example, nutrient and water movement and vulnerability to extreme events. Also, higher-
level catchment strategies are needed to optimize land and water use, address competition 
for water, and avoid developing overdrafts (InterAcademy Council, 2004). Similarly, spatial 
arrangements of habitats and their connectivity across the landscape are critical for effec-
tive management of native biodiversity (Kristhanson et al., 2009). The use of Geographic 
Information Systems (GIS) technology will be essential for the examination of landscape- 
and regional-level questions. The increasing numbers and scale of animal confinement 
operations that are evolving in response to market demand for quality livestock products, 
within Africa and in response to global market opportunities, present an important need 
for assessment of nutrient flows and local loading. Positioning of such facilities within wa-
tersheds to facilitate nutrient dispersal on the landscape for conservation and protection 
of water quality will present a new range of problems that require policy guidance, just as 
they do in highly developed economies.

Management of grazing lands involves pastoralists being able to respond to variability 
in the spatial and temporal availability of resources. Strategies used include movement of 
livestock to follow quality and quantity of feed and water, flexible stocking rates, and herd 
diversification (IAASTD, 2009). Grazing systems are being challenged by changes in land 
tenure arrangements and stresses because of climate change. The latter will change the 
carrying capacities for livestock because of alternative predictions for changes in rainfall 
under different scenarios for climate change. The use of GIS will enable the development 
of spatially explicit models to provide insights into productivity patterns of the system 
and development of policies to ensure sustainability (IAASTD, 2009). Useful resources and 
linkages, particularly for African scientists, are available at the website of the International 
Livestock Research Institute (International Livestock Research Institute, 2009b).

SUMMARY

When considering the relevance of lessons learned in the United States to sub-Saharan 
Africa, it is important to recognize key differences between the two regions. Nonetheless, 
the concepts of sustainability and many of the broad approaches presented in this report 
are relevant and concur with conclusions from some recent international reports and they 
are summarized below.

• Use of a systems approach with an interdisciplinary focus and understanding is es-
sential, as is an awareness of the social, economic, and policy context within which 
farming systems operate.

• Technologies to address soil, water, and biotic constraints are needed that integrate 
ecological processes and use locally available resources in combination with judi-
cious use of external inputs when necessary.

• Promising technological approaches include improving soil quality by organic 
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matter management and reduced tillage; integrated fertility management; water 
harvesting and use of drip irrigation; development of crop varieties that are resis-
tant to environmental stress, diseases, and pests; development of improved animal 
breeds; greater integration of crops and animal production; and use of GIS to en-
able landscape and regional analysis and planning. Adoption of such technologies 
could be affected by multiple factors, including access to credit, that would have 
to be addressed to use available technologies.

• Investment in agricultural R&D needs to increase, and the new commitment by 
African nations to respond to this need presents a critical opportunity to create a 
research and extension system that reflects an interdisciplinary systems approach 
to addressing agricultural problems.

• New research programs would need to actively seek input and collaboration from 
farmers to ensure that appropriate research questions are being asked and tech-
nologies tested. Women play a critical role in African agriculture, and they need to 
be provided with educational and training opportunities and be involved in the 
development of research agendas.

• Expansion of access to markets will be essential to increase productivity and en-
hance livelihoods in rural Africa. Investing in rural infrastructure could improve 
local, regional, and international market access.

• The indigenous research and education system needs to be greatly strengthened, 
with institutions firmly grounded in interdisciplinary systems thinking and con-
nected to local farmers and their production and livelihood needs.
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Conclusions and Recommendations

Modern American agriculture has had an impressive history of increasing produc-
tivity that has resulted in affordable food, feed, fiber, and more recently, biofuel 
crops for domestic purposes and agricultural exports. Although the U.S. domestic 

and international markets are much larger than they were in the 1900s, farmers of the 21st 
century produce enough agricultural products to meet the current demands of both mar-
kets on the same acreage as a century ago. In addition, the average percentage of disposable 
income spent by U.S. consumers on food has declined from about 21 percent in 1950 to 9.4 
percent in 2004.

Although small and medium-sized farms represent more than 90 percent of total farm 
numbers and manage about half of U.S. farmland and other farm assets, U.S. agriculture 
has become increasingly dependent on large-scale, high-input farms that specialize in a few 
crops and concentrated animal production practices for most U.S farm products. In 2007, 
the largest 2 percent of U.S. farms were responsible for 59 percent of total farm sales. Large 
farms have rapidly increased their share of total U.S. farm production value, while mid-
sized commercial family farms that are important to rural community social and economic 
life are declining in number and importance. These trends can be partly attributed to tech-
nical innovations, economies of scale, and the increasing consolidation of food processing, 
distribution, and retailing sectors.

Many modern agricultural practices have unintended negative consequences, or exter-
nalized costs of production, that are mostly unaccounted for in agricultural productivity 
measurements or by farm enterprise budgets. Loss of water quality through nitrogen and 
phosphorus loadings in rivers, streams, and ground water contributes to dramatic shifts in 
aquatic ecosystems and hypoxic zones. Agricultural pesticides can contaminate streams, 
ground water, and wells. Excessive use of certain pesticides could be harmful to agricul-
tural workers and might pose food safety risks. The nutrient density of 43 garden crops 
(mostly vegetables) has been shown to have declined between 1950 and 1999 in the United 
States, suggesting possible tradeoffs between yield and nutrient content. Agriculture con-
tributes to total greenhouse-gas emissions, particularly carbon dioxide (CO2) from syn-
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thetic agrichemical production, nitrous oxide (N2O) from soil management activities, and 
methane (CH4) from enteric fermentation. Some modern agricultural practices adversely 
affect soil quality by affecting soil physical, chemical, and biological factors through ero-
sion, compaction, acidification, and salinization. They also reduce biological activity as a 
result of pesticide applications, excessive fertilization, and loss of organic matter. Industrial 
confinement of livestock systems is associated with the decline in a number of minor breeds 
and the accelerated development of genetically similar hogs, poultry, and beef and dairy 
cattle. Concerns have been raised about the welfare of animals that are kept in large-scale 
confinement operations. Although on-farm productivity has been increasing, the aggregate 
value of net farm income received by farmers has not changed dramatically over the last 
40 years, primarily due to rising prices of external inputs, including cost of hybrid and ge-
netically engineered (GE) seeds, fuel, and synthetic fertilizers. More than half of U.S. farm 
operators work off-farm to supplement their income and to obtain health care and retire-
ment benefit plans. The profitability of many U.S. farms, especially large grain producers, 
is partly determined by federal government commodity support programs.

Those changes in U.S. agricultural production systems have raised public concerns 
about the ecological sustainability of agriculture and the well-being of rural communities, 
farm families, farm laborers, and livestock. Questions have also been raised about whether 
agriculture can continue to supply adequate food, feed, fiber, and biofuel crops to meet the 
expanding needs of a growing and more affluent world population, and, if so, the tradeoffs 
and risks. At the same time, emerging constraints, such as the overdrafting of ground water 
and aquifers, loss of prime agricultural lands to urban development, and climate change, 
are posing unprecedented challenges to agricultural production and productivity in the 
United States. In addition, the large number of U.S. farmers who will likely retire in the next 
decade is raising concern about who will be the next generation of farmers.

WHAT IS SUSTAINABLE AGRICULTURE?

Defining Sustainable Agriculture

Sustainability has been described as the ability to provide for core societal needs in a 
way that can be readily continued into the indefinite future without significant negative 
effects. Accordingly, measuring progress toward sustainability will be inherently subjec-
tive if different groups in society have different goals and objectives for agriculture. Even 
with broad agreement for certain goals, the relative importance assigned to one goal over 
another will be highly contested. Developing a widely accepted vision of what agricultural 
sustainability should be is beyond the scope of this report. However, four generally agreed-
upon goals help define a sustainable agriculture:

• Satisfy human food, feed, and fiber needs, and contribute to biofuel needs.
• Enhance environmental quality and the resource base.
• Sustain the economic viability of agriculture.
• Enhance the quality of life for farmers, farm workers, and society as a whole.

The committee concluded that if U.S. agricultural production is to meet the chal-
lenge of maintaining long-term adequacy of food, fiber, feed, and biofuels under scarce 
or declining resources and under challenges posed by climate change and to minimize 
negative outcomes, agricultural production will have to substantially accelerate prog-
ress toward the four sustainability goals. Such acceleration needs to be undergirded by 



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

CONCLUSIONS AND RECOMMENDATIONS ���

research and policy evolution that are designed to reduce tradeoffs and enhance syner-
gies between the four goals and to manage risks and uncertainties associated with their 
pursuit.

Measuring Progress Toward Sustainability

Sustainability is best evaluated not as a particular end state, but rather as a process 
that moves farming systems along a trajectory toward greater sustainability on each of 
the four goals. For this report, the committee’s definition of sustainable agriculture does 
not make a sharp dichotomy between conventional and sustainable farming systems, not 
only because farming enterprises reflect many combinations of farming practices, organi-
zation forms, and management strategies, but also because most types of farming systems 
can potentially contribute to achieving various sustainability goals and objectives. Pursuit 
of sustainability is not a matter of defining sustainable or unsustainable agriculture, but 
rather of assessing whether choices of farming practices and farming systems would lead 
to a more or less sustainable system as measured by the four goals.

Finding ways to measure progress along a sustainability trajectory is an important 
part of the experimentation and adaptive management process. Environmental, economic, 
and social indicators can be used to describe the performance of agriculture and to provide 
information on whether a farm, a farming system type, or agriculture at any scale is on a 
trajectory toward improved sustainability. Many indicators are means-based and others are 
outcome-based; both types have limitations and strengths. Efforts to develop indicators to 
assess social dimensions of agricultural sustainability are sparse. Some of the indicators 
being used, such as production energy costs and levels of implementation of best man-
agement practices, are useful at many levels of aggregation from farm-level assessments 
to regional and national accounting. Yet, there are no agreed-upon standards regarding 
which indicators to use under different conditions. Few indicators have been validated by 
scientists, farmers, and the public. Developing consistent and effective indicators would 
facilitate assessment of the sustainability of farming practices or systems. Understanding 
the relationships between sustainability indicators and the outcomes they are meant to 
represent is a priority for future research.

Farming systems that move toward greater sustainability on most, if not all, of the four 
goals generally strive to work with ecological and biogeochemical processes and cycles to 
maximize synergistic interactions and the beneficial use of internal resources, minimize 
dependence on external inputs, and use added inputs efficiently. Through those efforts, 
they potentially reduce discharges to the environment and additional waste disposal ac-
tivities, provide economic resilience, and enhance social well-being. As exemplified in the 
case studies, many farmers who work toward improved agricultural sustainability manage 
their operations to encourage social and economic synergistic relationships on-farm and 
throughout the food chain. The overall sustainability or robustness of a farming system—
the ability to adapt to stresses, pressures, and changes in circumstances over time—is a 
result of some mixture of resistance, resilience, and adaptability of the coupled biophysical 
and socioeconomic system.

TOWARD AGRICULTURAL SUSTAINABILITY IN THE ��ST CENTURY

Although all farms have the potential (and responsibility) to contribute to different 
aspects of sustainability, the scale, organization, enterprise diversity, and forms of market 
integration associated with different individual farms provide unique opportunities or bar-
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riers to improving their ability to contribute to global or local food production, ecosystem 
integrity, economic viability, and social well-being. Transformation of the agriculture sector 
will require long-term research, education, outreach, and experimentation by the public 
and private sectors in partnership with farmers and will not occur overnight.

If U.S. agriculture is to address the challenges outlined in Chapters 1 and 2, both incre-
mental and transformative changes will be necessary. Therefore, the committee proposes 
two parallel and overlapping efforts to ensure continuous improvement in the sustain-
ability performance of U.S. agriculture: incremental and transformative. The incremen-
tal approach is an expansion and enhancement of many ongoing efforts that would be 
directed toward improving the sustainability performance of all farms, irrespective of 
size or farming systems type, through development and implementation of specific 
sustainability-focused practices, many of which are the focus of ongoing research and 
with varying levels of adoption. The transformative approach aims for major improve-
ment in sustainability performance by approaching 21st century agriculture from a sys-
tems perspective that considers a multiplicity of interacting factors. The transformative 
approach would involve:

• Developing collaborative efforts between disciplinary experts and civil society to 
construct a collective and integrated vision for a future of U.S. agriculture that bal-
ances and enhances the four sustainability goals.

• Encouraging and accelerating the development of new markets and legal frame-
works that embody and pursue the collective vision of the sustainable future of 
U.S. agriculture.

• Pursuing research and extension that integrate multiple disciplines relevant to all 
four goals of agricultural sustainability.

• Identifying and researching the potential of new forms of production systems that 
represent a dramatic departure from (rather than incremental improvement of) the 
dominant systems of present-day American agriculture.

• Identifying and researching system characteristics that increase resilience and 
adaptability in the face of changing conditions.

• Adjusting the mix of farming system types and the practices used in them at the 
landscape level to address major regional problems such as water overdraft and 
environmental contamination.

INCREMENTAL APPROACH TO IMPROVING U.S. AGRICULTURAL SUSTAINABILITY

The proposed expanded incremental approach would include focused disciplinary 
research on production, environmental, economic, and social topics, and policies (such 
as expanded agricultural conservation and environmental programs) to improve the sus-
tainability performance of mainstream agriculture. For example, large livestock farms in 
the United States produce the majority of the nation’s meat and dairy products. Similarly, 
a large portion of corn and soybean are produced on highly mechanized grain farms that 
specialize in the production of a small number of crops and rely heavily on purchased farm 
inputs to provide crop nutrients and to manage pest, disease, and weed problems. Most, if 
not all, farms have adopted some practices for improving sustainability, and some farms, 
including large farms illustrated in the report’s case studies, are highly integrated, but 
such methods have not been adapted to all environments, and none of the practices have 
reached their full potential for adoption. Each of these production systems has fostered high 
productivity and low costs, but many have led to serious negative social and environmen-
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tal outcomes (or externalized production costs) that could hinder agriculture’s progress 
toward improved sustainability. The negative outcomes have led to policy changes and 
publicly funded research programs explicitly designed to address those concerns. Efforts 
to improve the sustainability outcomes associated with mainstream production systems 
might be incremental in nature, but could have significant benefits given the dominance of 
those production systems in U.S. agriculture.

