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Preface

Global climate change caused by rising levels of carbon dioxide (CO
2
) and other 

greenhouse gases is recognized as a serious environmental issue of the twenty-first 
century. The role of land use systems in stabilizing the CO

2
 levels and increasing the 

carbon (C) sink potential has attracted considerable scientific attention in the recent 
past, especially after the Kyoto Protocol to the United Nations Framework 
Convention on Climate Change (UNFCCC). The Kyoto Protocol recognizes the 
role of afforestation, reforestation, and natural regeneration of forests in increasing 
the C storage capacity of terrestrial ecosystems. The post-Kyoto Protocol discus-
sions on climate change are also heavily oriented towards an agenda on mitigating 
the rising atmospheric CO

2
 levels through C sequestration in terrestrial vegetation 

systems.
Although the pristine natural forest ecosystems represent the largest vegetation 

and soil C sinks, a considerable extent of this has already been lost especially in the 
less developed and developing countries of the world. It is unlikely that these 
degraded and deforested sites will be returned to natural forest cover. The need for 
transforming some of the lower biomass land uses (such as arable croplands and 
fallows) to carbon-rich tree based systems such as plantation forests and agrofor-
estry therefore assumes significance. Agroforestry systems (AFS) spread over one 
billion ha in diverse ecoregions around the world have a special relevance in this 
respect. These woody perennial-based land use systems have relatively high capaci-
ties for capturing and storing atmospheric CO

2
 in vegetation, soils, and biomass 

products.
According to the Intergovernmental Panel on Climate Change, AFS offer impor-

tant opportunities of creating synergies between both adaptation and mitigation 
actions with a technical mitigation potential of 1.1–2.2 Pg C in terrestrial ecosys-
tems over the next 50 years. Additionally, 630 million ha of unproductive croplands 
and grasslands could be converted to agroforestry representing a C sequestration 
potential of 0.586 Tg C/yr by 2040 (1 Tg = 1 million tons). The total C storage in the 
aboveground and belowground biomass in an AFS is generally much higher than 
that in land use without trees (i.e. tree-less croplands) under comparable conditions. 
Various agroforestry practices such as alley cropping, silvopasture, riparian buffers, 
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parklands, forest farming, homegardens, and woodlots, and other similar land use 
patterns have thus raised considerable expectations as a C sequestration strategy in 
both industrialized and developing countries.

Estimates of aboveground C sequestration potential (CSP) for AFS vary consid-
erably. As can be expected, the CSP values are a direct manifestation of the ecologi-
cal production potential of the system, depending on a number of factors including 
site characteristics, land use types, species involved, stand age, and management 
practices. In most cases, however, baseline information is either non-existent or is 
only anecdotal; besides, the methodologies used to derive such estimates often lack 
the required rigor.

Although C sequestration is a focal theme of discussion in most agroforestry and 
climate conferences, publications on C sequestration in agroforestry are scattered. 
Indeed, comprehensive publications focused on agroforestry and its C sequestration 
potentials are rare. This book is an attempt to address that deficiency. The book 
originated from a technical session “Carbon sequestration in Agroforestry” at the 
2nd World Congress of Agroforestry, August 2009, Nairobi, Kenya (http://www.
worldagroforestry.org/wca2009/), which featured 42 presentations (oral+ poster) on 
the topic. Out of the several manuscripts that originated from these presentations, 
six were selected following peer-review. Additionally, 10 chapters were organized 
as contributions from technical experts on the subject, some of which were based on 
presentations at the XXIII IUFRO (International Union of Forest Research 
Organizations) World Congress, August 2010, Seoul, South Korea. Five of these 
16 chapters are research articles and are presented in the conventional research- 
publication format. Others deal with either case studies or provide regional over-
views, and focus on the current trends in carbon sequestration research. The 
16 chapters are organized into three broad sections: Measurement and Estimation, 
Agrobiodiversity and Tree Management, and Policy and Socioeconomic Aspects. 
Together they represent a cross section of the opportunities and challenges in  current 
research and emerging issues in harnessing C sequestration potential of AFS.

The tedious task of putting together such a book would not have been possible 
without the unflinching cooperation and unfailing support of a number of collabora-
tors. First of all, we thank the chapter authors who showed the highest level of com-
mitment and professionalism in coping with repeated requests for revisions and 
improvement following rigorous peer review of their manuscripts. The reviewers 
(as per the attached list) did a splendid job of providing insightful comments and 
valuable suggestions, often at very short notice, which helped enhance the profes-
sional quality of the chapters. We also thank the publishers and/or other copyright 
holders of the original publications for permission to reproduce some of the tables 
and figures in some chapters as indicated in the respective places. Once again, we 
sincerely thank all the authors, reviewers, and others who directly or indirectly 
 supported and cooperated with us in bringing out this publication.

Thrissur, Kerala, India B. Mohan Kumar
Gainesville, FL, USA P.K. Ramachandran Nair
February 2011
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Abstract The methods used to estimate carbon sequestration in agroforestry 
systems (AFS) vary widely. Consequently, there is enormous inconsistency in the 
available datasets. Moreover, the estimations entail several assumptions, some of 
which are erroneous. A serious one is that C in the biomass and soil are equated to 
sequestered C. The amount of C stored in root biomass is also subject to widely 
variable estimations. Large-scale global models that are based on extrapolation of 
field measurements from sample plots, as used for C sequestration estimates in 
forestry, are thus likely to result in serious under- or overestimations of total C stock. 
These methodological problems that are common to most land use systems are of a 
higher order of magnitude in AFS compared with agricultural systems because 
of the integrated nature of AFS and the lack of rigorous data on the area under the 
practice. While there are no easy, fast, and pragmatic solution to these complex 
issues in the short term, agroforestry researchers could, at the very minimum, 
include accurate description of the methods and procedures they use while reporting 
results. That will help researchers at large to examine the datasets even at a later 
time and possibly incorporate the reported results in larger databases and help 
agroforestry earn its deserving place in mainstream efforts. Missing the opportunity 
to capitalize on the environmental services of agroforestry for the lack of rigorous 
research and consistent procedures for data reporting will be a serious setback to the 
development of agroforestry.
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Introduction

Agroforestry practices are said to be characterized by four “I” words: intentional, 
intensive, integrated, and interactive (Gold and Garrett 2009). Perhaps another one 
could be added: imprecise. This is not said in a pejorative sense. It only reflects 
the lack of precision in dealing with issues concerning agroforestry. Starting with the 
definition, agroforestry is not entirely precise or definitive in many of its attributes. 
In fact, that is just the “nature of the beast”: various attributes of integrated and 
interactive land use systems that are practiced in concert with nature and environment 
in accordance with the local socio-cultural norms and traditions cannot be expected 
to be measured in quantitative terms with 100% precision and accuracy because 
of the multiplicity of factors involved and their complex interactions. This lack of 
precision may not be a serious problem in managing the systems because they are 
location-specific and their management is less dependent on machinery than in the 
case of commercial agriculture and forestry systems. However, when it comes to 
quantifying their attributes to lay the foundations for future scientific developments, 
accurate measurements are important. Thus, measurement of the perceived benefits 
and advantages of agroforestry is essential; but it is a challenge, indeed a serious one. 
We are faced with such a serious challenge in our efforts to estimate carbon (C) 
sequestration in agroforestry systems (AFS).