Science—including biophysical and social science—is essential to understand agricul-
tural sustainability. Science generates the knowledge needed to predict outcomes likely to 
result from different management systems, and it also expands the range of farming system 
alternatives that farmers and policy makers can consider. Science is critical for informing 
the political process. Research on an array of farming practices and farming systems has 
led to increased understanding of how each practice (including production practices and 
marketing strategies) can contribute to improving environmental, social, and economic sus-
tainability of farms under different conditions. Examples of practices that have advanced 
the sustainability of U.S. agriculture toward some environmental, economic, and social 
goals are summarized in Box 9-1. Many practices listed in Box 9-1 have been implemented 
to different degrees and most serve as key components for fully integrated, sustainable 
farming systems.

Although the research conducted to date has led to development of many farming 
practices that enhance environmental quality and the natural resource base, continuous 
research, extension, and experimentation by researchers and farmers are necessary to 
provide the toolkit necessary for farmers to adapt their systems to the changing envi-
ronmental, social, market, and policy conditions to ensure long-term sustainability. The 
committee also notes that much of the research to date focuses on developing an approach 
or a practice to enhance a specific environmental quality (such as increasing soil organic 
matter) or solve a specific environmental problem (such as reducing or preventing soil 
salinization). Research on the economic and social dimensions of agricultural sustain-
ability complementary to research on productivity and environmental sustainability is 
scarce despite its importance in providing farmers with knowledge to design systems 
that balance different sustainability goals and improve overall sustainability. Studies 
on economic and social sustainability are complicated by the fact that economic viability is 
influenced by market and policy conditions and that social acceptability of farms is influ-
enced by the behavior of key actors (including farmers and consumers) and the values of 
community members. The lack of information on the economic viability of practices and 
approaches to improving environmental and social sustainability and on how market and 
policies influence the economics of those practices could be a barrier to wide adoption of 
those practices. Examples of research priorities aimed at understanding and devising best 
management practices for agriculture are listed in Box 9-2.

Because research to develop practices and approaches for improving environmental 
sustainability and to qualify or quantify their economic and social impacts does not result 
in a marketable product for industry, this type of research is generally not attractive for 
private sector investment. Therefore, such research would have to rely on public funding 
and institutions, farmer organizations, and civil society sectors.

RECOMMENDATION: The U.S. Department of Agriculture and state agricul-
tural institutions and agencies should continue publicly funded research and 
development (R&D) of key farming practices for improving sustainability to 
assure that R&D keeps pace with the needs and challenges of modern agricul-
ture. They should increase support for research that clarifies the economic and 
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social aspects of the many current and potential technologies and management 
practices and that addresses issues of resilience and vulnerability in biophysical 
and socioeconomic terms.

TRANSFORMATIVE APPROACH TO IMPROVING 
U.S. AGRICULTURAL SUSTAINABILITY

If major farming systems and aggregations of systems within key production regions 
have gradually evolved toward meeting some sustainability goals while moving toward 
unacceptable ends of the others, as indicated by scientific knowledge accumulated over 

BOX �-� 
Examples of Practices That Contribute to Sustainability

Production Practices

•	 	Conservation (or reduced) tillage systems	have	become	common	for	many	crops	and	soil	types.	As	of	
2004,	41	percent	of	planted	crop	acreage	was	managed	with	conservation	tillage.	Water-caused	soil	erosion	
and	surface	runoff	of	nutrients,	chemicals,	and	crop	residues	have	been	greatly	reduced.	Although	no-till	
leads	to	savings	on	fossil	fuel	and	labor,	it	could	result	in	lower	yields	and	greater	difficulty	with	weed	control	
than	conventional	till.	Thus,	the	economic	effect	of	no-till	versus	conventional	till	is	unclear.

•	 	Cover cropping	provides	ground	cover	to	protect	soil.	Cover	crops	can	also	be	used	to	provide	other	ser-
vices,	including	maintenance	of	soil	organic	matter	and	provision	of	nutrients	to	subsequent	crops	(green	
manures),	trapping	excess	nutrients	in	the	soil	profile	following	harvest	of	the	primary	crop,	and	preventing	
leaching	losses	(catch	crops).	However,	cover	crops	are	not	widely	planted	because	they	require	complex	
management	skills	and	their	seeding	costs	could	be	high.

•	 	Crop diversity, including rotations, intercropping, and using different genetic varieties	can	con-
tribute	to	improving	soil	quality,	enhancing	ecosystem	function,	and	managing	pests	and	diseases.	Although	
the	use	of	diverse	cropping	systems	has	increased,	it	fluctuates	widely	with	commodity	prices.	Diverse	crop-
ping	systems	require	extensive	knowledge	and	management	skills	to	identify	the	right	combination	of	crops	
to	achieve	multiple	sustainability	goals.	Comparative	economic	studies	reported	economic	advantages	for	
diversified	rotation	in	some	cases	and	disadvantages	in	others.	The	variation	in	results	is	partly	attributable	
to	market	and	policy	conditions.

•	 	Traditional plant breeding and modern genetic engineering techniques	will	continue	to	be	used	to	
develop	crop	varieties	with	increased	yields,	pest	and	disease	resistance,	enhanced	water-use	and	nutrient-
use	efficiencies,	and	other	important	traits.	Genetic	engineering	(GE)	has	the	potential	to	contribute	novel	
solutions	for	problems	that	could	not	be	addressed	with	natural	plant	genetic	resources	or	traditional	plant	
breeding	methods.	New	GE	varieties	would	have	to	be	tested	rigorously	and	monitored	carefully	by	objective	
third	parties	to	ensure	environmental,	economic,	and	social	acceptability	and	sustainability	before	release	for	
planting.

•	 	Many	technologies	for	efficient water use	such	as	metering,	improved	distribution	of	high-pressure	water,	
and	 low-pressure,	directed-use	 systems	offer	promise	 to	address	water	 scarcity.	Water reuse	 is	 another	
strategy	for	addressing	water	scarcity,	but	the	biological	and	chemical	quality	of	the	reclaimed	water	would	
have	to	be	monitored	carefully.

•	 	Best management practices (BMPs),	including	nutrient	management	planning,	field	buffer	strips,	riparian	
area	management,	surface	and	subsurface	drainage	water	management,	and	livestock	manure	manage-
ment,	have	been	developed	to	mitigate	the	runoff	of	agricultural	nutrients	and	chemicals	into	the	nation’s	
surface	and	ground	waters.	Effectiveness	of	BMPs	at	the	watershed	scale	has	been	difficult	to	prove,	in	part	
because	actions	by	individual	farms	might	not	be	visible	at	the	landscape	scale.	The	benefits	of	BMPs	can	
vary	widely	depending	on	characteristics	of	the	landscape,	weather	events,	and	time	lags	between	BMP	
adoption	and	physical	changes	in	the	dynamics	of	nutrient	and	chemical	cycling	on	farm	fields.

•	 	Soil and plant tissue tests, nutrient management plans, and precision agriculture technologies	
help	 farmers	 increase	productivity,	 input-use	efficiency,	 and	economic	 returns,	 by	 reducing	unnecessary	
use	of	agricultural	fertilizers,	pesticides,	or	water.	Experimental	and	long-term	field	studies	suggest	that	the	
impacts	and	economic	benefits	of	those	practices	and	tools	can	be	variable	across	time	and	space.

•	 	Manure, compost, and green manure,	 as	 often	 used	 in	 organic	 systems,	 can	 reduce	 the	 need	 for	
synthetic	fertilizer	and	hence	reduce	the	energy	used	for	fertilizer	production.	Many	farms	featured	as	case	
studies	in	this	report	make	successful	use	of	on-farm inputs for soil fertility	(for	example,	animal	and	green	
manure),	which	insulates	them	from	fluctuations	in	costs	of	synthetic	fertilizer.	Published	studies,	however,	
show	variable	results	as	to	whether	systems	using	commercial	fertilizers	or	systems	using	cover	crop-based	
or	animal	manure-based	nutrient	management	have	higher	profits.	Those	studies	often	do	not	include	en-
vironmental	costs	and	benefits.	Because	the	release	of	nutrients	from	manure,	compost,	and	green	manure	
depends	on	various	factors,	including	temperature,	soil	properties,	and	microbial	activities	in	soil,	their	ap-
plication	has	to	be	timed	appropriately	to	maximize	nutrient	uptake	by	plants,	and	hence	productivity	and	
net	economic	return.

•	 	Integrated pest management	 (IPM)	 research	has	 identified	promising	options	 for	 improving	 soil	 sup-
pressiveness	and	inducing	crop	resistance	to	some	diseases	and	pests	in	addition	to	classical	biological	and	
ecological	pest	management.	The	need	to	study	weeds,	diseases,	pests,	and	crops	as	an	interacting	complex	
has	been	recognized.	Adoption	of	IPM	has	been	reasonable	on	some	crops,	but	overall	IPM	use	is	lagging	
despite	its	potential	for	reducing	chemical	use.

•	 	Livestock genetic improvement	 can	 contribute	 to	 improving	 sustainability	 by	 increasing	 feed-use	 ef-
ficiency	and	by	 selecting	 traits	 to	 improve	animal	health	and	welfare.	 Improvements	 in	 feed	conversion	
through	genetics,	nutrition,	and	management	have	reduced	manure	and	nutrient	excretion	per	unit	animal	
product	produced	and	reduced	land	required	for	production.

Business and Marketing Strategies

•	 	Diversification of farm enterprises can	provide	multiple	income	streams	for	farming	operations.	Produc-
ing	a	range	of	farm	crops	and	animal	products	can	enhance	the	stability	and	resilience	of	farm	businesses	and	
can	decrease	the	volatility	of	farm	income.	Studies	that	document	the	economic	effects	of	modern	strategies	
for	enterprise	diversification	are	sparse.

•	 	In	addition	to	using	production	strategies	that	reduce	costs,	farmers	can	increase	their	farm-level	 income	
by	increasing	the	value	of	their	products	through	sales to niche markets	(such	as	organic	or	health-food	
markets)	or	by	selling	their	products	directly	to	consumers	(direct sales)	to	obtain	a	larger	proportion	of	the	
consumers’	dollar	spent	on	the	product	and	to	gain	control	over	the	prices	they	get	for	their	products.

Practices for Improving Community Well-being

•	 	Diverse farm systems,	diversified landscapes	(for	example,	inclusion	of	non-crop	vegetation),	and	farm-
ing practices that improve water and air quality	can	contribute	to	community	and	social	well-being.	
Some	direct	marketing	 strategies,	 such	 as	direct sales at farmers’ markets, community supported 
agriculture, farm-to-school programs, and agritourism, connect	farmers	to	the	community	and	can	
contribute	to	community	economic	security,	but	lack	underpinning	research	and	extension.
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decades, then dramatic structural changes might be needed to meet the four sustainability 
goals. As the knowledge and understanding of agroecosystems improves, it is apparent 
that agricultural systems are dynamic with multiple interacting components. The chal-
lenge is to devise approaches that maintain productivity and improve desired environmen-
tal, economic, and social qualities simultaneously with maximum synergies and minimal 
tradeoffs.

The transformative approach to improving agricultural sustainability would dramat-
ically increase integrative research by bringing together multiple disciplines to address 
key dimensions of sustainability simultaneously beyond the agroecological dimension. 
It would apply a systems approach to agriculture that could result in production systems 

BOX �-� 
Examples of Practices That Contribute to Sustainability

Production Practices

•	 	Conservation (or reduced) tillage systems	have	become	common	for	many	crops	and	soil	types.	As	of	
2004,	41	percent	of	planted	crop	acreage	was	managed	with	conservation	tillage.	Water-caused	soil	erosion	
and	surface	runoff	of	nutrients,	chemicals,	and	crop	residues	have	been	greatly	reduced.	Although	no-till	
leads	to	savings	on	fossil	fuel	and	labor,	it	could	result	in	lower	yields	and	greater	difficulty	with	weed	control	
than	conventional	till.	Thus,	the	economic	effect	of	no-till	versus	conventional	till	is	unclear.

•	 	Cover cropping	provides	ground	cover	to	protect	soil.	Cover	crops	can	also	be	used	to	provide	other	ser-
vices,	including	maintenance	of	soil	organic	matter	and	provision	of	nutrients	to	subsequent	crops	(green	
manures),	trapping	excess	nutrients	in	the	soil	profile	following	harvest	of	the	primary	crop,	and	preventing	
leaching	losses	(catch	crops).	However,	cover	crops	are	not	widely	planted	because	they	require	complex	
management	skills	and	their	seeding	costs	could	be	high.

•	 	Crop diversity, including rotations, intercropping, and using different genetic varieties	can	con-
tribute	to	improving	soil	quality,	enhancing	ecosystem	function,	and	managing	pests	and	diseases.	Although	
the	use	of	diverse	cropping	systems	has	increased,	it	fluctuates	widely	with	commodity	prices.	Diverse	crop-
ping	systems	require	extensive	knowledge	and	management	skills	to	identify	the	right	combination	of	crops	
to	achieve	multiple	sustainability	goals.	Comparative	economic	studies	reported	economic	advantages	for	
diversified	rotation	in	some	cases	and	disadvantages	in	others.	The	variation	in	results	is	partly	attributable	
to	market	and	policy	conditions.