The role of land use systems in capturing atmospheric carbon dioxide (CO
2
) and 

storing the C in plant parts and soil became an important area of research during the 
past decade. Agroforestry attracted special attention as a C sequestration strategy 
following its recognition as a C sequestration activity under the afforestation and 
reforestation (A & R) activities of the Kyoto Protocol. This was in recognition of the 
perceived advantages of the large volume of aboveground biomass (AGB) and deep 
root systems of trees in accomplishing that task. Consequently a large number of 
estimates and reports on C sequestration potential of various agroforestry systems 
under different ecological regions have become available since the mid-1990s 
starting with the reports of Dixon et al. (1994), Schroeder (1994), and others. 
Most of these available reports on C sequestration in AFS are estimates of C stocks: 
how much C is, or potentially could be, accumulated and stored in above- and 
belowground compartments of AFS under different conditions of ecology and 
management. The estimates range from 0.29 to 15.21 Mg ha−1 year−1 aboveground, 
and 30–300 Mg C ha−1 up to 1-m depth in the soil (Nair et al. 2010).

Collecting (or estimating) such C stock data is important in itself for feeding into 
massive global datasets such as those of the IPCC (Intergovernmental Panel on 
Climate Change: www.ipcc.ch, accessed 13 February 2011) and for other planning 
and developmental purposes. The methods and procedures adopted in collecting such 
datasets have to be consistent and standardized, so that development plans for the 
future are based on rigorous databases of unquestionable value. Therefore, we have 
the responsibility of stepping up our norms, criteria, and standards for reporting C 
sequestration data in AFS. With that in mind, this chapter aims to bring together, 
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first of all, some basic concepts of C sequestration and then identify some of the 
common mistakes and pitfalls in C sequestration studies in AFS and ways to avoid 
them. Developing a uniform or standardized set of procedures is a long and arduous 
task; that is not even attempted here; the hope, however, is that this effort will stimu-
late some thinking in organizing future efforts in that direction. While raising 
these issues, it is recognized that most of them deserve considerable discussion. 
That, however, is beyond the scope of this paper. Furthermore, all the supporting 
literature, based on which many statements are made in an abstract manner in the 
text, is not cited for reason on brevity.

Carbon Sequestration

During the past two decades, there has been a veritable explosion of the literature on 
C sequestration. Internet search engines and abstracting services are virtually flooded 
with all sorts of literature on all aspects of the process. Unfortunately, considerable 
variations exist among different user groups about the concept of C sequestration 
and the term is not used or understood uniformly in different contexts. This has 
led to serious difficulties in consolidating and synthesizing available reports and 
publications according to a uniform pattern and set of norms.

The United Nations Framework Convention on Climate Change (UNFCCC) 
defines carbon sequestration as the process of removing C from the atmosphere 
and depositing it in a reservoir. It entails the transfer of atmospheric CO

2
, and its 

secure storage in long-lived pools (UNFCCC 2007). From the agroforestry point 
of view, C sequestration primarily involves the uptake of atmospheric CO

2
 during 

photosynthesis and the transfer of fixed C into vegetation, detritus, and soil pools 
for “secure” (i.e. long-term) storage (Nair et al. 2010). It occurs in two major seg-
ments of the AFS: aboveground and belowground. Each can be partitioned into 
sub-segments: the former into specific plant parts (stem, leaves, etc., of trees and 
herbaceous components), and the latter into living biomass such as roots and other 
belowground plant parts, soil organisms, and C stored in various soil horizons. 
The total amount sequestered in each compartment differs greatly depending on a 
number of factors including the ecoregion, the type of system (and the nature of 
components and age of perennials such as trees), site quality, and previous land 
use. On average, the aboveground parts and the soil (including roots and other 
living biomass) are estimated to hold roughly one-thirds and two-thirds, respec-
tively, of the total C stored in tree-based land use systems (Lal 2010). Based on 
the notion that tree incorporation in croplands and pastures would result in greater 
net C storage above- and belowground (Palm et al. 2004; Haile et al. 2008), AFS 
are believed to have a higher potential to sequester C than pastures or field crops 
growing under similar ecological conditions (Roshetko et al. 2002; Kirby and 
Potvin 2007).
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Measurement of Carbon Sequestration in Agroforestry Systems

Aboveground (Vegetation)

Aboveground measurements of C stock (and, by implication, C sequestration) are 
direct derivatives of aboveground biomass (AGB) measurements/estimates, assuming 
that 50% of the biomass is made up by C. The AGB is often derived by summing up 
the amount of harvested and standing biomass, and the measurements are relatively 
straight-forward compared to those of the belowground compartment. Estimation 
of tree biomass by whole-tree harvesting is an old approach: it consists of cutting down 
sample trees, separating various parts (stem, leaves, inflorescence, etc.), digging out 
and washing the roots, determining their dry weights from samples of each part, and 
adding them up to get the total biomass. After dividing up the harvested representa-
tive trees into their various components (branches, dead branches, branchlets, leaves, 
roots and fine roots), and determining their dry weight, the C content in each is 
measured. Using the data, allometric equations are developed as regression models 
with the measured variables such as diameter at breast height (DBH), total tree 
height or commercial bole height, and sometimes wood density, as the independent 
variables and total dry weight as the dependent variable. The destructive method of 
determining tree biomass, though comparatively accurate, is extremely time- and 
labor-intensive, especially for large trees. It is often used to validate other, less 
invasive and costly methods, such as the estimation of C stock using nondestructive 
in-situ measurements and remote sensing. Such allometric equations developed 
based on biophysical properties of trees and validated by occasional measurements of 
destructive sampling are widely used in forestry for estimating standing volumes 
of forests. With increasing understanding about the role of forests in sequestering C, 
various allometric equations have been developed for different forest types (Brown 
1997; FAO 2004; Pearson et al. 2005; Chave et al. 2005; Basuki et al. 2009; 
Fernández-Núñez et al. 2010).

Efforts in developing allometric equations for agroforestry situations have gene-
rally been slow and researchers trying to use this approach are forced to use broad 
approximations. For example, for estimating the standing tree biomass in the parkland 
AFS in the Sahel where species-specific allometric equations were not available 
for the region, Takimoto et al. (2008) followed the UNFCCC (2006) recommenda-
tion to use the Brown (1997) general equations for parkland trees. In other cases, 
more simple analyses were used for large-scale estimations. Dixon et al. (1993) 
made estimations by measuring the volume of stem wood and multiplying it with 
species-specific wood density; that number was then multiplied by 1.6 to get an 
estimation of whole-tree biomass; C content was assumed as 50% of the estimated 
whole-tree biomass, and root biomass was excluded. This rough estimation was 
then used for more extensive estimations of global forest biomass. More recently, 
databases for tree characteristics such as wood density for agroforestry species 
http://www.worldagroforestrycentre.org/sea/Products/AFDbases/WD/ (accessed 13 
February 2011) developed at the World Agroforestry Centre (www.cgiar-icraf.org, 
accessed 13 February 2011) are being used in such allometric calculations.
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As Kumar et al. (1998) noted following their efforts to develop allometric 
equations for some common agroforestry tree species in Kerala, India, such equa-
tions vary greatly with species, age, wood density, bole shape, and other factors, and 
could lead to excessive inaccuracies. Besides, such determinations can be difficult for 
smallholder agroforestry plots that comprise much of the agroforestry in developing 
countries. These systems involve a multitude of plants of varying growth habits 
yielding diverse economic products, and the species are planted and their products 
harvested, mostly for household consumption, throughout the year. Variations in tree 
management can be another issue: trees in AFS may be pruned depending on 
management practices or may have different growth forms due to differences in 
spacing compared to natural (forest) systems. Furthermore, no two agroforestry plots 
are similar: each may be unique in terms of plant composition, planting arrangements, 
and stand densities. Thus, determination of biomass production from indigenous 
AFS is a challenging task, and makes extrapolation from one system to others 
very difficult.