•	 	Traditional plant breeding and modern genetic engineering techniques	will	continue	to	be	used	to	
develop	crop	varieties	with	increased	yields,	pest	and	disease	resistance,	enhanced	water-use	and	nutrient-
use	efficiencies,	and	other	important	traits.	Genetic	engineering	(GE)	has	the	potential	to	contribute	novel	
solutions	for	problems	that	could	not	be	addressed	with	natural	plant	genetic	resources	or	traditional	plant	
breeding	methods.	New	GE	varieties	would	have	to	be	tested	rigorously	and	monitored	carefully	by	objective	
third	parties	to	ensure	environmental,	economic,	and	social	acceptability	and	sustainability	before	release	for	
planting.

•	 	Many	technologies	for	efficient water use	such	as	metering,	improved	distribution	of	high-pressure	water,	
and	 low-pressure,	directed-use	 systems	offer	promise	 to	address	water	 scarcity.	Water reuse	 is	 another	
strategy	for	addressing	water	scarcity,	but	the	biological	and	chemical	quality	of	the	reclaimed	water	would	
have	to	be	monitored	carefully.

•	 	Best management practices (BMPs),	including	nutrient	management	planning,	field	buffer	strips,	riparian	
area	management,	surface	and	subsurface	drainage	water	management,	and	livestock	manure	manage-
ment,	have	been	developed	to	mitigate	the	runoff	of	agricultural	nutrients	and	chemicals	into	the	nation’s	
surface	and	ground	waters.	Effectiveness	of	BMPs	at	the	watershed	scale	has	been	difficult	to	prove,	in	part	
because	actions	by	individual	farms	might	not	be	visible	at	the	landscape	scale.	The	benefits	of	BMPs	can	
vary	widely	depending	on	characteristics	of	the	landscape,	weather	events,	and	time	lags	between	BMP	
adoption	and	physical	changes	in	the	dynamics	of	nutrient	and	chemical	cycling	on	farm	fields.

•	 	Soil and plant tissue tests, nutrient management plans, and precision agriculture technologies	
help	 farmers	 increase	productivity,	 input-use	efficiency,	 and	economic	 returns,	 by	 reducing	unnecessary	
use	of	agricultural	fertilizers,	pesticides,	or	water.	Experimental	and	long-term	field	studies	suggest	that	the	
impacts	and	economic	benefits	of	those	practices	and	tools	can	be	variable	across	time	and	space.

•	 	Manure, compost, and green manure,	 as	 often	 used	 in	 organic	 systems,	 can	 reduce	 the	 need	 for	
synthetic	fertilizer	and	hence	reduce	the	energy	used	for	fertilizer	production.	Many	farms	featured	as	case	
studies	in	this	report	make	successful	use	of	on-farm inputs for soil fertility	(for	example,	animal	and	green	
manure),	which	insulates	them	from	fluctuations	in	costs	of	synthetic	fertilizer.	Published	studies,	however,	
show	variable	results	as	to	whether	systems	using	commercial	fertilizers	or	systems	using	cover	crop-based	
or	animal	manure-based	nutrient	management	have	higher	profits.	Those	studies	often	do	not	include	en-
vironmental	costs	and	benefits.	Because	the	release	of	nutrients	from	manure,	compost,	and	green	manure	
depends	on	various	factors,	including	temperature,	soil	properties,	and	microbial	activities	in	soil,	their	ap-
plication	has	to	be	timed	appropriately	to	maximize	nutrient	uptake	by	plants,	and	hence	productivity	and	
net	economic	return.

•	 	Integrated pest management	 (IPM)	 research	has	 identified	promising	options	 for	 improving	 soil	 sup-
pressiveness	and	inducing	crop	resistance	to	some	diseases	and	pests	in	addition	to	classical	biological	and	
ecological	pest	management.	The	need	to	study	weeds,	diseases,	pests,	and	crops	as	an	interacting	complex	
has	been	recognized.	Adoption	of	IPM	has	been	reasonable	on	some	crops,	but	overall	IPM	use	is	lagging	
despite	its	potential	for	reducing	chemical	use.

•	 	Livestock genetic improvement	 can	 contribute	 to	 improving	 sustainability	 by	 increasing	 feed-use	 ef-
ficiency	and	by	 selecting	 traits	 to	 improve	animal	health	and	welfare.	 Improvements	 in	 feed	conversion	
through	genetics,	nutrition,	and	management	have	reduced	manure	and	nutrient	excretion	per	unit	animal	
product	produced	and	reduced	land	required	for	production.

Business and Marketing Strategies

•	 	Diversification of farm enterprises can	provide	multiple	income	streams	for	farming	operations.	Produc-
ing	a	range	of	farm	crops	and	animal	products	can	enhance	the	stability	and	resilience	of	farm	businesses	and	
can	decrease	the	volatility	of	farm	income.	Studies	that	document	the	economic	effects	of	modern	strategies	
for	enterprise	diversification	are	sparse.

•	 	In	addition	to	using	production	strategies	that	reduce	costs,	farmers	can	increase	their	farm-level	 income	
by	increasing	the	value	of	their	products	through	sales to niche markets	(such	as	organic	or	health-food	
markets)	or	by	selling	their	products	directly	to	consumers	(direct sales)	to	obtain	a	larger	proportion	of	the	
consumers’	dollar	spent	on	the	product	and	to	gain	control	over	the	prices	they	get	for	their	products.

Practices for Improving Community Well-being

•	 	Diverse farm systems,	diversified landscapes	(for	example,	inclusion	of	non-crop	vegetation),	and	farm-
ing practices that improve water and air quality	can	contribute	to	community	and	social	well-being.	
Some	direct	marketing	 strategies,	 such	 as	direct sales at farmers’ markets, community supported 
agriculture, farm-to-school programs, and agritourism, connect	farmers	to	the	community	and	can	
contribute	to	community	economic	security,	but	lack	underpinning	research	and	extension.
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and agricultural landscapes that are a significant departure from the dominant systems 
of present-day agriculture. This approach would facilitate development of production ap-
proaches that capitalize on synergies, efficiencies, and resilience characteristics associated 
with complex natural systems and their linked social, economic, and biophysical systems. 
It will emphasize integrating information about productivity, environmental, economic, 
and social aspects of farming systems to understand their interactions and address issues 
of resilience and vulnerability to changing climatic and economic conditions. Moreover, 
integration would include expanded attention to the role and development of new markets, 
new policies, and new approaches to research and development that are likely to sustain 
a systems-oriented agriculture. Options include development of appropriate price signals 
or incentives to farmers who seek to improve the sustainability of their farms across all 
four dimensions of sustainability and policies that are less likely to produce unintended 
consequences in one area of sustainability while addressing another area. Attention to pro-
duction system types different from the dominant types (for example, an integrated crop 
and livestock system, a nonconfinement livestock production system, or highly diversi-

BOX �-� 
Examples of High-Priority Research in an Incremental 

Approach to Improving Sustainability

Productivity and Environmental Research

•	 	Assessment	of	the	effectiveness	of	cover	crops	in	providing	ecosystem	services	such	as	biological	control	
of	agricultural	pests	and	weed	suppression,	and	nutrient	and	water	retention.

•	 	Assessment	of	water	reuse	systems,	surface	and	subsurface	drainage	systems,	and	advanced	livestock	
waste	management	systems	that	improve	the	effectiveness	of	wetlands,	enhance	water	quality	and	
water	conservation,	and	reduce	greenhouse-gas	emissions.

•	 	Comparative	study	on	greenhouse-gas	emissions	and	nutrient	balances	associated	with	different	field	
management	practices	for	animal	wastes	and	other	organic	amendments	such	as	green	manures	and	
organic	mulches	and	composts.

•	 	Research	and	development	of	nonchemical	alternatives	(for	example,	biological	control,	biofumigation,	
induced	resistance,	and	soil	suppressiveness)	for	managing	weeds,	pests,	and	disease	as	a	complex.

•	 	Research	that	identifies	ecosystem	benefits	from	changing	agricultural	practices,	such	as	planting	buffer	
strips	or	hedgerows,	reducing	tillage,	and	using	best	management	practices,	at	multiple	scales.

Socioeconomic Research

•	 	Assessment	of	how	production	practices	might	affect	food	attributes	(such	as	pesticide	residue,	taste,	
nutritional	quality,	and	food	safety).

•	 	Research	to	assess	and	compare	costs	of	different	production	practices	and	combination	of	practices	
under	different	policy	and	market	contexts.

•	 	Research	to	document	and	analyze	the	economic	sustainability	of	direct	marketing—for	example,	to	
review	financial	and	labor	returns	to	such	marketing	strategies	as	sales	at	farmers’	markets,	community-
supported	agriculture,	and	farm-to-school	programs.

•	 	Research	to	document	and	analyze	labor	benefits,	practices,	and	their	trends	in	agriculture	and	their	
effects	on	farm	profitability.

Policy Research

•	 	Research	to	improve	understanding	of	the	intended	and	unintended	consequences	of	federal	farm,	
food,	and	environmental	policies	that	can	affect	the	use	of	agricultural	practices	designed	to	improve	
sustainability.
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fied cropping systems that reduce reliance on purchased inputs) is desirable because the 
dominant system types might limit the range of technical or managerial possibilities in the 
pursuit of greater sustainability.

A Systems Approach to Agricultural Research

A systems approach to agricultural research is necessary to identify and understand 
the significance of the linkages between farming components so that a robust system that 
takes advantage of synergies and balanced tradeoffs can be designed. The report Alternative 
Agriculture published in 1989 by the National Research Council emphasized the importance 
of a systems approach to agricultural research. The growth of several systems-oriented 
approaches to farming, such as organic, biodynamic, and integrated crop–livestock farms, 
illustrates how farmers, industry, and academic communities can contribute to developing 
farming systems for improving sustainability. The committee provides two examples of 
how a systems approach is needed to inform design of farming systems that address two 
imminent challenges to the sustainability of U.S. agriculture.

• Challenge 1: Producing cellulosic feedstock for biofuels. Scientific development of 
cellulose-producing crops and of the enzymes and production technologies needed 
to convert a range of feedstock to ethanol has been increasing. Federally set pro-
duction targets for moving toward cellulose-based liquid fuels are in place. Early 
field-crop research indicates that perennial crops for cellulose production could 
contribute to reducing some of the negative environmental impact of agriculture on 
farmland and on aquatic systems through their proper placement in the landscape. 
Theoretically, different farming systems can be used to produce cellulosic feed-
stock. If economic efficiency is an important goal, widespread large-scale produc-
tion of cellulosic crop monocultures will likely dominate. Monocultures are likely 
to be easier to manage and to process with regard to harvesting and conversion to 
fuels, and therefore might reduce production costs. Monocultures, however, could 
generate unwanted environmental or social side effects. Efforts to consider each of 
the four sustainability goals in the development of cellulosic feedstock farming sys-
tems will require attention to the costs and benefits of promoting greater enterprise 
and crop diversity both within farms and across landscapes. A holistic systems 
approach to research and development could identify opportunities for synergies 
and efficiencies that traditional disciplinary or production-focused research might 
miss.

• Challenge 2: Social acceptability of concentrated animal feeding operations. Most 
commercial livestock production systems in the United States have evolved toward 
large-scale confinement production units that concentrate many animals in a small 
area. Some of those operations are geographically removed from the cropping sys-
tems upon which they depend for feed and waste recycling. Systems other than 
concentrated confined animal systems are evolving for dairy cattle, beef cattle, and 
hogs, and to a small extent for poultry, mostly targeted to niche markets. Public 
concerns about nuisances, environmental pollution, and animal welfare associated 
with certain types of large animal confinement operations (for example, poorly 
managed concentrated animal feeding operations that reduce aesthetics of commu-
nities or animal operations that use large quantities of subtherapeutic antibiotics) 
have intensified. Those concerns are reflected in social movements and market-
place preferences. Few scientific studies compare alternative, integrated systems 
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of animal care and management with large animal confinement systems, taking 
into account economic efficiency and productivity, environmental impacts, worker 
safety and well-being, food quality and safety assurance, and animal welfare. Ef-
forts to study those issues as separate topics might not identify interactions and 
synergies. A holistic approach to research on livestock farming systems could be 
used to identify the relative strengths and tradeoffs for each alternative. Informa-
tion from comparative studies would greatly inform public debates on the future 
of livestock production in the United States.

Despite the need for research to balance and further enhance the four sustainability 
goals of agriculture, a large proportion of public research funding is devoted to improving 
productivity and reducing production costs. Only one-third of public research support 
is devoted to exploring environmental, natural resource, social, and economic aspects of 
farming practices. The report Alternative Agriculture emphasized the importance of a 
systems approach to agricultural research 20 years ago, yet the proportion of long-term 
systems agricultural research remains small.

Ultimately, it will be more effective to structure farms and agricultural systems toward 
ecosystem stability rather than to address unintended consequences through piecemeal 
“technological fixes.” To pursue systemic changes in farming systems, R&D has to ad-
dress multiple dimensions of sustainability (productivity, and environmental, economic, 
and social sustainability) and to explore agroecosystems properties, such as complex 
cropping rotations, integrated crop and livestock production, and enhanced reliance on 
ecological processes to manage pests, weeds, and diseases (recognizing their intercon-
nectedness and interactions with the environment), that could make systems robust and 
resilient over time. Examples of transformative systems studies include:

• Holistic comparison of existing organic, conventional, and innovative farming sys-
tems in different environments to assess how each system performs with respect to 
local and regional sustainability goals and balances overall system efficiencies and 
resilience with environmental and social impacts.

• Holistic comparison of the ability of confined animal systems and other alterna-
tives to address production efficiency, food safety, environmental impacts or risks, 
animal welfare, and labor conditions.

• Policies and legal frameworks that provide appropriate pricing and incentives to 
encourage the balancing of the four sustainability objectives and enhance system 
resilience and adaptability under dynamic conditions.

RECOMMENDATION: Federal and state agricultural R&D programs should 
aggressively fund and pursue integrated research and extension on farming sys-
tems that focus on interactions among productivity, environmental, economic, 
and social sustainability outcomes. Research should explore the properties of 
agroecosystems and the interdependencies between biophysical and socioeco-
nomic aspects of farming systems, and how these interdependencies could make 
the systems robust and resilient over time.

Application of a systems approach is not limited to the farm level. Understanding the 
positive and negative dynamics of agricultural systems at a landscape or community scale 
has been increasing, but the scientific foundation and data needed to develop a landscape 
approach to improving sustainability of agriculture is sparse. Research suggests that the 
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distribution of farm types and farming activities, along with other land uses, across a 
landscape could be designed to achieve greater robustness (productivity, resistance, and 
resilience), provide multiple ecological services, and improve the sustainability of local 
and regional agricultural systems that support personal and community well-being. In 
addition, effective public policy tools that are politically viable and effective in shaping 
patterns of the agricultural practices or land use at the landscape level are needed, but 
their development is in an early stage. Moreover, no single agricultural landscape pat-
tern is likely to work in every location; rather, optimal designs would have to be adapted 
to local conditions and meet particular community needs. Water use for agriculture and 
agricultural impacts on water quality provide examples of why a systems approach at the 
landscape level is necessary for agriculture to move toward sustainability.

• Incidence of water overdraft has been increasing in many agricultural areas, with 
the most serious being the drawdown of fossil water reserves in several areas. 
Extreme weather patterns and competition for scarce water from nonagricultural 
sectors will likely increase pressure on this finite resource. A traditional focus of im-
proved water management has been to work with individual farming operations 
to adopt new technologies or water management systems. Innovations such as 
low-pressure distribution systems and demand-based scheduling offer promise for 
improving water-use efficiency. Although the impact of each individual farmer’s 
water use is small, collective action could have important effects on fossil water 
aquifers. Therefore, new institutional arrangements at the landscape scale might 
be needed to avoid continued drawdown of such collective resources. Moreover, 
systems-level interactions associated with the use of complexes of farming prac-
tices (such as tillage, cropping patterns, and irrigation management) with ground 
water systems that connect neighboring farms and with increasing use of water 
for nonagricultural purposes are poorly understood. New technological and insti-
tutional approaches will require an improved understanding of the dynamics of 
hydrologic processes within working agricultural landscapes.

• The growing number, scale, and intensity of hypoxic zones are of increasing public 
concern. Agricultural nonpoint pollution is a major contributor to hypoxia. Many 
farming practices discussed in this report have potential to greatly reduce nitrogen 
and phosphorus runoff from agricultural lands. Efforts to address nutrient runoff 
problems have relied mainly on broad-based voluntary incentive programs tar-
geted at individual farmers. However, not all fields, farms, or points of a watershed 
contribute equally to hypoxia. Landscape-scale planning tools, if made sufficiently 
user friendly and supported by relevant databases, could contribute to effective 
targeting of efforts at the farm, community, and watershed levels. Implementation 
of community and watershed planning would require the U.S. Department of Ag-
riculture, U.S. Environmental Protection Agency, and the U.S. Geological Survey to 
work with local and state groups to carry forward farm- and landscape-level land-
use plans for farm systems types, practices to be used, and targets for landscape 
diversity, beginning with the agricultural hotspots that contribute to lower water 
quality and hypoxia impact.

Although a landscape approach to agricultural research could inform the design of 
agroecosystems to maximize synergies, enhance resilience, and inform what policies 
would be useful in influencing collective actions, programs to encourage such research 
do not exist. Examples of transformative landscape-scale research include:
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• Develop systems-type mixes, patterns, and technologies for landscape diversity 
that maintain economic output while reducing overall water use.

• Develop systems-type mixes and technologies to reduce nitrogen, phosphorus, and 
pesticide losses to downstream fragile water bodies, particularly in source regions 
responsible for hypoxia.

• Develop tools for modeling of systems and patterns for multipurpose economic, 
aesthetic, and environmental impacts to enhance community well-being and as-
sist in planning, local policy making, market identification, and farmer decision 
making.

• Develop policies and legal frameworks that encourage cooperative watershed 
landscape and ground water management across field and farm boundaries.

• Generate landscape design options to increase resilience and adaptability to chang-
ing conditions using a combination of the above approaches.

RECOMMENDATION: The U.S. Department of Agriculture should partner 
with the National Science Foundation, the U.S. Environmental Protection 
Agency, key land-grant universities, and farmer-led sustainable agricultural 
organizations to develop a long-term research and extension initiative that aims 
to understand the aggregate effects of farming at a landscape or watershed scale 
and to devise, encourage, and support the development of collective institutions 
that could enhance environmental quality while simultaneously sustaining eco-
nomic viability and community well-being.

Returns on research investments could be increased if research incorporates farmers’ 
knowledge effectively. Much of the technical and managerial innovation in agricultural 
sustainability has occurred through farmer innovation and experimentation. The federal 
Sustainable Agriculture Research and Education program and similar state-sponsored ef-
forts have led to an increase in resources to support farmer-participatory research and 
farmer-led and -managed trials. When farmers are engaged as partners with scientists in 
innovation, development, extension, and outreach processes, the results of technology ad-
aptation and adoption have often been more effective and sustained over time. In addition, 
farmers’ network and farmer-to-farmer mentoring programs can contribute to spreading 
information and knowledge gained from research and to adapting them to farmers’ local 
conditions.

RECOMMENDATION: The U.S. Department of Agriculture and other federal 
and state agencies that support agricultural research should encourage research-
ers to include farmer-participatory research or farmer-managed trials as a com-
ponent of their research. Those agencies should strengthen initiatives for partici-
patory education and peer-to-peer partnerships that could enhance information 
exchange and enhance farmers’ adoption of new practices and approaches for 
improving sustainability of agriculture.

Efforts to engage farmers and citizens in research and outreach to improve agricultural 
sustainability will require institutional support. Cooperative Extension programs at the 
state and regional levels can play a critical role as facilitators and catalysts for fostering 
interaction among the various stakeholders, and for providing educational programs and 
access to current information.
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Key Drivers of Change: Markets and Federal and Local Policies

Other than available science, knowledge, and skills, the decisions of farmers to use 
particular farming practices and their ability to move toward more sustainable farming 
systems are influenced by many external forces, such as markets, public policies, and their 
own values, resources, and land tenure arrangements. These structural constraints are in 
turn influenced by the historic efforts of broad social movements and organized interest 
groups that have different perspectives about how agriculture should be organized and 
how food should be produced and distributed.

With the growing popularity for a range of “environmentally friendly” products or 
of those that address a particular social concern (for example, animal welfare), consumer 
demand has opened up new markets for farmers to sell their value-trait markets products. 
Similarly, sustainability initiatives by large food retailers also have opened up new mar-
kets for food products that are produced using certain practices or farming system types 
for improving sustainability. These emerging markets can motivate farmers to transition 
to sustainable farming systems that balance and meet multiple sustainability goals. Tools 
for marketing (for example, certification and branding) products that are produced using 
particular farming practices and systems that increase sustainability can enhance the value 
of those farm products, and thereby can contribute to not only environmental and social 
sustainability, but also to economic sustainability of the farm. However, the lack of appro-
priate input suppliers, agribusiness professionals, marketing, and processing facilities can 
constrain the adoption of sustainable practices for agricultural production.

The impact of public policies aimed at moving agriculture along the sustainability 
trajectory has been mixed. Some scholars attribute a decrease in the diversity of cropping 
systems, increases in the use of external farm inputs, and extensive hydrologic modification 
of landscapes in part to commodity support payments because these payments provide a 
strong incentive for farmers to focus on planting program crops by monocropping, and to 
maximize yields per dollar of cost (that is, to focus on only two of the four sustainability 
goals). Risk management policies can affect sustainability initiatives because some crop 
insurance products carry substantial subsidized premium structures that can potentially 
encourage farmers to grow monocrops, which could increase the vulnerability of highly 
erodible soils and reduce system resilience. Conservation programs are a mechanism for 
encouraging adoption of particular farming practices, but they are voluntary programs, 
often with a small proportion of farms participating.

Although market, policy, and institutional contexts are important drivers of the trajec-
tory of U.S. agriculture, the response of individual farmers to the incentives and disincen-
tives created by market conditions and policy contexts can be diverse. Efforts to promote 
widespread adoption of different farming practices and systems for improving sustainabil-
ity will require an understanding of how variability among individual, household, farm, 
and regional-level characteristics affect farmers’ response to incentives and disincentives. 
The scientific research to date is inadequate to assess the full impacts of current and pro-
posed policy frameworks.

RECOMMENDATION: Because of the critical importance of macro-structural 
or institutional drivers of farmer behavior, the U.S. Department of Agriculture 
should increase investment in empirical studies of the ways that current and 
proposed market structures, policies, and knowledge institutions provide op-
portunities or barriers to expanding the use of farming practices and systems 
that improve various sustainability goals so that the department can implement 
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changes in policies and institutions that are identified as effective to meeting 
those goals.

Transformation of the agriculture sector will not occur overnight. It will take long-
term research and experimentation by the public and private sectors in partnership with 
farmers. The two parallel approaches to improving sustainability proposed by the com-
mittee would ensure incremental improvement toward sustainability, while long-term 
systemic changes in agricultural systems are being pursued.

RELEVANCE OF LESSONS LEARNED TO SUB-SAHARAN AFRICA

When considering the relevance of lessons learned in the United States to sub-Saharan 
Africa, it is important to recognize key differences between the two regions. African farmers 
produce a wide variety of crops using diverse farming systems across a range of agroeco-
logical zones. Most systems are rain-fed, and many soils are severely depleted of nutrients. 
External inputs are expensive. High transportation costs and lack of infrastructure often 
inhibit access to outside resources and markets. Specific management approaches need to 
be developed in this context. Nonetheless, the concepts of sustainability and many of the 
broad approaches presented in this report are relevant and concur with conclusions from 
some recent international reports. The committee concluded that:

• An interdisciplinary systems approach is essential to address the improvement 
and sustainability of African agriculture that recognizes the social, economic, and 
policy contexts within which farming systems operate.

• Research programs need to actively seek input and collaboration from farmers 
to ensure research being conducted and technologies tested are relevant to their 
needs.

• Women, who play a pivotal role in African agriculture, need to be provided with 
educational and training opportunities and be involved in the development and 
implementation of research agendas.

• Technologies are needed to address soil, water, and biotic constraints, but they have 
to be integrated with local ecological and socioeconomic processes. Use of locally 
available resources would have to be maximized and combined with judicious use 
of external inputs when necessary.

• Promising technologies and approaches include soil organic matter management, 
reduced tillage, integrated fertility management, water harvesting, drip irrigation, 
stress-resistant crop varieties, improved animal breeds, integration of crops and 
livestock, and use of global information systems for landscape and regional analy-
sis and planning.

• Expanding market access will be essential to increase productivity and enhance 
livelihoods in rural Africa. Investing in rural infrastructure could improve access 
to local, regional, and international markets.

RECOMMENDATION: Agencies and charitable foundations that support re-
search and development of sustainable agriculture in developing countries 
should ensure that funded programs emphasize a systems approach that reflects 
the need for adaptability of management strategies and technologies to dynamic 
local socioeconomic and biophysical conditions, and support efforts to increase 
market access.
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People and organizations in developed countries and in developing countries can 
exchange useful information and ideas to solve problems related to sustainability of ag-
riculture. Likewise, scientists and policy makers can learn from farmers and vice versa. 
Researcher and farmer partnerships and peer-to-peer exchanges among farmers could 
facilitate incorporation of local knowledge, making use of the best-available scientific 
process-level understanding, and enabling learning and developing knowledge systems 
to build the local capacity for improving agricultural sustainability.

IN CLOSING

This report identifies what is known about farming practices and systems that can 
improve sustainability. It discusses the potential benefits and risks if those practices are 
used and the potential synergies and tradeoffs that might present themselves if the prac-
tices are used in combination in a farm system. The report also identifies knowledge gaps 
and areas where greater research is needed to help inform future decisions and to move 
agriculture along the sustainability trajectory. Filling those gaps will require some innova-
tive new approaches in the realms of resilience thinking, complex systems science and 
management as applied to agroecosystems, and a better understanding of the economic 
and social drivers and outcomes of various farming approaches. The report findings show 
positive and promising outcomes among the production systems, farming businesses, and 
communities that are pursuing improved sustainability. It also reveals the importance of 
government agencies, farmers, food industry companies, communities, and consumers to 
support research, policies, programs, and institutions that help U.S. agriculture move along 
the sustainability trajectory.
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Statement of Task

In an update of the report Alternative Agriculture, an NRC committee will study the sci-
ence and policies that influence the adoption of farming practices and management sys-
tems designed to reduce the costs and environmental effects of agricultural production. 

A set of case studies will be used to examine farming systems that address those concerns 
and to explore the factors that affect their implementation, economic viability, and success 
in meeting environmental and other goals of sustainability.

Although there are many systems of farming that are directed toward reducing costs 
and environmental impacts, the study will focus on food and fiber production that system-
atically pursues:

• Greater incorporation of natural processes such as nutrient cycles, nitrogen fixa-
tion, and pest-predator relationships into the production process;

• Reduction in the use of off-farm inputs and release of farming byproducts (pollu-
tion) with the greatest potential to harm the environment or the health of farmers 
and consumers;

• Greater productive use of the biological and genetic potential of plant and animal 
species;

• Improvement of the match between cropping patterns and the productive potential 
and limitations of agricultural lands to ensure long-term sustainability of current 
production levels and resiliency under projected climate change conditions; and

• Profitable and efficient production, with emphasis on improved farm management 
and conservation of soil, water, energy, and biological resources.

Drawing on scientific, economic, agriculture, and other literature, the study will:

• Review the state of scientific and economic knowledge of farming practices and 
systems of management that meet the criteria above to identify the most promising 
findings and determine what additional research is needed;
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• Examine the potential for a systems-approach to farming to contribute to national 
economic, environmental, social, and public health goals and explore how other 
nations have pursued these goals in the context of agricultural sustainability;

• Identify and evaluate the factors, including structural changes in agribusiness, 
changing consumer preferences and market incentives, international trade, en-
vironmental impacts, and government programs and policies that influence the 
adoption of farming practices and systems that contribute to those goals.