Belowground (Soils)

The determination of belowground organic C dynamics in AFS is crucial for 
understanding the impact of the system on C sequestration, but it is difficult – more 
difficult than that for aboveground C. Organic C occurs in soils in a number of 
different forms including living root and hyphal biomass, microbial biomass, and as 
soil organic matter (SOM) in labile and more recalcitrant forms. Difficulties of 
separating these different forms and their complex interactions make measurement, 
estimation and prediction of soil C sequestration a daunting task. The most common 
method of estimating the amount of C sequestered in soils is based on soil analysis, 
whereby the C content in a sample of soil is determined (mass per unit mass of soil, 
such as g C per 100 g soil) and expressed usually in megagrams (Mg = 106 g or tons) 
per hectare.

Soil organic C (SOC) is often measured on a whole soil basis. The Walkley-Black 
procedure that used to be employed extensively in the past, and is perhaps used even 
now in some places, is no longer recommended because of concerns about the accuracy 
of determination (in view of the correction factor that is usually applied, leading to 
over- or underestimations) as well as environmental concerns due to the impact of the 
use of potassium dichromate (Kimble et al. 2001). Currently, many studies measure 
SOC by quantifying the amount of CO

2
 produced through heating in a furnace. 

Other studies measure the change in weight of the sample after heating. However, 
the temperature used can vary; it needs to be standardized for accurate comparison 
of different studies. The presence of carbonates and charcoal in the soil can also skew 
results (Kimble et al. 2001). These measurements of C on a whole soil basis give 
information about total concentrations, but other analytical procedures are needed 
to determine details of the form and recalcitrance of the stored C as well as where it 
is stored. In order to gain a better understanding of such details of C sequestration 
in soils, attention has focused on the study of soil aggregates (Nair et al. 2010). 
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Since the majority of SOC is found in soil aggregates, understanding the structure 
and cycling of these aggregates will give us a better understanding of how C is 
entering, moving through, and leaving the soil, and thus the ability to predict future 
levels based on inputs and current conditions. By knowing the factors that are likely 
to influence aggregate formation and stability, we can predict the factors to be taken 
into consideration, and thus be able to better develop and adopt new agricultural 
and land management practices to optimize C sequestration both immediately and 
for the long term. Soil aggregate analyses, however, have not yet become a step in 
routine soil C determination.

Belowground Living Biomass

In addition to SOM, belowground biomass is a major C pool (Nadelhoffer and 
Raich 1992). However, belowground biomass is difficult to measure. The root-to-shoot 
ratio is therefore commonly used to estimate below ground living biomass. The ratios 
differ considerably among species (e.g., higher in palms than in dicot trees) and across 
ecological regions (e.g., higher in cold than in warm climates). In the absence of 
measured values, many researchers assume that the belowground biomass constitutes 
a defined portion of the aboveground biomass and the values so assumed range from 
25% to 40% depending on such factors as nature of the plant and its root system and 
ecological conditions.

Modeling

In order to understand global carbon cycling, models that incorporate rates of 
terrestrial C cycling are used. Such models are based on a set of assumptions that 
are formed from our understanding of ecological processes including tree growth, and 
decomposition processes in the soil. The CENTURY and RothC models are the most 
widely used soil C models. The former models the cycling of C and other elements 
(phosphorus, nitrogen and sulfur) and their interactions, focusing specifically on the 
effects of species type and management practices such as tillage to model agricultural 
systems. It accounts for agricultural systems, forests, or savannas but not for integrated 
tree-crop systems such as agroforestry; adding agroforestry could be interesting and 
important to this model in order to improve its C sequestration estimates in global 
soils. The RothC model (Rothamsted model), based on the long-term experiments 
studying organic matter on the Rothamsted sites in England, takes into consideration 
organic pools in terms of how labile they are. Although the parameters of the model 
are comparatively simple, the model may not be quite appropriate for predictions of 
tropical agroforestry sites.

Numerous mathematical models have been developed to predict the response of 
SOM to agricultural practices at various scales, from soil profile or small plot scales to 
larger spatial extents, especially in response to the demand for national inventories 
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of soil C sequestration potential (Viaud et al. 2010). Discussing such models, 
Nair et al. (2010) have noted that difficulties in obtaining information that is 
essential for the models could limit the applicability of the models to many tropical 
AFS. In general, models used in agroforestry research are developed for natural 
ecosystems and planted forests or agricultural systems; they rely on assumptions 
that are not fully relevant to AFS, and are often hard to incorporate into larger 
ecosystem models.

Global Estimates: Seeing the World for Trees and Forests

In the wake of increasing global initiatives and agreements such as REDD + (Reducing 
Emissions from Deforestation and Forest Degradation: www.un-redd.org: accessed 
7 February 2011), various massive efforts are under way to assess the extent and health 
of the Earth’s forests and other ecosystems. For example, ALERTS [Automated 
Land-change Evaluation, Reporting, and Tracking System: www.planetaryskin.org 
(accessed 7 February 2011), a unit of the Planetary Skin Institute (PSI), a not-for-profit 
organization set up jointly by NASA (the US National Aeronautics and Space 
Administration) and Cisco Systems, a large computing firm] is a decision support 
system – and one of several such tools – that has been launched in collaboration 
with several national agencies around the world to assess the actual weight of the 
world forest biomass and how much C they are storing. To calculate this, tree data 
such as DBH measured from sample plots are combined with images from NASA’s 
‘super’ cameras and satellites to estimate the plant biomass and therefore C in an 
area. As better ways of measurements and monitoring become more available, it 
will be possible to arrive at more accurate figures on amounts of CO

2
 released 

from deforestation and forest degradation, used up in photosynthesis, and stored in 
“long-lived” above- and belowground compartments of ecosystems. They appear 
massive and impressive; nevertheless, their application in the short term and to 
small and scattered agroforestry plots sound uncertain. Furthermore, the accuracy 
and reliability of all these efforts depend on field measurements and calibration.

Methodological Challenges

As can be seen from the above, the methods and procedures adopted in collecting or 
estimating the data are quite inconsistent and are often incomparable and inconclusive. 
They vary widely in details of all aspects such as sampling, analytical methods, 
computations, data interpretation and presentation. This can greatly affect the 
conclusions made when comparing the differences under various management 
practices, soils, environments, social conditions, etc. Obviously, these problems and 
challenges have to be addressed; but that is not an easy or simple task. As a preliminary 
effort in that direction, let us analyze the major types of challenges and examine 
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what, if anything at all, can be done until proper procedures are developed, tested, 
and put in place. But, first, the concept of C sequestration itself needs to be examined 
and understood.

The Concept of Carbon Sequestration

An important part of the UNFCCC definition of C sequestration is the secure 
storage C (CO

2
) that is removed from the atmosphere in long-lived pools. There is 

considerable ambiguity in the understanding of this concept, especially when it 
comes to “long-lived” pools. The literature on C sequestration in land use systems, 
especially AFS, is not clear on this. Most reports equate C stock to C sequestration. 
Most such determinations are simple computations, in which aboveground biomass 
is estimated from arbitrarily chosen or general allometric equations; belowground 
biomass is considered as a fraction, usually 30%, of AGB, and 50% of the total biomass 
is taken as C stock (and sequestered C). Some reports do not specify if belowground 
biomass is factored into the estimations. In the case of soil, the C content as deter-
mined by soil analysis (which is then extrapolated to a region or country with or 
without the aid of remotely sensed or otherwise computed data) is expressed as C 
stock (= sequestered C).