In addition to gaining information from the literature, the committee will carry out 
a detailed examination of individual production systems, including several described in 
the 1989 report. A retrospective look at those farming operations will reveal whether the 
economic and other intended benefits of the practices and systems in place at that time 
have met their potential or have otherwise been challenged over the years. Additional case 
studies that represent unique production systems or incorporate novel practices, including 
examples from outside of the United States, will also be explored.

At the conclusion of its study, the committee will produce a comprehensive report of 
its findings on the science and policy influences on systems-based agriculture. The report 
will include:

• An overview of the current dimensions of U.S. agriculture in both the domestic and 
world economies;

• A description of problems in the farm economy and challenges in agricultural pro-
duction that are driving changes in approaches to farm management in the U.S. 
and abroad;

• An update of the 1989 report’s review of the economics of alternative farming sys-
tems and of methods used to develop cost and productivity comparisons at differ-
ent levels of analysis, such as the level of individual components of an enterprise, 
the level of the whole farm, or regional, national, and international levels;

• An analysis of progress made in the scientific understanding of systems farming 
and of the scientific evidence for the contribution of specific practices to the objec-
tives of maintaining yields, conserving soil, and maintaining water quality, among 
other goals;

• An evaluation of the transferability of systems and practices to different agricul-
tural settings;

• Detailed descriptions of the case studies, including general information about the 
production operation and its physical and capital characteristics, features of the 
management systems being used, and indicators of productivity, environmental, 
and financial performance. For case studies described in the 1989 report, the de-
scription will include a retrospective review of the past performance and the evolu-
tion of decision making by those producers over time.

Supported by the findings and conclusions of the study, the committee will recommend 
research and development needs for advancing a systems approach to farming and suggest 
ways to strengthen federal policies and programs related to improving agricultural produc-
tion while reducing its impact on the environment.
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Biographical Sketches

COMMITTEE

Julia Kornegay (Chair) is professor and head of the Department of Horticultural Science at 
North Carolina State University. Prior to 2003, Dr. Kornegay served as director of Fairchild 
Tropical Botanic Garden (1999–2003) and as its director of research (1997–1999). Fairchild 
Tropical Botanic Garden is one of the world’s premier tropical botanical gardens with inter-
national research, horticulture, and educational programs in palm biology, plant systemat-
ics, tropical fruit crops, endangered species conservation, and graduate studies. During her 
tenure, Fairchild’s programmatic activities and budgets increased more than 30 percent. 
She also served as adjunct professor at Florida International University and the University 
of Miami. From 1985 to 1997, Dr. Kornegay worked at the International Center for Tropi-
cal Agriculture (CIAT) in Cali, Colombia, as leader of the Bean Program (1993–1996) and 
senior plant breeder. She was responsible for an international team of scientists based in 
six countries in Latin America and Africa, working to increase sustainable bean production 
and income for farmers and their communities in Third World countries. She organized 
five regional research networks in Latin America and Africa and obtained $10 million from 
international donor agencies to support their activities. She also spearheaded the Seeds 
of Hope program in Africa in 1994 to help Rwanda recover its crop germplasm after the 
end of its civil war. In 1996, she was recognized by the regional bean program PROFRIZA 
and the national agricultural research programs of Colombia, Ecuador, Peru, and Bolivia 
for her work in increasing bean production and research capacity in the Andean Region. 
More than 30 cultivars from her breeding program have been released in eight countries. 
Dr. Kornegay has a PhD in plant breeding and genetics from Cornell University, and an MS 
in plant pathology and a BS in horticultural science from North Carolina State University. 
She went to high school in Nairobi, Kenya.

Richard Harwood (Vice Chair) is the retired chair for sustainable agriculture at Michigan 
State University. He is an agronomist with a personal research interest in the management 
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of soil biological activity for enhancement of nutrient flow. Ongoing research includes the 
contribution of cover crops to soil biological activity and to nutrient flow. He was direc-
tor of the Research Center at Rodale and subsequently director of the Asian Program at 
Winrock International prior to his arrival at Michigan State University. Dr. Harwood held 
the C.S. Mott Chair for Sustainable Agriculture position at Michigan State University from 
1990 to 2003. He provided leadership in research, teaching, and extension of sustainable 
agricultural systems for Michigan’s agriculture. He brought national and international per-
spectives to Michigan from his service on the Board on Agriculture and Natural Resources 
and the Board on Sustainable Development (National Research Council), on the Technical 
Advisory Committee of the Consultative Group on International Agricultural Research, 
and as former chair of the Board of Management of the Tropical Soil Biology and Fertility 
Programme. Dr. Harwood has a PhD in horticulture from Michigan State University.

Sandra S. Batie is Elton R. Smith Professor in Food and Agricultural Policy at Michigan 
State University (MSU), and she conducts research on food, agricultural, and environmental 
policy issues at the state, federal, and international level. Prior to joining MSU in 1993, she 
had been on the faculty of the Virginia Polytechnic Institute and State University since 
1973. She has actively served on commissions and boards that are related to her expertise, 
including the National Academy of Sciences Board on Agriculture and Natural Resources; 
the Academy’s Center for Central Europe and Eurasia Affairs; and the Office of Technology 
Assessment. She is a trustee of Winrock International and was a trustee of the International 
Rice Research Institute. She is past president of the American Agricultural Economics As-
sociation as well as of the Southern Agricultural Economics Association. She is a Fellow 
of the American Agricultural Economics Association. She teaches a graduate course in 
environmental economics and conducts extension programming on food, agricultural, and 
environmental policies. Dr. Batie received her MS and PhD from Oregon State University.

Dale Bucks is president of Bucks Natural Resources Management. In his 36 years of service 
to the U.S. Department of Agriculture Agricultural Research Service (ARS), Dr. Bucks was 
both a highly regarded scientist and an exceptional leader. He was one of the first agricul-
tural scientists to conduct drip (micro) irrigation research, provide innovative solutions 
to clogging problems that plagued drip irrigation systems, demonstrate the feasibility 
of continuous cropping systems using subsurface drip irrigation, improve methods for 
conducting research on crop water requirements and irrigation scheduling, and revitalize 
guayule research efforts. He led research studies to develop technologies and salinity con-
trol methods for the Colorado River Salinity Control Project. He also led a team of scientists 
who conducted original research on quantifying the effects of spatial and temporal vari-
ability of irrigation water applications on crop yields. He was the national program leader 
for Water Quality and Management in Maryland for 18 years (1988–2006), where he pro-
vided program planning and direction to more than 250 scientists throughout the nation. 
He was a coleader of the Management Systems Evaluation Area and Conservation Effects 
Assessment Project for ARS that has resulted in increased efforts in agricultural systems 
research. He is a Fellow of the American Society of Agricultural and Biological Engineers, 
and he was the recipient of the “Distinguished Engineer Award” from South Dakota State 
University in 1997. He authored or co-authored more than 150 scientific publications while 
he was a research scientist in Arizona for 18 years (1970–1988). He received his PhD from 
the University of Arizona in soil and water science.

Cornelia Flora is director of the North Central Regional Center for Rural Development and 
Charles F. Curtiss Distinguished Professor of Agriculture and Life Sciences and Sociology 
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at Iowa State University. She joined the Iowa State faculty and was named director of the 
Center in 1994. Her research interests include international and domestic development, 
community, and the sociology of science and technology, particularly as related to agri-
culture and participatory change. Her current research includes work on the generation of 
social capital in community development, community, sustainable agriculture and natural 
resource management, with particular attention to how class, gender, and ethnicity influ-
ence and are affected by technology and policy. Many of her articles have been widely 
used by nonprofit organizations that work with farmer groups, particularly in sustainable 
agriculture, to build stronger communities and a stronger economic base. She has held 
several academic positions and has also been a program officer for the Ford Foundation. 
In addition to her responsibilities at the Center, she works on international development 
issues with the World Bank and the U.S. Agency for International Development. Dr. Flora 
received a BA from the University of California, Berkeley, and an MS and PhD from Cornell 
University, which recognized her with an Outstanding Alumni Award in 1994.

James C. Hanson is an extension economist at the University of Maryland, College Park. 
His research interests include sustainable agriculture, cropping systems, organic agricul-
ture, agricultural extension systems, environmental policy, and farm management. He re-
ceived his PhD in agriculture and resource economics from the University of Maryland, an 
MS in plant breeding and genetics from the University of Minnesota, and a BS in agronomy 
from the University of Maryland.

Douglas Jackson-Smith is an associate professor of sociology at Utah State University. Dr. 
Jackson-Smith joined the faculty at Utah State University in the summer of 2001, where he 
currently serves as the director of graduate studies in the Sociology Program. His princi-
pal teaching and research interests include the sociology of agriculture, natural resources, 
and the environment; rural community studies; economic sociology; and applied research 
methods. He is also interested in international development, social studies of science and 
technology, and political sociology. Currently he is engaged in research focusing on dynam-
ics of economic and technological change in the dairy industry and their effects on farm 
families, rural communities, and the environment. He has also developed methods to track 
the spatial dimensions of rural and agricultural land use changes, and has worked with 
rural governments to develop locally appropriate land use and agricultural plans. Before 
going to Utah State University, he served as assistant professor of rural sociology and ur-
ban and regional planning at the University of Wisconsin-Madison. He also was codirector 
of the Program on Agricultural Technology Studies (a research and extension unit of the 
College of Agriculture), which examined the impacts of technological change and public 
policies on farm families in Wisconsin. He received his BS in rural sociology from Cornell 
University, and his MS in sociology, MA in agricultural economics, and PhD from the Uni-
versity of Wisconsin, Madison.

William A. Jury is a Distinguished Professor of Soil Physics in the Department of Environ-
mental Sciences at University of California, Riverside. His principal research interests are 
measurement and modeling of organic and inorganic chemical movement and reactions 
in field soils; development and testing of organic chemical screening models; and charac-
terization of volatilization losses of organic compounds. At present, Dr. Jury is conducting 
research in field measurement and modeling of preferential flow of chemicals, chemical 
transport at low water content, unstable flow of water in soil, global water management, 
and sequential reuse of agricultural drainage water. Dr. Jury received his PhD in physics 
from the University of Wisconsin.
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Deanne Meyer is a livestock waste management specialist in the Department of Animal 
Science at the University of California, Davis. Her research activities focus on current 
and future needs of livestock operators related to environmental sustainability, regulatory 
compliance, and economic feasibility. She also looks at manure management systems, op-
erational efficiency of manure equipment, interactions between manure management and 
utilization and water and air resources, and dietary manipulation to reduce nutrient excre-
tion. She received her PhD in animal science from the University of Florida.

John P. Reganold is Regents Professor of Soil Science at Washington State University, where 
he teaches soil science and organic farming classes, and conducts research. Dr. Reganold 
has completed numerous studies measuring the effects of conventional, integrated, and 
organic farming systems on soil health, crop quality, financial performance, and environ-
mental quality in the United States, Canada, Australia, and New Zealand. Dr. Reganold has 
more than 120 publications, some of which have appeared in Science, Nature, Proceedings 
of the National Academy of Sciences USA, Scientific American, and New Scientist. He has also 
co-authored the widely used college text Natural Resource Conservation (9th edition) and 
co-edited the book Organic Agriculture: A Global Perspective. His research in sustainable ag-
riculture has been featured in hundreds of newspapers, several science magazines, and on 
many radio and TV programs. He has given more than 150 invited presentations all over 
the world. Dr. Reganold received his bachelor’s degree in German from the University of 
California, Berkeley, his MS in soil science from the University of California, Berkeley, and 
his PhD in soil science from University of California, Davis.

August Schumacher, Jr., is advisor to SJH and Company. He is the former under secretary 
for farm and foreign agricultural services at the U.S. Department of Agriculture (USDA). 
He was responsible for the domestic commodities, insurance, and farm credit operations 
of USDA. In addition, he was in charge of USDA’s international trade and development 
programs. Prior to his appointment in August 1997, he was the administrator of the Foreign 
Agricultural Service for three years. Before going to USDA, Mr. Schumacher served as the 
Massachusetts commissioner of food and agriculture and as a senior agricultural project 
officer at the World Bank. From a farm family in Lexington, Massachusetts, Mr. Schumacher 
attended Harvard College and the London School of Economics, and was a research associ-
ate in agribusiness at the Harvard Business School.

Henning Sehmsdorf was appointed adjunct professor in the Center for Sustainable Agri-
culture and Natural Resources in November 1999 to implement a for-credit internship in 
ecological farming and sustainable living for Washington State University (WSU) students at 
S&S Homestead Farm. From 1968–1994, Dr. Sehmsdorf taught humanities at universities in 
the United States, England, Germany, and Scandinavia. Since 1970, he has been developing a 
holistically managed, integrated farm on Lopez Island, Washington, that produces as many 
inputs required to grow food and fiber on the farm as possible. The farm presently grows 
vegetables, fruit, flowers, beef, dairy, pork, lamb, poultry and eggs, animal forages, grain, 
and fertilizers. The internship program was established in 1994 and to date has trained 20 
students in sustainable agriculture, agronomy, soil science, nutrition, environmental educa-
tion, and related fields, with most of the trainees going on to graduate study after completing 
their internships. Interns also collaborate in grant-supported, on-farm research with WSU 
and extension faculty. Dr. Sehmsdorf has a PhD in the humanities from the University of 
Chicago, a BS in general science from the University of Rochester, and is a graduate in busi-
ness administration from Kaufmännische Berufsschule in Rastatt, Germany.
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Carol Shennan is a professor of environmental studies at the University of California, 
Santa Cruz. Until June 30, 2007, she served as director for the Center for Agroecology and 
Sustainable Food Systems at the university. She joined the Environmental Studies De-
partment from the Department of Vegetable Crops at the University of California, Davis. 
Dr. Shennan’s interests encompass interdisciplinary studies of agroecosystems, including 
watershed, on-farm, experimental, social science, and participatory research approaches. 
Topics include: nutrient cycling and interactions between cropland management and sur-
face water, ground water, and wetland ecosystems; biodiversity conservation on farmland; 
understanding farmer decision making; farmer and consumer attitudes; opportunities 
to enhance farm viability and sustainability through market, policy, and educational ap-
proaches; international agriculture development; resource management in resource-poor 
systems; and gender issues. Dr. Shennan’s current research examines the ecological and 
social dimensions of agricultural sustainability in a number of contrasting systems; a) in-
tensive vegetable/strawberry production systems in the Monterey Bay region; b) irrigated 
rice production in Senegal; c) subsistence maize production in southern Malawi; d) enset-
based agriculture in southwestern Ethiopian highlands; and e) grazing, crop production, 
and grassland conservation in Inner Mongolia (project in development stage). All studies 
involve working closely on-farm with groups of farmers and other interested parties. Dr. 
Shennan received her PhD from the University of Cambridge, UK.

Lori Ann Thrupp is the manager of sustainability and organic development at Fetzer 
Vineyards. She undertakes outreach and educational events about organic and sustain-
able farming practices for growers and the broader community. She develops partnerships 
with growers, scientists, government agencies, and other stakeholders involved in sustain-
ability initiatives. She also serves as a consultant and was formerly managing director for 
the California Sustainable Winegrowing Alliance, a nonprofit organization supporting 
sustainable practices. Previously Dr. Thrupp worked with the Environmental Protection 
Agency’s Agriculture Initiative, managing partnerships and a grant program for growers 
and agricultural organizations involved in sustainable agriculture and pest management. 
She also has been a consultant in sustainable agriculture for Robert Mondavi Winery, the 
Roots of Change Fund, and several other organizations and companies. She has many years 
of experience in international agriculture education, research, and policy analysis. From 
1990–1998, she was director of sustainable agriculture at the World Resources Institute. She 
has written more than 70 publications, is a graduate of the California Agriculture Leader-
ship Program (CALP), and serves on the Fellows Council for CALP. She is a current board 
member of the Organic Farming Research Foundation. Dr. Thrupp received a PhD and MA 
from Sussex University and a BA from Stanford University.

Paul Willis is the manager of Niman Ranch Pork Company. He lives on the farm where he 
grew up, in Thornton, Iowa, about 100 miles north of Des Moines. Mr. Willis’s passions have 
always included animals and taking care of the land. It is this passion that led him to join 
the Peace Corps, where he worked as the Young Farmers Club organizer for the Nigerian 
Ministry of Agriculture. During his tenure, he grew the club’s membership to more than 
10,000. In 1995, Mr. Willis was looking for a way to market natural “free range” pigs when 
he met Bill Niman. Mr. Willis wanted to revitalize traditional hog farming in the Midwest at 
a time when economics forced many farmers to sell out or turn to factory/confinement hog 
growing. Niman Ranch offered the opportunity to raise pigs the humane, old-fashioned 
way and these outdoor-raised pigs quickly became a favorite among Niman Ranch cus-
tomers. Today, Mr. Willis manages a network of more than 500 family hog farmers. In ad-
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dition to managing the Niman Ranch pork operation, he still raises 2,500 Farmers’ Hybrid 
hogs with his wife, Phyllis, and business partner, Jon Carlson, on the Willis Free Range Pig 
Farm. He also grows his own non-GMO soybean and organic alfalfa and oats, which are 
used for feed and bedding. Mr. Willis received his BA from the University of Iowa.

CONSULTANTS

Lawrence E. Elworth is the executive director of the Center for Agricultural Partnerships 
(CAP), a nonprofit organization that is dedicated to solving agricultural problems by help-
ing farmers adopt more environmentally sound and profitable practices. Mr. Elworth has 
worked with more than 100 partners involved in the commercial production of more than 
a dozen crops, including lettuce, celery, apples, pears, cotton, soybeans, corn, wheat, wal-
nuts, and peanuts. CAP projects have successfully implemented innovations that improve 
agriculture’s impact on natural resources in 15 states. Mr. Elworth served in senior policy 
positions at the U.S. Department of Agriculture and the White House, and raised tree fruit 
in Virginia and Pennsylvania. He received his BA from Guilford College and his MBA from 
Mount Saint Mary’s.

C. Clare Hinrichs is an associate professor of rural sociology at the Pennsylvania State 
University. Her research, teaching, and public engagement activities are all concerned with 
societal transitions to sustainability, with particular attention to food systems, agriculture, 
and the environment. She has conducted farming-systems-oriented field research with 
dairy farmers, maple syrup producers, swine farmers, and organic growers. Her current 
projects focus on organizational strategies and outcomes of localizing food systems in a 
globalizing environment and on the sustainability and rural development implications of 
biomass energy crop production. Dr. Hinrichs received her PhD in development sociology 
from Cornell University.

Susan Smalley is the director of the C.S. Mott Group for Sustainable Food Systems at 
Michigan State University, a group that engages communities in applied research and out-
reach to promote sustainable food systems with a goal to improve access and availability 
of healthful, locally produced food. She helped to establish and serves as an advisor to the 
Michigan Farmers Market Association. Her work includes research and outreach dealing 
with developing and enhancing farmers’ markets, sustainable farming, organic farming, 
direct marketing, and developing sustainable food and farming businesses. Dr. Smalley 
has additional experience in extension education and leadership development, including 
Myers-Briggs®, experiential learning, and new instructional approaches. She serves as the 
Michigan coordinator for small and part-time farming and is a past Michigan coordinator 
for Sustainable Agriculture Research and Education (SARE). She has a BS in home econom-
ics, MA in adult and continuing education, and PhD in extension education from Michigan 
State University.
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Presentations to the Committee on 
21st Century Systems Agriculture

DECEMBER �0, �00�

Julia Kornegay, North Carolina State University
The Socioeconomic Context for Farm Systems and Sustainability

Curt Reynolds, U.S. Department of Agriculture (USDA) Foreign Agricultural Service
Trends and Forces in Global Agriculture Production

Jim MacDonald, USDA Economic Research Service
Trends in the Structure of Agricultural Markets

Mitch Morehart, USDA Economic Research Service
Structure and Finances of U.S. Farms

Richard Harwood, Michigan State University, Emeritus
Where Have We Come Since 1989?

Robbin Shoemaker, USDA Economic Research Service
Changing Trends in Agricultural Labor and Energy, and Agriculture’s Relation to the 

Environment

Jeffrey Steiner, USDA Agricultural Research Service 
Agricultural Systems Research: How Will We Know When Alternative Has Become 

Conventional?
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MARCH ��, �00�

Otto Doering, Purdue University
Impact of Energy Crop Production on U.S. Agricultural Economics
Impact of the Farm Bill and the Energy Bill on Agriculture to Date

Thomas Dobbs, Food and Society Policy Fellows Program
Economics and Policy Conditions to Foster Sustainable Farm Systems

Gerald Bange, The World Agricultural Outlook Board
Update on the USDA Agricultural Outlook

Seth Meyer, University of Missouri, Columbia
Impacts of Overseas Demand (over the next 15–20 years) on U.S. Agriculture

MAY �, �00�

Roger Claassen, USDA Economic Research Service
Impact of Conservation Programs on U.S. Agriculture

Douglas Lawrence, USDA Natural Resource Conservation Service
Impact of Agroenvironmental Policies on the Environmental Sustainability of U.S. 

Agriculture

Sally Shaver, U.S. Environmental Protection Agency (EPA)
EPA Regulations That Could Impact Agricultural Producers

Connie Musgrove, University of Maryland
State Policies and Programs for Improving the Environmental Performance of Agriculture

Cathy Kling, Iowa State University
Cost and Benefit of Developing Policies to Improve Water Quality

Jerry Skees, University of Kentucky
Impact of Crop Insurance on Farmers’ Decisions to Adopt Agronomic Practices

AUGUST �–�, �00�

Joan Nassauer, University of Michigan
Landscape Perspectives on Agricultural Intensification and Biodiversity

Laurie Drinkwater, Cornell University
Research and Understanding of Complex Farming Systems

Ariena van Bruggen, Wageningen University
Ecological Principles Underlying the Functioning of Farming Systems

Kathy Soder, USDA Agricultural Research Service
Opportunities and Challenges in Management-Intensive Grazing Systems



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

APPENDIX C ���

Alan Franzluebbers, USDA Agricultural Research Service
The Science Behind Integrated Crop/Livestock Systems

Lynne Carpenter-Boggs, Washington State University
Role of Composting on Soil Health and Other Aspects

Ariena van Bruggen, Wageningen University
Interdependence Between Soil Health, and Plant and Animal Health

Tony Grift, University of Illinois, Urbana-Champaign
Automation in Complex Farming Systems

Clay Mitchell, The Mitchell Farm
Precision Agriculture

Steve Evett, USDA Agricultural Research Service
Use of Water, Water Processing, Water Reclamation

Steve Naranjo, USDA Agricultural Research Service
Biocontrol and Transgenic Crops

Pamela Ronald, University of California, Davis
Marker-Assisted Breeding and Genetic Engineering to Enhance Crop Stress Tolerance

Eric Sachs, Monsanto
Germplasm Improvement and Disease and Pest Management

Mark Allan, USDA Agricultural Research Service
Animal Genetic Improvement

Joy Mench, University of California, Davis
Scientific Basis for Improving Animal Welfare

JANUARY ��, �00�

Hans Herren, Millennium Institute
International Assessment of Agricultural Knowledge, Science, and Technology 

Development Report

William Settle, Food and Agriculture Organization
Role of Integrated Pest Management in Improving Agricultural Sustainability in 

Developing Countries

Gary Toenniessen, Rockefeller Foundation
Role of Biotechnoloy in Improving Agricultural Sustainability in Developing Countries

Joyce Turk, U.S. Agency for International Development
Yesterday’s Future: Sustaining Livestock Production Systems in Developing Countries



Copyright © National Academy of Sciences. All rights reserved.

Toward Sustainable Agricultural Systems in the 21st Century 
http://www.nap.edu/catalog/12832.html

��� APPENDIX C

Amir Kassam, University of Reading
Conservation Agriculture as a Foundation for Sustainable Production Intensification

Jules Pretty, University of Essex
Recent Evidence on Improving the Environmental, Social, and Economic Sustainability of 

Agriculture in Developing Countries

Ruth Meinzen-Dick, The International Food Policy Research Institute
Rural Development and Institutions

Keith Moore, Virginia Polytechnic and State University
Networking Technology

Joan Fulton, Purdue University
Marketing and Trade Factors That Could Affect Adoption of Sustainable Practices

William Settle, Food and Agriculture Organization
Community-based, Discovery Learning: Farmer Field Schools as a Pragmatic Approach 

to Agricultural Extension
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Follow-up of the ���� Case Studies Featured 
in Alternative Agriculture Report

Topics of Discussion During 
Telephone Interview

• Is the farming business/operation still actively involved in production agriculture?
  No
  Yes, but ownership and or management is by different folks
  Yes, with ownership and management substantially intact

• If no—
  When did the business cease agricultural production?
  •  What were the most significant factors that led to the decision to cease 

farming?
  What happened to the land that was part of that operation?
  • Is it still in farming?
  • Is it still used for “alternative,” “sustainable,” or “ag systems” production?
  What happened to the key people who ran the operation?

• If yes—
   What are the most significant changes in the operation since the original case 

studies were conducted in the late 1980s?
   What of the following factors have most contributed positively to the survival of 

this operation?
  • Growth/expansion decisions?
  • Cultivation of new markets/marketing—changes in certification?
  • Improved production expertise and experience
  • Support from
   • Local agribusinesses and service providers
   • Other farmers or farmer groups
   • University scientists and extension service personnel
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   •  What individuals or groups (outside of your farm operation) have been 
important to your operation’s viability or sustainability?

•  Has the relationship to neighbors and community changed? Are they supportive of 
your farming in any way?

•  Investments in natural resource management (soil, water, and air quality; conserving 
water; water reuse; energy use and efficiency; improving wetlands and/or wildlife 
habitat; integrated pest management, beneficial insects, etc.)

•  Investments in improving the quality and safety of food and fiber products, im-
proved varieties, improved processing and handling, enhanced testing and screen-
ing, reducing use of pesticides, etc.)