Erroneous Assumptions

Estimations and computations of C stock in AFS as described above are approxima-
tions. Depending on the procedures used, the estimates may have deficiencies 
and inadequacies arising from both the assumptions used and the procedures 
adopted. Some of the commonly used assumptions and the errors involved in them 
are listed below:

Carbon content in biomass is 50%. Often it is less than that.• 
All biomass represents sequestered C. All biomass does not end up in “long-lived” • 
pools. The foliage that falls on ground decomposes rapidly and releases CO

2
 

back to the atmosphere. The fraction of the biomass that can be considered as 
sequestered C is variable depending on a number of factors including the species, 
plant part, and ecological conditions.
All C in soil represents sequestered C. Recent additions to organic C in surface • 
soil through litterfall and external additions are subject to rapid decomposition 
and release of CO

2
 with only a small percentage of it getting transformed to 

stable C in “long-lived” pools. If C stocks increase through time, that is a form 
of sequestration because the total amount is greater. These and other issues 
imply that there are some complexities to quantifying C sequestration and how 
it relates to C stocks.
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Carbon stock is the same as C sequestration: C sequestration is a rate process • 
involving the time factor (e.g., Mg C ha−1 year−1), whereas C stock (Mg ha−1) 
does not have the time factor.
Growth form of trees has little to do with root biomass. Differences in growth • 
form of trees and management practices can lead to under- or over-estimations of 
root biomass.
Amount of C sequestered is generally uniform for a given agroforestry practice. • 
High levels of spatial heterogeneity exist among similar types of agroforestry prac-
tices at different locations such that extrapolation between one AFS and another 
or even from one area of an agroforestry farm to another can be misleading.

Operational Inadequacies and Inaccuracies

The procedures for collecting and processing plant- and soil samples for nutrient 
analyses and productivity measurements are well established; the lack of such pro-
cedures is not the issue in the context of this discussion; the “devil is in the details.” 
The problem about the lack of rigorous allometric equations for estimating biomass 
has already been presented. The uncertainty arising from the lack of uniform methods 
for describing area under agroforestry (Nair et al. 2009; Udawatta and Jose 2011) is 
another difficulty in gauging the importance of agroforestry in carbon sequestration. 
While some progress has been made in resolving this puzzle in the tropical arena 
(thanks to the ICRAF-sponsored study, which, using geospatial analysis of remote 
sensing derived global datasets at 1 km resolution, reported the area under 
agro fo restry as about one billion hectares of agricultural lands worldwide: Zomer 
et al. 2009), no such progress seems to have been made in assessing the area 
under agroforestry in the industrialized world. Additionally, a few of the common 
challenges, primarily in soil-related estimates, are considered briefly here.

Sampling depth: A major issue that lacks uniformity is soil sampling depth. 
Most soil studies are limited to the surface soils to 20 or 30 cm depth. The impor-
tance of sampling beyond the surface soil cannot be overemphasized while studying 
tree-based systems such as agroforestry, not only because tree roots extend to deeper 
soil horizons, but also because of the role of subsoil in long-term stabilization of 
C. The lack of uniformity in breaking points between soil-horizon depths is another 
procedural problem:  results of a C study  in  the 0–5 cm surface horizon cannot 
realistically be compared with those of 0–50 cm study.

Sample preparation (sieve size): The 2 mm sieve that is almost universally 
used for preparing soils for laboratory analyses is also an issue to be considered. 
The fractions more than 2 mm in size (retained in the sieve) are often discarded; 
but they may constitute a sizeable amount of the soil and may contain some 
C (Howlett et al. 2011).

Pseudoreplication: Repeated sampling from the same contiguous experimental unit 
without true replicates of treatments is an issue that comes up often in sampling 



12 P.K.R. Nair

procedures in agroforestry field research. The purpose of replication is to reduce 
random or stochastic error and increase the precision of comparisons. Therefore, if 
true replicates are not used, the treatments cannot be statistically compared. While 
the results from such studies may still be valid, statistical comparisons between 
treatments may be invalid and the treatments cannot be declared as statistically 
different or not. While this is unquestionable in the statistical sense, the concept of 
replication needs to be taken into consideration in these discussions. For example, 
C stock is estimated based on samples drawn from existing field plots rather 
than replicated field experiments as in many ecological studies where pre-existing 
conditions are used for research. The question may arise as to what constitutes true 
replication in the case of treatments that extend over several hundred hectares of 
land as in some commercial agroforestry operations such as the silvopastoral systems 
in Brazil (Tonucci et al. 2011). Some argue that when a treatment occupies such a 
large area, randomly distributed sampling plots that are replicated within the 
“contiguous” unit itself but are quite far (200 m or more) from each other can be taken 
as having fulfilled the concept of replication. In such studies, spatial interspersion of 
replications together with the use of a systematic design is used to alleviate possible 
pseudoreplication problems (Stamps and Linit 1999; Peichl et al. 2006; Dube et al. 
2011; Tonucci et al. 2011). Forestry researchers have used composite samples drawn 
from large experimental units as replicates considering the land use systems as fixed 
effect treatments (Lugo et al. 1990). In the statistical sense, a fixed effect model 
means that inferences are restricted to the treatments in the study; the results cannot 
be used to make conclusions about other agroforestry systems. The fixed effects 
model also applies to the so-called “repeated measures.”

Repeated measures: These refer to measurements made in time or space on the same 
subject or experimental unit, such as a tree or a plot. For example, in agroforestry 
experiments, we may draw soil samples from depth increments from the same sites, or 
at defined horizontal distances from trees or transects. In experimental designs, 
measurements are made statistically independent by randomly assigning treatments 
to the experimental units. However, when time and space are considered as treat-
ments, they cannot be randomly assigned; the depth/distance increments are treated 
as repeated measures rather than as independent measurements (Moser et al. 1990; 
Stern et al. 2004). The non-randomized nature of repeated measures designs often 
results in the violation of the assumptions necessary for valid univariate analysis. 
However, statistical procedures are available to address the limitations imposed by 
the model. In certain instances, standard univariate approaches, such as ANOVA 
(analysis of variance) with randomized block or split-plot models can be applied 
and valid tests of hypothesis obtained (Moser et al. 1990). In the case of soil depths at 
the same site, they could be stratified and each soil depth considered independently 
treating each site as a replication.

Chronosequence studies: Although some studies carry out chronosequences to see 
the change in C, these are few and not well standardized. Since changes in C stock is 
unlikely to be linear through time, understanding the nature of the curve of C storage 
over time is important to understand the periods when most C is being sequestered. 
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In addition, it is difficult to know if the residence time of C that is sequestered 
initially in a system differs from that of C that is sequestered later. Are the cycles 
that the initial C and later C additions go through the same? A large number of many 
such questions need to be answered for realistically assessing the impact of agrofo-
restry and other management practices on C sequestration.

Calculations and Reporting of Results

The most common inconsistency in reporting C stock and C sequestration data in 
AFS from different locations is related to soil. Soil C stock is conventionally 
expressed in mass per area such as Mg C ha–1. These data are derived by multiplying 
the analytical data, which is usually in mass per unit mass of soil (g C 100 g soil–1) 
with the soil’s bulk density (BD), which is expressed in mass per volume of soil 
(g cm–3 or Mg m–3), and with soil (sampling) depth. There is an anomaly in this 
conversion because the BD value involves a volume measure whereas the C stock 
value is expressed in an area measure (ha). To overcome this, C stock reported in 
Mg ha–1 is assumed to be for 1 cm thickness (depth) of the soil unless the depth 
is otherwise specified. Thus, when the C stock to, say 40 cm or 100 cm depth is 
reported, that depth should be mentioned. Unfortunately, many reports on soil 
C stock in AFS, either do not report such details, or do not follow any uniform norm 
about the depth (for example, Table 3, Nair et al. 2010). This can lead to confusion 
and speculation when the data are compiled or compared. Based on the results 
accrued so far from AFS research (Nair et al. 2010), it seems fair to stipulate that 
soil C stock in AFS should be reported to at least 1 m depth.

The soil BD is an important factor in these computations, but is not reported in 
many research papers on soil C sequestration in AFS. Consider two soils, soil A and 
soil B, both with the same C concentration of 2 g C 100 g soil–1, but with different 
BD values, 1.0 and 1.2 Mg m–3, respectively. The total soil C stock to 1 m depth in 
the two soils will be as follows:

 

1 3 1

1 3 1

Soil A : 2.0 g 100g 1.0 Mg m 1 m 200 Mg ha

Soil B : 2.0 g 100g 1.2 Mg m 1 m 240 Mg ha

- - -

- - -

´ ´ =
´ ´ =  

[Note that the units of ha (= 10,000 m2) and 1 m depth are used in the calculation.]
Thus, soil B will have 20% more C stock than soil A to the same depth although 

both soils have the same C concentration (It is a different matter if both soils have 
same C concentrations throughout the 1-m depth). The point here is that while 
estimating C stock to 1 m depth factoring in BD values, soil B consisted of 20% 
more soil mass than soil A. Such differences are often overlooked while compiling 
regional and global datasets based on “standard” values of soil C stock (Mg C ha–1). 
Therefore, the influence of soil bulk density on measured C stocks is particularly 
important when comparing land use treatments that result in different BD values, as 
may be the case with AFS compared with annual crops or pastures. The problem is 
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compounded when soil depth, to which the value reported is related, is not specified. 
These highlight the importance of reporting soil BD data and soil depth on the one 
hand, and the need for exercising caution while using reported values of soil 
C sequestration on the other.

Another issue is the “one-size fits all” approach to computations of regional and 
global statistics. Currently, most policy documents and projections including major 
ones such as the IPCC reports have the tendency to assign a single, uniform value 
or sets of narrow-range values, for C stock and C sequestration potential of AFS 
irrespective of their site conditions and system characteristics. For example, the 
IPCC estimated a global value of 630 million hectares of unproductive croplands and 
grasslands that could be converted to agroforestry and could potentially sequester 
1.43 and 2.15 Tg (1012g = megatons) of CO

2
 annually by 2010 and 2040, respectively 

(IPCC 2000). Several other such estimates are also available (for example, MIT, 
2010, Mission 2013, Carbon sequestration, Massachusetts Institute of Technology: 
http://igutek.scripts.mit.edu/terrascope/index.php?page=Agroforestry, accessed 13 
February 2011). It is important that the variability among soils to store C is factored 
into such global estimates and projections.

Conclusions

Carbon sequestration in land use systems is a rather loosely defined concept. Several 
methodological challenges, arising from difficulties related to sampling, analysis, 
computations, and interpretation make its measurement a difficult task. These 
difficulties are of a higher magnitude in the case of AFS because often the systems 
involve complex multispecies combinations and the measurements are made from 
pre-existing sites rather than randomized and replicated experiments. There is no 
easy, fast, and pragmatic solution to these issues in the short term. In the circum-
stances what can the common researcher do? The author’s recommendation is that 
before setting out to undertake the study, the researcher should think through the 
problems they might encounter while reporting the results. While reporting results, 
they should describe accurately how the data were collected, analyzed, and managed. 
That means, explaining unambiguously how the samples were drawn, estimations 
were made and computations were calculated for extrapolation to broader scale 
such as Mg ha–1. Such a clear presentation of the results will make it possible for 
researchers at large to understand and decide whether, how, and to what extent to 
incorporate the reported results in larger databases, and help agroforestry earn its 
deserving place in the mainstream of such efforts. Mistakes might be made; but that 
is better than not doing anything for fear of making mistakes. In this era of rapid 
progression of science and efforts to understand and quantify the underexploited 
ecosystem services, agroforestry researchers have to position themselves to ensure 
that agroforestry is not left behind in these global efforts, because, only what gets 
measured gets recognized and managed.
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Abstract Agroforestry, an ecologically and environmentally sustainable land use, 
offers great promise to sequester carbon (C). The objectives of this chapter are to 
(1) provide a review of C sequestration opportunities available under various 
agroforestry practices in temperate North America, and (2) estimate C sequestration 
potential by agroforestry in the US. Since accurate land area under agroforestry was 
not available, the potential C sequestration was estimated based on several assumptions 
about the area under different agroforestry practices in the US: 1.69 million ha 
under riparian buffer, 17.9 million ha (10% of total cropland) under alley cropping, 
and 78 million ha under silvopasture (23.7 million ha or 10% of pasture land and 
54 million ha of grazed forests). Based on these, we estimated C sequestration 
potential for riparian buffers, alley cropping, and silvopasture in the US as 4.7, 60.9, 
and 474 Tg C year–1, respectively. Establishment of windbreaks to protect cropland 
and farmstead could sequester another 8.79 Tg C year–1. Thus, the potential for C 
sequestration under agroforestry systems in the US is estimated as 548.4 Tg year–1. 
The C sequestered by agroforestry could help offset current US emission rate 
of 1,600 Tg C year–1 from burning fossil fuel (coal, oil, and gas) by 34%. These 
preliminary estimates indicate the important role of agroforestry as a promising 
CO

2
 mitigation strategy in the US, and possibly in other parts of North America. 

The analysis also reveals the need for long-term C sequestration research in all 
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regions and for all agroforestry practices, establishment of standardized protocols for 
C quantification and monitoring, inventory of agroforestry practices, development 
of models to understand long-term C sequestration, and development of agroforestry 
design criteria for optimum C sequestration for all regions.

Keywords  Alley cropping • Riparian buffers • Silvopasture • Windbreaks

Introduction

Rising levels of atmospheric carbon dioxide (CO
2
) and associated global warming 

have moved to the center stage of climate change discussion in the past two decades. 
While many dispute the global warming hypothesis, projected doubling of atmospheric 
CO

2
 by the latter half of the Twenty-first century raises concerns for everyone. 

Significant reductions in the atmospheric CO
2
 concentrations can only be achieved 

with substantial additional costs and major changes in living standards. Therefore, 
adoption of CO

2
 reduction strategies are widely debated, not well received, and not 

agreed upon by all nations. The world needs carbon (C) sequestration techniques 
that provide social, environmental, and economic benefits while reducing atmospheric 
CO

2
 concentration.

Management of agricultural systems to sequester C has been accepted as a 
partial solution to climate change (Morgan et al. 2010). Establishing and maintaining 
perennial vegetation to enhance C sequestration is less costly compared to most 
other techniques, and these practices have minimal environmental and health risks. 
Perennial vegetation is more efficient than annual vegetation as it allocates a higher 
percentage of C to below-ground and often extends the growing season (Morgan 
et al. 2010), therefore enhancing C sequestration potential of agricultural systems even 
further (Lal et al. 1999; Watson et al. 2000; Oelbermann et al. 2006a; Jose 2009).

Agroforestry, as a system that combines trees and/or shrubs (perennial) with 
agronomic crops (annual or perennial), offers great promise to sequester C both above- 
and below-ground. Agroforestry practices have been approved as a strategy for 
soil C sequestration under afforestation and reforestation programs and also under 
the Clean Development Mechanisms of the Kyoto Protocol (Watson et al. 2000; 
IPCC 2007; Smith et al. 2007). Adoption of agroforestry practices has greater poten-
tial to increase C sequestration of predominantly agriculture dominated landscapes 
than monocrop agriculture (Lee and Jose 2003; Nair and Nair 2003; Nair et al. 2009; 
Schoeneberger 2009; Morgan et al. 2010). Within agroforestry systems (AFS), C can 
be stored in above- and below-ground biomass, soil, and living and dead organisms. 
The quantity and quality of residue supplied by trees/shrubs/grass in agroforestry 
systems enhance soil C concentration (Oelbermann et al. 2006b). In addition, 
C stored by trees could stay in soils or as wood products for extended periods of 
time. If agroforestry systems are managed sustainably, C can be retained in these 
systems for centuries (Dixon 1995). The amount of C stored on a site is a balance 
between long-term fluxes. However, the net C gain depends on the C content of 
the previous system that the agroforestry practice replaces (Schroeder 1994).
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The enhanced C sequestration concept is based on efficient use of resources by the 
structurally and functionally more diverse and complex plant communities in agro-
forestry systems compared to sole crop or grass systems (Sanchez 2000; Sharrow 
and Ismail 2004; Thevathasan and Gordon 2004; Steinbeiss et al. 2008; Marquez 
et al. 1999). Agroforestry practices accumulate more C than forests and pastures 
because they have both forest and grassland sequestration and storage patterns active 
(Schroeder 1994; Kort and Turnock 1999; Sharrow and Ismail 2004). For example, 
an alley cropping system with pine trees and pasture grass could efficiently utilize 
light energy at different canopy levels compared to a monocropping system. Species 
in agroforestry systems often have different physiological needs for particular 
resources in certain amounts, at certain times, and possess different structural or 
functional means to obtain them (Jose et al. 2004). The utilization of the environment 
by species includes three main components: space, resources, and time. Any species 
utilizing the same exact combination of these resources as another will be in direct 
competition which could lead to a reduction in C sequestration. However, if one 
species differs in utilization of even one of the components, for example light 
saturation of C3 vs. C4 plants, C sequestration will be enhanced.