  Which have served as significant challenges to the survival of the operation?
  • Land costs or rental costs
  • Changes in weather patterns
  • Availability of labor
  • Willingness of younger generation to take over farm
  •  Ability of the farm operation to meet the basic costs of supporting your 

family/families
  • Federal, state, and local policies
   • New environmental regulations
   • Traditional commodity programs
   • Value-added, diversification, or local marketing programs
   • Access to organic prices information
  • Cost of inputs
  How have you overcome some of the barriers to your success?
   In what ways has your operation been able to enhance or sustain its natural 

resources over the last 15 years?
  • Have you noticed any changes in any of the following resources?
   •  Soils (quality, organic matter, nutrient and water availability, erosion 

rates, salinity problems, etc.)
   •  Water (costs, quantity, availability, efficiency of use, impacts on surface 

and ground water quality, etc.)
   • Biodiversity (wetlands; habitat for beneficial insects, birds, other wildlife)
   • Air quality (odors, roads, processing and storage facilities, etc.)
   • Energy (production, costs, use, alternative sources, etc.)
   • Others?
  • What specific steps have you taken to enhance or sustain these resources?
   What do you think is the future outlook for your own farming 

operation/enterprise?
  • How much longer will you be able to stay in business?
  • What factors will most influence your long-term viability?
  •  Quality and sustainability of your natural resource base (soil, water, air, bio-

diversity, energy, etc.)
  •  What kinds of information/services/programs would be most helpful to sus-

taining the future viability of your operation?
   What do you think is the future outlook for sustainable/systems/organic farm-

ing in the United States?
   Has that future outlook changed since 1989?
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Dairy Farms

Topics of Discussion During 
On-Farm Interview

Elements of “Success” and Barriers and Broader 
Assessments of the Sustainability of the Farming Systems

1. What factors have contributed to progress or success for your farm/company?
2. In what important ways has this operation changed over the last 5 years?
3. Overall, how would you assess the performance of your farming systems on some 

broader indicators of sustainability—
3.1.  Local ecosystem sustainability (for example, water, soil, air, biodiversity, and 

critical species)
3.2.  Global ecosystem sustainability (for example, energy use, climate)
3.3.  Social sustainability (for example, quality of life, labor, economics, community)
3.4.  Food system sustainability (for example, food quality, nutrition, affordability 

and access)
4. Do you foresee any barriers to continuing to farm sustainably, or to developing ad-

ditional strategies to enhance sustainability?
5. Do you do research or experimentation on new methods?
6. Do you have any specific problems that might benefit from more (or better) scientific 

research?
7. What do you think is the future outlook for your own farming operation/enterprise?
8. What do you think is the future outlook for sustainable systems/organic farming?
9. What are you proudest about when you think of your farming operation?
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�. Production Practices

LAND BASE

1. Overall, how much land do you operate as part of this dairy farm business?
2. Of the total land operated, how much is used for the following purposes:

2.1.  Pasture only
2.2.  Crop production
2.3.  Fallow, idle, or CRP
2.4.  Other

3. Of the total acres that you operate,
3.1.  Roughly how much do you own?
3.2.  Roughly how much do you rent/lease?

CROP AND FEED ISSUES

1. Do you raise most of the feed for your dairy cows on your own farm?
2. Roughly how much (or what %) of the following types of livestock feed do you usu-

ally BUY or IMPORT from off the farm:
2.1.  Forages
2.2.  Grains
2.3.  Protein

3. Do you currently rely on pastures as a major source of feed for your milking dairy 
cows?

4. What ways is the expansion of your dairy operation constrained by the size of your 
land base?

5. Is the size of your land base a primary reason for expanding or not expanding your 
dairy operation? Are there other reasons for expanding/not expanding? (ecological, 
economic, animal health, milk quality, quality of life)

6. Are there any special approaches to management of crops—fertility, rotations, 
etc.—that are important to the sustainability of the operation?

DAIRY-SOIL LINKAGES

1. In what ways do soil conditions on your farm affect:
1.1.  your crop production practices?
1.2.  your manure management?
1.3.  your grazing activities (if any)?

MANURE AND NUTRIENT MANAGEMENT ISSUES

Manure Storage and Handling

1. How do you store most of the manure from your livestock?
2. Do you apply your dairy manure to your own fields and what rates of application do 

you typically use?
3. How is the manure applied?
4. Do you follow manure applications with biological stimulants?
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5. Do you export any of your dairy manure to other operations?
6. Do you import any manure from other operations?

Nutrient Management

1. In what ways do you attempt to recycle livestock manures in your cropping 
operations?
1.1.  How do you use livestock manure in your crop fertility management plans?
1.2.  On what crops do you target manure applications?
1.3.  During what seasons do you apply dairy manure to crop fields?
1.4.  How do you estimate the nutrient contributions of manure to specific fields and 

crops?
1.5.  What are some of the best aspects of using manure as a source of nutrients for 

your crops?
1.6.  What are some of the most difficult aspects of using manure to fertilize your 

crops? What have been the biggest obstacles you face to managing manure 
nutrients on your operation?

1.7.  Is any of your manure used to produce compost?
1.8.  In fertilizing your fields with manure/compost do you focus on plant or soil 

nutrients?
1.9.  What methods do you use in assessing soil health and fertility?
1.10.  Do you use any composts in making nutrient teas?

2. Have you written (or had someone else write) a formal nutrient management plan on 
your farm?

3. Other aspects of crop fertility management
3.1.  Do you conduct soil tests regularly in your crop fields and pastures?

WATER RESOURCES

Water Quantity

1. How adequate is the water supply for your operation?
2. Have you made significant changes in your operation to adapt to water scarcity?
3. Is your water supplied from wells, rain catchment systems, or from off-farm

sources (which)?

Water Quality

1. Have water quality concerns been raised in your area?
1.1.  Surface water?
1.2.  Ground water?
1.3.  Nonpoint pollution?
1.4.  Site-specific pollution (production related)?

2. How have these concerns impacted your farming operation?
3. Have you made significant changes in your operation to adapt to these water quality 

concerns?
4. What specific steps have you taken to protect water quality in your area?
5. How has your manure storage and management system enabled or constrained your 

ability to meet regulatory requirements?
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AIR QUALITY ISSUES

1. Are there any air quality or odor issues that currently affect your farming operation?
2. What specific steps have you taken to address potential concerns?

CARBON FOOTPRINT ISSUES

1. To what degree are you aware of greenhouse-gas emissions (CO2 or equivalents) re-
sulting from farm production (fuel usage of machinery, application of fertilizers and 
the use of synthetics, including plastics)?

2. What specific steps have you taken to address potential concerns?

ALTERNATIVE ENERGY/BIOGAS

1. Do you use your manure resources to generate biogas?
2. Do you use any other forms of renewable energy (wind, solar, etc.) in your operation?
3. How well have these systems worked for you?
4. What are the best aspects of these systems?
5. What are the worst aspects of these systems?
6. Do you have an energy management plan?

DAIRY FACILITIES

1. Are there any aspects of your milking and housing facilities that enable or constrain 
your dairy operation?

2. If you could do it over, how would you have designed your housing and milking 
facilities differently? Why?

FOOD SAFETY AND QUALITY, ANIMAL HEALTH, ETC

1. What steps has your dairy operation taken to address potential concerns about:
1.1.  Milk safety (antibiotic use, raw milk, etc.)
1.2.  Milk quality (flavor, sweetness, mineral, vitamin, protein, antioxidant and 

enzyme levels)
1.3.  Animal health and welfare
1.4.  Potential contamination of crops by E. coli and other pathogens in manure
1.5.  Biosecurity
1.6.  Other food safety concerns?

�. Economic/Market Questions

SALES

1. How have your gross farm sales changed over the last 5 years?
2. What do you expect the change to be in the next 5 years?
3. Milk versus other commodities—What percentage of your gross receipts are from 

milk sales?
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MARKETING

1. Where do you usually ship your milk?
1.1.  How would you describe this buyer?
1.2.  Does your current milk buyer have a policy on the use of rBST or Posilac?

2. Do you sell any of your farm products direct to consumers?
3. What proportion of your milk is marketed locally?
4. Do you process any of your milk into butter, cheese, or other dairy products?
5. What would motivate you to seek out local markets for your products (farm profit, 

local economic development, local food security, farm-to-school or farm-to-cafeteria)?
6. Do any of your products go outside the United States?
7. Do you sell any of your farm products on contract? If yes, which kind?
8. How have your marketing approaches changed over the last 5–10 years?

Organic Milk:

1. Do you get organic price premiums for your products?
2. Have these premiums increased or declined in recent years?
3. How important are these premiums to your ability to use organic practices?
4. Are organic premiums important to your decision to use sustainable practices?
5. Aside from marketing benefits, what are some positive benefits related to being certi-

fied organic?
6. What are the biggest problems or obstacles to managing your farm as a certified 

organic dairy and/or organic crop producer?
7. How do you manage antibiotic use on your dairy?
8. Does your dairy farm have any other official “certifications” that you use in market-

ing your product?

FARM ENTERPRISE FINANCIALS

Gross Income

1. What are your approximate annual gross sales of farm products?
2. Are there other sources of farm income?

Net Income

1. In how many of the last 5 years has your enterprise made a profit?
2. Has your net income increased over the last 5 years?

Farm versus Off-farm Income

1. Does anyone in your family work off the farm (known as public work in the South)?
2. To what degree does your household depend on the farm for income and benefits?
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Debt

1. Roughly what would you estimate is the current ratio of your farm debts to farm 
assets? (no debt, debts less than 10% assets, debts 10–40% assets, debts exceed 40% of 
assets)

2. Are you comfortable with your current debt levels?

LABOR

1. Have you been able to find adequate labor to sustain operation and quality of life?
2. What specific practices do you use to ensure labor is treated fairly?
3. How do labor issues affect your decisions about which production practices to use?

RISK MANAGEMENT

1. What are the major sources of risk on your farm?
2. What strategies have you developed on your farm to deal with these sources of risk?
3. Given recent changes in energy and farm commodity markets, how well do you 

feel your operation can compete in the current high energy and high feed cost 
environment?

4. What alternatives do you see in managing future (expected) shortages in energy, 
fertilizer, land and water resources, and concomitant increases in production costs?

�. Social and Community Aspects

 1. What motivated you to choose this approach to farming? What keeps you enthusias-
tic about your approach?

 2. Do your customers/buyers have an impact on how you farm?
 3. How do you get information and advice for your farming? (main sources)
 4. Who comes to you for advice about farming?
 5. Do you share information with other farmers?
 6. Do you make an effort to share information about your operation with the public?
 7. Are you involved with any farmers’ groups or other organizations?
 8. Do you work with any government agencies?
 9. What government programs have the largest impacts on your operation?
10. Are you involved in farm policy issues? If so, how?

DEVELOPMENT PRESSURE

1. How much pressure does your operation feel from growth and development in your 
area?

2. What opportunities and challenges does urban growth and development present to 
your farm?

3. Farm transition challenges—how do you ensure viability of operation across 
generations/time?
3.1.  How to ensure sustainability (values) across generations/time?
3.2.  How to mitigate start-up costs for new farmers by removing land (and perhaps 

some infrastructure) costs through long-term lease and trust arrangements (to 
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replace fee-simple purchase and/or inheritance models by community-based 
stewardship models)?

3.3.  How to connect successive generations to pass on knowledge and practical 
experience?

3.4.  How to secure the older generation while enabling the future of the next 
generation?
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Grain Farms

Topics of Discussion During 
On-Farm Interview

Elements of “Success” and Barriers and Broader 
Assessments of the Sustainability of the Farming Systems

 1. What factors have contributed to progress or success for your farm/company?
 2. In what important ways has this operation changed over the last 5 years?
 3. Overall, how would you assess the performance of your farming systems on some 

broader indicators of sustainability—
3.1.  Local ecosystem sustainability (for example, water, soil, air, biodiversity and 

critical species
3.2.  Global ecosystem sustainability (for example, energy use, climate)
3.3.  Social sustainability (for example, quality of life, labor, economics, community)
3.4.  Food system sustainability (for example, food quality, nutrition, affordability 

and access)
 4. What are the main opportunities you have to improve your farming operation? What 

are the main risks?
 5. How have you overcome problems or decreased risks? (provide examples)
 6. Do you do research or experimentation on new methods? If yes, what kind? Do you 

work with other organizations/people that do this work? If yes, with whom?
 7. Do you have any specific problems that might benefit from more (or better) scientific 

research?
 8. What do you think is the future outlook for your own farming operation/enterprise?
 9. What factors will most influence your long-term viability? What do you think is the 

future outlook for sustainable systems/organic farming?
10. Do you foresee any barriers to continuing to farm sustainably, or to developing ad-

ditional strategies to enhance sustainability?
11. What are you proudest about when you think of your farming operation?
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�. Production Practices

YIELDS

1. What are the approximate yields per acre for major crops raised?

PRACTICES

1. For farms primarily producing field crops (e.g., grains and legumes)
1.1.  List the major rotations, including all cover crops and fallow periods (including 

duration and timing)

INPUTS

1. What are the most important purchased inputs you use on your operation?
1.1.  Crop production
1.2.  Livestock feed

2. Do you apply manure or other waste materials to your land?
3. Where/how do you get inputs for farming?
4. Has that been a problem or barrier to your success?

PEST AND DISEASE MANAGEMENT

1. What do you do to manage pests and diseases?
2. How satisfied are you with your ability to manage pests and diseases?
3. What do you do to manage weeds?
4. How satisfied are you with your ability to manage weeds?

PASTURE/GRAZING MANAGEMENT

1. What approaches do you use to manage pastures or grazing on your operation?
2. How satisfied are you with your grazing management practices?
3. What are your biggest problems or obstacles to managing your pastures/rangeland 

more effectively?
4. For farms producing both livestock and field crops

4.1.  Do you rotate hay or pasture?
4.2.  Do you produce hay?
4.3.  What advantages and/or disadvantages do animals provide in production of 

your field crops?
4.4.  What proportion of your grain crops is feed?
4.5.  Do you feed/graze cover crops or crop stubble?
4.6.  How does the presence of animals change your grain crop rotation?

SOIL RESOURCES

General Soil Characteristics (for the major soil types only)

1. Please describe the soil types on your farm.
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2. Relate soil characteristics to specific enterprises/crop rotations, vegetation 
management

3. Highlight any limitations (for example, are soils erodible, subject to flooding, poorly 
structured, sloped, etc.)?

4. What do you like best about your soil? How do you respond to challenges to soil 
quality (compaction, erosion, periodic flooding, poor structure, slope, etc.)?

Soil Management Practices

1. Fertility and nutrient management practices
1.1.  Do you have a nutrient management plan on file with NRCS?
1.2.  Do you use manure on your operation?
1.3.  What are your tillage management practices
1.4.  Do you have an overall erosion control program?
1.5.  Is your erosion risk primarily from wind or water?
1.6.  What are your off-season soil management practices?
1.7.  Any other conservation practices or benefits?
1.8.  Do you use protected agriculture—high tunnels, greenhouses, plasticulture, 

row covers, hoop houses?

WATER RESOURCES

Quantity

1. What is the average rainfall?
2. Do you irrigate?
3. How adequate is the water supply for your operation?
4. Have you made significant changes in your operation to adapt to water scarcity?

Quality

1. Have water quality concerns been raised in your area?
2. How have these concerns impacted your farming operation?
3. Have you made significant changes in your operation to adapt to water quality 

concerns?
4. What specific steps have you taken to protect water quality in your area?