Although agroforestry has come of age during the past three decades and scientific 
data has expanded, our understanding of C storage and dynamics  in AFS  is  still 
minimal (Nair et al. 2010). Similarly, a complete picture of C distributions in 
AFS in the North American Continent is lacking in the literature, thus restricting 
development of suitable mitigation strategies to enhance C sequestration associated 
with establishment of agroforestry practices on the agricultural landscape (Udawatta 
and Godsey 2010). Reliable estimates of soil C sequestration are essential for 
development of management plans related to climate change (Watson et al. 2000). 
This is especially important in AFS due to their complex nature, differences among 
practices, climatic conditions, and site factors. Well designed long-term research is 
needed to fill the knowledge gap so that appropriate agroforestry systems could be 
developed to maximize C sequestration benefits (Reed 2007). The objectives of this 
chapter are to (1) provide a review of C sequestration opportunities available under 
various agroforestry practices in temperate North America, and (2) synthesize 
available data and estimate C sequestration potential by agroforestry in the US.

Data Collection and Analysis

A literature search was conducted to identify peer-reviewed papers and government 
documents pertaining to agroforestry related C sequestration in five major temperate 
agroforestry practices namely; riparian buffers, alley cropping, silvopasture, 
windbreaks, and forest farming (Table 1). Scientific conclusions on C storage and 
sequestration as influenced by management practice and other factors were included 
in the analyses. Studies on C sequestration were categorized by practice (Table 1). 
Forest farming was not included since sufficient information was not available for 
an in depth review. When C concentrations were not provided, biomass was assumed 
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to contain 50% C. Although literature from both the US and Canada were reviewed, 
the combined data set was used to estimate overall C sequestration potential of 
agroforestry practices in the US only.

Riparian Buffers

Riparian areas have many definitions which vary with the intended function and 
geographic region, but are generally defined as a complex terrestrial assemblage of 
plants and other organisms adjacent to an aquatic environment (Table 1). These 
include the transition zone between upland and aquatic habitats such as wetlands, 
streams, rivers, lakes, and bays. They are linear in shape and characterized by 
laterally flowing water that rises and falls at least once within a growing season 
(Lowrance et al. 1985; Welsh 1991).

Riparian systems store C in above- and below-ground biomass of the vegetation 
and in soils. Biomass accrual varies by region, plant composition, soil, climate, 
age, and management. The diverse species mixture of riparian buffers helps enhance 
C sequestration potential spatially and temporally compared to monocropping 
systems. The different functional groups such as trees and grasses in these systems 
colonize and capture both the above- and below-ground resources more effectively 
than the row crop agriculture.

In general, C sequestration potential and storage are greater in the above-ground 
portion of riparian buffer systems compared to row crops or upland forests. In riparian 
systems, tree density and basal area are often greater than or equal to those of upland 

Table 1  Five main agroforestry practices in temperate North America

Practice
Predominant region  
and distribution Function

Riparian and upland buffers All regions Ameliorate non point source pollution
Protect watersheds and stream banks

Silvopasture West and Southeast;  
all regions

Economic diversification
Improve animal health
Create wildlife habitat
Fire protection
Timber management

Alley cropping Midwest; all regions Increase bio diversity
Increase income

Windbreaks Great plains;  
all regions

Protect crop, animal, and structures
Enhance crop and animal production
Control erosion
Distribute snowfall

Forest farming All regions Diversify income

Source: Gold and Garrett (2009). Reproduced with permission
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forests due to prevailing favorable growth conditions. Above-ground C of a mature 
riparian forest ranged from 50 to 150 Mg ha–1 (Naiman et al. 2005). As riparian 
systems mature, the above- and below-ground biomass of the understory and over-
story vegetation increase, giving an overall increase in the system level C stock. 
According to Naiman et al. (2005), stem biomass accrual of a riparian forest 
buffer can be determined by stand age (stem biomass kg ha–1 = 1.7161* age1.09; 
r2 = 0.86). Stem biomass accrual and thereby C stock increased at a diminishing rate 
for stands <150 year and reached a plateau after 250 year (Fig. 1). Biomass accumula-
tion pattern of another riparian system in Washington, USA, showed similar pat-
terns with an increase in C from 9 to 271 Mg ha–1 as the system matured 
(age ~ 250 year). Almost 90% of the stem density and biomass accumulation 
occurred during the first 20–40 years (Table 2; Balian and Naiman 2005).
Similar observations were made by Boggs and Weaver (1994) and Harner and 

Stanfoord (2003) in Montana, USA. In their study, willow (Salix spp.) and cotton-
wood (Populus deltoides Bortr. ex Marsh.) riparian buffers developed into a mature 
system (~ 60 year) where above-ground C increased from 0.5 to 97 Mg ha–1 while 
stem density decreased from >10,000 to <1,300 stems ha–1. Tufekcioglu et al. (2003) 
observed four and eight times greater above-ground C for poplar areas (~20 Mg 
ha–1) of the riparian buffer in Iowa compared to 5 and 2.5 Mg C ha–1 for switchgrass 

Fig. 1 Changes in stem density (D, stems ha–1), biomass (B, Mg ha–1), and basal area (BA, m2 ha–1) 
of a riparian forest buffer with age in Washington, USA. Y axis in logarithmic scale for stems ha–1, 
Mg ha–1, and m2 ha–1 (Source: Naiman et al. 2005. Reproduced with permission)
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(Panicum virgatum L.) and cool season grass areas, respectively (Fig. 2). Adjacent 
corn (Zea mays L.) and soybean [Glycine max L. (Merr.)] areas had 3.0 and 1.3 Mg 
ha–1 above-ground C, respectively. Giese et al. (2003) reported 106 Mg ha–1 C in a 
60 year-old riparian buffer compared to <7.5, 17.5, and 17.5 Mg ha–1 in 2, 8, and 
12 year-old buffers, respectively in South Carolina (Table 2). The total amount of C 
(including roots, herbs, and shrubs) stored in the mature riparian forest buffer in this 
study was four times that of the younger stands. Studying C storage in riparian 
(0–5 m from the water body) versus upslope forested area (60–75 m from the water 
body) in northeastern Ontario, Canada, Hazlett et al. (2005) observed 3% more C in 
the riparian zones (Table 2).

The aforementioned studies provide a realistic estimate of above-ground C stock 
of mature riparian buffer systems in temperate North America. If the system is 
maintained, these values may reflect the sequestration potential at maturity and 
would allow estimates of annual accrual  rates. From these data, we estimate,  for 
mature riparian buffers, an average above-ground C stock of 123 Mg C ha–1 for a 
50 year cutting cycle. The estimated average above-ground C sequestration poten-
tial is 2.46 Mg C ha–1 year–1 (Table 3). In Canada, C accruals of 29–269 Mg ha–1 
were reported for riparian buffers (Hazlett et al. 2005). Using published data (n = 4), 
Schroeder (1994) estimated 63 Mg C ha–1 above-ground storage for temperate zone 
riparian buffers with a 30 year cutting cycle. Our mean estimate of 123 Mg C ha–1 is 
twice the value estimated by Schroeder (1994). According to Hoover and Heath 
(2011), above-ground C stock for forest stands could range from 74 to 106 Mg ha–1 
with a mean of 90 Mg ha–1. Riparian areas are generally highly productive and 
therefore the value could be greater than for a typical forested site.

Roots of the riparian buffers also sequester significant quantities of C below-
ground and this C is retained in the soil C pool as roots decay. Studying root densities 
in riparian-crop transects in Iowa, Tufekcioglu et al. (1999) found significantly greater 
root biomass in the riparian vegetation compared to the row-crop areas (Fig. 3). 
On average, poplar (P. deltoides x nigra DN-177), switchgrass, and cool season grass 
root C during the study were 3, 4.5, and 3.5 Mg C ha–1, respectively (Table 2; Fig. 3). 

Fig. 2 Litter and root carbon 
distributions in a riparian 
system with trees, grass, and 
crops in Iowa, USA (Source: 
Tufekcioglu et al. 2003. 
Reproduced with permission)
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Table 3 Estimated C sequestration potential in above-ground and below-ground vegetation parts 
and soil for major agroforestry practices in temperate North America

Practice

C Stocka (Mg C ha–1) C sequestration rateb 
(Mg C ha–1 year–1)Minimum Maximum Mean

Riparian buffers Above-ground 7.5 269 123 2.6
Below-ground 2.0 14.4 4.6
Soil 1.8 5.5 3.6

Alley cropping Above-ground 0.05 96.5 26.8 3.4
Soil 0.05 25 6.9

Silvopasture Above-ground 1.17 12.2 4.9 6.1
Soil 1.03 1.38 1.21

Windbreaksc Above-ground 0.68 105
Soil 23.1 6.4
Hybrid poplard 367 0.73
White spruced 186

aThis analysis used published data for the United States and Canada as reported in Table 2. If not 
given, we assumed 50% C in the above- and below-ground biomass to estimate C stocks
bHarvest age of 50 year was assumed for riparian buffers. Harvest age of 20 year and tree density 
of 40 tree ha–1 were assumed to estimate annual C accrual rates for windbreaks on cropland
cC Stock in windbreaks s expressed as Mg C km–1

dMean C stock for hybrid poplar and white spruce are in kg tree–1

The riparian vegetation consisting of trees and grasses also had more fine (0–2 mm dia.) 
and medium (2–5 mm dia.) sized roots in the surface soil and throughout the 165 cm 
soil profile. Coarse and medium roots of poplar trees in the riparian zone extended 
beyond 165 cm depth while no crop roots were found below 125 cm. Four years after 
establishment, root biomass and thereby below-ground C were significantly greater in 
the riparian zone than the row crop areas (Marquez et al. 1999).

Another study, also from Iowa, demonstrated the potential to sequester greater 
quantities of C in soils under riparian buffers compared to row crops. Below-ground 
C in the tree and switchgrass areas of the riparian buffers was significantly greater 

Fig. 3  Fine root biomass of trees, grasses, and crops in a riparian-row crop continuum in Central 
Iowa, USA (Source: Tufekcioglu et al. 1999. Reproduced with permission)
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than accompanying grasses and adjacent corn-soybean crop areas (Tufekcioglu 
et al. 2003). Figure 2 shows >4.5 Mg C ha–1 for poplar and switchgrass areas of the 
riparian buffer compared to <2 Mg C ha–1 for cool season grass and <1 Mg C ha–1 for 
corn and soybean. Similar below-ground C accrual rates were reported by Giese 
et al. (2003) in South Carolina. The results showed 2.5, 3.7, 5.0, and 5.5 Mg C ha–1 
below-ground  in 2, 8, 12,  and 60 year-old  riparian buffers,  respectively  (Fig. 4). 
This study also showed that fine root biomass in the younger stands was 25–50% 
of that found in mature stands. In the Adirondack Park, New York, root C of ripar-
ian buffers was between 0.25 and 14.5 Mg ha–1 with a mean of 6.6 Mg ha–1 (Kiley 
and Schneider 2005). Other studies on root C of riparian buffers reported values 
ranging from 1 (Jones et al. 1996) to 3 Mg ha–1 (Tufekcioglu et al. 1999). Greater 
root mass of mature riparian stands indicate the importance of long-term manage-
ment of riparian buffers for enhanced C sequestration.

The aforementioned results were used to estimate the below-ground C sequestra-
tion potential of riparian buffers (Table 3). Root biomass and C accumulation 
follows an asymptote as in above-ground biomass and C accumulation with an 
early increase in accumulation rates and a plateau as the system matures (Giese et al. 
2003). We estimated a mean C sequestration of 0.09 Mg C ha–1 year–1 in below-ground 
tissues for riparian buffer systems for a 50 year harvest cycle.

In addition to the C sequestered in roots, riparian soils store C in soil organic 
matter (SOM). The SOM, which contains about 50% C, is greater in mature riparian 
stands compared to monocropped agroecosystems or younger riparian buffers (Giese 
et al. 2003). A riparian system consisting of poplar trees and grasses established in 
Central Iowa (Marquez et al. 1999) in 1990 showed significantly greater total soil C 

Fig. 4 Above- and below-ground biomass and carbon of 2-, 8-, 12-, and 60-year-old riparian 
stands in South Carolina, USA (Source: Giese et al. 2003. Reproduced with permission)
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concentrations in 1991 and 1996 than the nearby crop areas. In the poplar and 
switchgrass zones, soil organic carbon (SOC) accrued at the rate of 1.2 and 0.9 Mg C 
ha–1 year–1. The results of this study introduce a promising and important observation: 
changes in soil C can occur in a relatively short period of time and therefore estab-
lishment of riparian buffers with the appropriate vegetation combination may help 
sequester soil C in a short period at a low cost. Giese et al. (2003) observed that soil 
C content was 2.6 times greater in the 60 year-old buffer in South Carolina compared 
to 2, 8, and 12 year-old riparian buffers (Table 4). Kim et al. (2010) studied riparian 
buffer soils to a 15 cm depth in Iowa and showed a SOC increase of 50–71 Mg ha–1 
in 7 years, representing a 29% increase (Table 2). Warm season and cool season 
grass buffers contained 47 and 56 Mg C ha–1 in the sampled 15 cm soil depth.

The litter material in the riparian zones, either from the riparian vegetation or 
flooding, also contributes to soil C sequestration. The litter is approximately 47% of 
the above-ground biomass production (Piedade et al. 2001). The litter produc tion 
rate is inversely related to the latitude of the riparian systems (Benfield 1997). In 
general, riparian buffers with infrequent flooding produce 5.5 Mg ha–1 litter material 
(Piedade et al. 2001); however, this varies by vegetation type (Tufekcioglu et al. 
1999). Riparian buffers that are frequently or permanently flooded produce less lit-
ter than infrequently flooded buffers (Conner et al. 1981; Piedade et al. 2001).

One of the factors determining net soil C sequestration is soil respiration. In Iowa, 
annual soil respiration rates within a riparian buffer and adjacent crop field varied 
between 7.4 and 12.2 Mg C ha–1 year–1 (Tufekcioglu et al. 2001) with the highest in 
the streamside cool season grass buffer and the lowest in the corn areas. Annual 
respiration rates were 11.5, 11.4, 10.3, and 7.5 Mg C ha–1 year–1 for crop side cool 
season grass, poplar buffer, switchgrass, and soybean, respectively. Although the 
perennial vegetation in the buffer areas (trees or grasses), had significantly greater 
respiration rates compared to the annual crops, trees leaf out and grasses begin to 
grow before the crop is established and, thus increasing the overall C sequestration 
potential of the system (Marquez et al. 1999).