CLIMATE

1. Have there been any major droughts, storms, or other weather events that have im-
pacted your operation in recent years?

2. How do you feel your operation has been impacted by climate change or global 
warming?

3. How do you think this might impact your operation in the future?
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CARBON FOOTPRINT ISSUES

1. To what degree are you aware of greenhouse-gas emissions (CO2 or equivalents) re-
sulting from farm production (fuel usage of machinery, application of fertilizers and 
the use of synthetics, including plastics)?

2. What specific steps have you taken to address potential concerns?

ALTERNATIVE ENERGY

1. Do you use any other forms of renewable energy (wind, solar, etc.) in your operation?
2. How well have these systems worked for you?
3. What are the best aspects of these systems?
4. What are the worst aspects of these systems?
5. Do you have an energy management plan?

EQUIPMENT

1. How has your equipment changed over time? Has your energy use increased or 
decreased over time?

2. Do you have any specialty equipment? Where do you get this equipment?
3. Do you use any contract equipment operations?
4. What portion of your equipment maintenance do you perform on-farm? (Do you 

consider maintenance as a major part of your operation for cost saving/income?)
5. Solid waste management?
6. Other features or comments?

�. Economic/Market Questions

SALES

1. How have the gross sales of your farm changed over the last 5 years?
2. What do you expect the change to be in the next 5 years?

MARKETING

1. Where do you sell your farm products?
2. What proportion of your produce is marketed locally?
3. What would motivate you to seek out local markets for your products (farm profit, 

local economic development, local food security, farm-to-school or farm-to-cafeteria)?
4. Do any of your products go outside the United States?
5. How do you determine what price you are paid for your product?
6. Do you sell any of your farm products on contract?

Organic Products

1. Do your farm productions have any other official “certifications” that you use in mar-
keting your product?

2. If you are a certified-organic grower, please answer the following questions
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2.1.  Do you get organic price premiums for your products?
2.2.  Have these premiums increased or declined in recent years?
2.3.  How important are these premiums to your ability to use organic practices?
2.4.  Are organic premiums important to your decision to use sustainable practices?

FARM ENTERPRISE FINANCIALS

Income

1. What are your approximate annual gross sales of farm products?
2. What is your approximate income from government program payments?
3. Are there other sources of farm income?

Net Income

1. In how many of the last 5 years has your enterprise made a profit?
2. Has your net income increased over the last 5 years?

Farm versus Off-farm Income

1. Does anyone in your family work off the farm (known as public work in the South)?
2. To what degree does your household depend on the farm for income and benefits?

Debt

1. Roughly what would you estimate is the current ratio of your farm debts to farm 
assets? (no debt, debts less than 10 percent assets, debts 10 to 40 percent assets, debts 
exceed 40 percent of assets)

2. Are you comfortable with your current debt levels?

LABOR

1. Do you have workers assisting you on the farm?
2. Have you been able to find adequate labor to sustain operation and quality of life?
3. What specific practices do you use to ensure labor is treated fairly?
4. How do labor issues affect your decisions about which production practices to use?

RISK MANAGEMENT

1. Do you have crop insurance?
2. What would cause you to purchase crop insurance?
3. If you currently have it, how could the policy be improved?
4. How important is crop insurance to your farm’s long-term financial security?
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�. Social and Community Aspects

 1. What motivated you to choose this approach to farming? What keeps you enthusias-
tic about your approach?

 2. Do your customers/buyers have an impact on how you farm? Do they impact what 
you produce? If so, what kind of impact?

 3. How do you get information and advice for your farming? (main sources)
 4. Who comes to you for advice about farming?
 5. Do you share information with other farmers?
 6. Do you make an effort to share information about your operation with the public?
 7. Are you involved with any farmers’ groups or other organizations?
 8. Do you work with any government agencies?
 9. What government programs have the largest impacts on your operation?
10. Are you involved in farm policy issues? If so, how?
11. How does the way you farm influence the way your community relates to you?

DEVELOPMENT PRESSURE

1. How much pressure does your operation feel from growth and development in your 
area?

2. What opportunities and challenges does urban growth and development present to 
your farm?

3. Farm transition challenges—how do you ensure viability of operation across 
generations/time?
3.1.  How to ensure sustainability (values) across generations/time?
3.2.  How to mitigate start-up costs for new farmers by removing land (and perhaps 

some infrastructure) costs through long-term lease and trust arrangements (to 
replace fee-simple purchase and/or inheritance models by community-based 
stewardship models)?

3.3.  How to connect successive generations to pass on knowledge and practical 
experience?

3.4.  How to secure the older generation while enabling the future of the next 
generation?
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Specialty-Crop Farms

Topics of Discussion During 
On-Farm Interview

Elements of “Success” and Barriers and Broader 
Assessments of the Sustainability of the Farming Systems

 1. What factors have contributed to progress or success for your farm/company?
 2. In what important ways has this operation changed over the last 5 years?
 3. Overall, how would you assess the performance of your farming systems on some 

broader indicators of sustainability—
3.1.  Local ecosystem sustainability (for example, water, soil, air, biodiversity and 

critical species)
3.2.  Global ecosystem sustainability (for example, energy use, climate)
3.3.  Social sustainability (for example, quality of life, labor, economics, community)
3.4.  Food system sustainability (for example, food quality, nutrition, affordability 

and access)
 4. What are the main opportunities you have to improve your farming operation? What 

are the main risks?
 5. How have you overcome problems or decreased risks? (provide examples)
 6. Do you do research or experimentation on new methods? If so, what kind? Do you 

work with other organizations/people that do this work? If so, who?
 7. Do you have any specific problems that might benefit from more (or better) scientific 

research?
 8. What do you think is the future outlook for your own farming operation/enterprise?
 9. What factors will most influence your long-term viability? What do you think is the 

future outlook for sustainable systems/organic farming?
10. Do you foresee any barriers to continuing to farm sustainably, or to developing ad-

ditional strategies to enhance sustainability?
11. What are you proudest about when you think of your farming operation?
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�. Production Practices

PRACTICES

1. What practices do you implement on your farm and what percentage?
 Conventional__________
 Integrated pest management__________
 Low input__________

Certified organic__________
 Mixed crop and animal systems__________

Biodynamic__________
Other__________

2. Do you rotate crops?
3. Do you use cover crops?
4. Do you control flowering, fruit set, or growth of your crops?
5. How do you accomplish pollination?
6. Do you manage bees or other pollinators?
7. If you grow annual crops, do you use hybrid varieties?
8. Do you grow perennial, woody, or tree crops?
9. Do you have a strategy for managing biodiversity on your farm?

WEED, DISEASE AND INSECT CONTROL

1. What control practices do you use for weeds?
2. What control practices do you use for diseases?
3. What control practices do you use for insects?
4. If you use integrated pest management (IPM), what practices do you employ?
5. If you use IPM, do you hire or contract with IPM management firms or individuals?

SOIL RESOURCES— General Soil characteristics (for the major soil types only)

 1. Please describe the soil types on your farm.
 2. Relate soil characteristics to specific enterprises/crop rotations, vegetation 

management
 3. Highlight any limitations (for example, are soils erodible, subject to flooding, poorly 

structured, sloped, etc.?)
 4. What do you like best about your soil? How do you to respond to challenges to soil 

quality (compaction, erosion, periodic flooding, poor structure, slope, etc.)?
 5. What soil management program do you use?
 6. How do you assess soil health and fertility? Do you do bioassays to evaluate micro-

bial activity?
 7. Do you use fertilizers? __Yes or __No
 8. Do you use compost? __Yes or __No
 9. Do you use green manures/cover crops. If so, what crops?
10. Do you use soil amendments? If so, what kind?
11. Do you use soil conservation/prevention of erosion methods? If so, what kind?
12. Do you know the level of soil organic matter in your fields? If so, how do you mea-

sure this?
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WATER RESOURCES

Quantity

1. What is the average rainfall?
2. Do you irrigate?
3. How adequate is the water supply for your operation?
4. Have you made significant changes in your operation to adapt to water scarcity?
5. Has water availability changed in recent years?

Water Quality

1. Have water quality concerns been raised in your area?
2. How have these concerns impacted your farming operation?
3. Have you made significant changes in your operation to adapt to water quality 

concerns?
4. What specific steps have you taken to protect water quality in your area?
5. Do you test your water source?
6. Do you have any drinking water health issues?

CLIMATE

1. Have there been any major droughts, storms, or other weather events that have im-
pacted your operation in recent years?

2. How do you feel your operation has been impacted by climate change or global 
warming?

3. How do you think this might impact your operation in the future?

AIR QUALITY ISSUES

1. Are there any air quality or odor issues that currently affect your farming operation?
2. What specific steps have you taken to address potential concerns?

CARBON FOOTPRINT ISSUES

1. To what degree are you aware of greenhouse-gas emissions (CO2 or equivalents) re-
sulting from farm production (fuel usage of machinery, application of fertilizers, and 
the use of synthetics, including plastics)?

2. What specific steps have you taken to address potential concerns?

ENERGY

1. What are your main sources of energy?
2. Do you use any other forms of renewable energy (wind, solar, etc.) in your operation?
3. How well have these systems worked for you?
4. What are the best aspects of these systems?
5. What are the worst aspects of these systems
6. Do you have an energy management plan?
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EQUIPMENT AND STORAGE

1. What kind of specialized farm equipment do you use (i.e., precision seeders, seedling 
transplanters, plastic layers)?

2. Do you use animals to farm?
3. Do you have postharvest storage capabilities? If so, what type, what capacity?
4. Do you have postharvest cooling capabilities for fruits and vegetables? If so, what 

type, what capacity?

�. Socio-Economic/Market Questions

SALES

1. How have your gross farm sales changed over the last 5–10 years
2. What do you expect the change to be in the next 5 years?

MARKETING

1. Where do you sell your farm products?
2. What proportion of your produce is marketed locally?
3. Do any of your products go outside the United States?
4. Do you sell any of your farm products on contract?
5. Do you get farm credit?
6. How have your marketing approaches changed over the last 5–10 years?
7. Do you provide value-added packaging or branding for your harvested products 

(i.e., clam shells, special boxes)?

Organic Products

1. Do your farm productions have any other official “certifications” that you use in mar-
keting your product?

2. If you are a certified-organic grower, please answer the following questions
2.1.  Do you get price premiums for your products?
2.2.  Have these premiums increased or declined in recent years?
2.3.  How important are these premiums to your ability to use organic practices?
2.4.  Are organic premiums important to your decision to use sustainable practices?

FARM ENTERPRISE FINANCIALS

Although the committee does not need complete details regarding your farming opera-
tion finances, it is interested in the economic opportunities and challenges facing different 
kinds of farm enterprises. Can you provide us with rough estimates of the following economic 
information?
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INCOME

Gross Income

1. What are your approximate annual gross sales of farm products?
2. What is your approximate income from government program payments?
3. Are there other sources of farm income?

Net Income

1. In how many of the last 5 years has your enterprise made a profit?
2. Has your net income increased over the last 5 years?

Farm versus Off-farm Income

1. Does anyone in your family work off the farm (known as public work in the South)?
2. To what degree does your household depend on the farm for income and benefits?

Debt

1. Roughly what would you estimate is the current ratio of your farm debts to farm 
assets? (no debt, debts less than 10 percent assets, debts 10–40 percent assets, debts 
exceed 40 percent of assets)

2. Are you comfortable with your current debt levels?

LABOR

1. Do you have workers assisting you on the farm?
2. Do you provide them with housing on-farm or off-farm?
3. Have you been able to find adequate labor to sustain operation and quality of life?
4. What specific practices do you use to ensure labor is treated fairly?
5. How do labor issues affect your decisions about which production practices to use?

RISK MANAGEMENT

1. What are the major sources of risk on your farm?
2. What strategies have you developed on your farm to deal with these sources of risk?
3. Given recent changes in energy and farm commodity markets, how well do you 

feel your operation can compete in the current high-energy and high-feed-cost 
environment?

4. What alternatives do you see in managing future (expected) shortages in energy, 
fertilizer, land and water resources, and concomitant increases in production costs?

6. Do you have crop insurance?
7. What would cause you to purchase crop insurance?
8. If you currently have it, how could the policy be improved?
9. How important is crop insurance to your farm’s long-term financial security?
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�. Social and Community Aspects

SOCIAL AND COMMUNITY

 1. What motivated you to choose this approach to farming? What keeps you enthusias-
tic about your approach?
1.1.  Could you give us a thumbnail description of what you mean by sustainability?

 2. Do your customers/buyers have an impact on how you farm? Do they impact what 
you produce? If so, what kind of impact?

 3. How do you get information and advice for your farming? (i.e., main sources)
 4. Who comes to you for advice about farming?
 5. Do you share information with other farmers?
 6. Do you make an effort to share information about your operation with the public?

6.1.  Other?
 7. Are you involved with any farmers’ groups or other organizations?
 8. Do you work with any government agencies?
 9. What government programs have the largest impacts on your operation?

9.1.  Positive?
9.2.  Negative?

10. Are you involved in farm policy issues? If so, how and at which level: federal, state, 
county, or town?

11. How does the way you farm influence they way your community relates to you?

DEVELOPMENT PRESSURE

1. How much pressure does your operation feel from growth and development in your 
area?

2. What opportunities and challenges does urban growth and development present to 
your farm?

3. Farm transition challenges—how do you ensure viability of operation across 
generations/time?
3.1.  How to ensure sustainability (values) across generations/time?
3.2.  How to mitigate start-up costs for new farmers by removing land (and perhaps 

some infrastructure) costs through long-term lease and trust arrangements (to 
replace fee-simple purchase and/or inheritance models by community-based 
stewardship models)?

3.3.  How to connect successive generations to pass on knowledge and practical 
experience?

3.4.  How to secure the older generation while enabling the future of the next 
generation?

FOOD SAFETY

1. Do you have a Food Safety Plan?
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