Management Implications

As the above literature reveals, riparian buffer systems have tremendous potential 
to sequester C in above- and below-ground plant parts and in the soil compared to 
monocropping systems in temperate North America. These systems sequester C in 

Table 4 Soil carbon and soil organic matter percentage in 2-, 8-, 12-, 
and 60-year-old riparian buffer systems in South Carolina, USA

Stand age (year) Soil carbon (%) Soil organic matter (%)

2 4.2 12.3
8 4.7 12.9
12 4.0 10.7
60 11.4 30.3

Source: Giese et al. (2003). Reproduced with permission
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a relatively short period of time and the sequestration rates are high during the 
early stages of development. Root C deposited in the deeper horizons of the soil 
profile could remain for extended periods, and thereby contributing to long-term 
soil organic C storage. Proper management operations such as maintenance of suit-
able buffer width along water bodies, proper species selection, and removal of older 
trees following best management practices (BMPs) would further enhance C seques-
tration potential of riparian systems.

Management agencies at both national and state levels have determined 
appropriate  buffer  dimensions  for  protection  of  water  bodies.  For  example,  the 
Massachusetts Department of Conservation and Recreation specifies that riparian 
buffer width should increase by 12 m for every 10% increment of slope greater than 
10%. In general, buffer widths between 15 and 100 m have been suggested by various 
local, state, and federal agencies for water quality improvements, stream bank 
stabilization, and to reduce sediment and nutrient losses (NRCS 2007). Buffers of 
91 m width have been proposed for levee protection and to stop flooding and other 
damages (Dwyer et al. 1997). The composition and the width of the riparian buffer 
system also vary and much wider buffers are required for the removal of soluble 
nutrients compared to stabilizing stream banks (Schultz et al. 2009). Multi-species 
riparian buffers could consist of fast and slow growing trees adjacent to the 
water body and shrubs and grasses between the trees and upland areas. Properly 
designed riparian buffers not only sequester C, but improve water quality, wildlife 
habitat, aesthetic value, economic returns, and land value (Qiu and Prato 2001; 
Schultz et al. 2009).

The total river and stream length in the US is approximately 5.65 million km 
(3.533 million miles; USEPA 2010). Lakes and estuaries occupy 16.8 million ha and 
22.7 million ha, respectively. The nationwide NRCS goal was to establish 3.2 million 
km (two million miles) of conservation buffers by 2002 (http://www.nrcs.usda.gov/
feature/buffers/BufrsPub.html#InitiativeBuff_7Anchor, accessed 15 January 2011). 
Documented goals or committed riparian buffer lengths vary by state. For example, 
Chesapeake Bay agreement for riparian buffers fulfilled their 960 km riparian 
buffer target for 2010 (http://www.unl.edu/nac/insideagroforestry.htm, accessed 24 
January 2011). If a 30 m wide riparian buffer is established along both sides of 5% of 
total river length it would occupy 1.69 million ha. Using a conservative estimate of 
2.6 Mg C ha–1 year–1 accrual rate (Table 3), the potential C sequestration by riparian 
buffers along rivers in the US could be as high as 4.7 Tg C year–1. This approximation 
ignored smaller and/or intermittent streams that were not part of the total river 
length as well as other water bodies that do not have a measurable perimeter for the 
estimation of buffer length. Some of these water bodies currently have riparian 
buffers established for various ecological and environmental reasons. Other water 
bodies that have disconnected buffers or no buffers offer a greater C sequestration 
potential through establishment of riparian buffers.

The 4.7 Tg year–1 C sequestration potential estimated by this analysis is sig-
nificantly greater than the 1.5 Tg C year–1 estimated by Nair and Nair (2003). 
This difference is due to the area considered for the sequestration and the values 
used to estimate the sequestration potential. Nair and Nair (2003) used 30 m wide 
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forested riparian buffer zone on one fourth of the 3.2 million km conservation 
buffers committed by the USDA in 2002 for their estimate.

Alley Cropping

Alley cropping has received increased attention in temperate North America in 
recent years. These systems could include widely spaced single or multi-species tree, 
grass, and/or shrub rows with agronomic crops or pasture grass grown in the 
alleys (Table 1). The selection of companion perennial vegetation depends on 
landowner objectives and site suitability for a particular species. Expected benefits 
include improvements in environmental quality, economic returns, C sequestration, 
and wildlife benefits. In these systems, spatial heterogeneity exists in C stocks and 
sequestration due to tree and crop row configuration, differences in C input into the 
soil, decomposition rate, previous management, and associated soil micro fauna 
(Udawatta et al. 2008, 2009; Bambrick et al. 2010).

Only a few studies have examined above-ground biomass accumulation in alley 
cropping practices. In a 5 year-old alley cropping system in northeast Missouri 
(Udawatta et al. 2005), pin oak (Quercus palustris Muenchh) had twice the above-
ground C of bur oak (Quercus macrocarpa Michx.) and swamp white oak (Quercus 
bicolor Willd.) (Table 2). The system sequestered 0.05 Mg C ha–1 in 5 years. The 
lower biomass accumulation of the site was attributed to persistent deer browsing 
during the initial 3 years of the study. Another study in Georgia, with Albizia 
julibrissin (L.) Benth. (mimosa) and grain sorghum (Sorghum bicolor (L.) Moench) 
during summer and wheat (Triticum aestivum L.) grown over winter, reported 50 
times greater C than the Missouri study (Rhoades et al. 1998). The estimated tree 
density was 2,400 ha–1 (0.5 m spacing within rows and 4 m spacing between rows). 
The C input from pruning of leaves and twigs (second year at 1 m height) were 
1.42 and 1.08 Mg ha–1 year–1, respectively. In Southern Ontario, Canada, Peichl 
et al. (2006) showed that 13 year-old poplar and spruce alley cropping, and barley 
monocrop contained 96.5, 75.3, and 68.5 Mg C ha–1 (Table 2). In central Missouri, 
Pallardy et al. (2003) reported a biomass accumulation of 2.7 and 13 Mg ha–1 for 
first and second year harvests of poplar clones (1.3 and 6.5 Mg C ha–1, assuming 
50% C in the biomass).

Based on the limited data we estimate the above-ground C stock in alley crop-
ping system as 26.8 Mg C ha–1 (Table 3). This is 4.6 times lower compared to the C 
stocks of riparian buffers. It should be noted that the alley cropping systems reviewed 
in this analysis are much younger (1–13 year-old) compared to the riparian buffers 
(2–250 year-old). We estimate that alley cropping has an average above-ground 
C sequestration potential of 2.7 Mg ha–1.

In general 40–50% of C sequestered by trees is believed to be below-ground 
(Turnock 2001). However, this value changes by species and location because height 
growth, assimilation rates, litterfall, and root turnover differ by species. In an alley 
cropping practice in southern Ontario, Norway spruce (Picea abies L.) sequestered 
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twice as much C as poplar in a 13 year-old study (Peichl et al. 2006). Although the 
above-ground C stocks of poplars and spruce were almost the same (85% and 82%, 
respectively), spruce had 63% of the C in branches and needles that provided greater 
quantities of litter material and thereby greater potential to add C to the soil pool. 
In addition, the spruce branches and needle were lignin-rich compared to poplar 
leaves and decomposed slowly in the soil.

In alley cropping, differences in SOC do not occur in a short period of time and 
in some situations, the SOC decreased with time (Thevathasan and Gordon 2004; 
Oelbermann et al. 2006a, b; Bambrick et al. 2010). According  to Young  (1997), 
tropical environments require at least 10 years to observe significant differences 
in SOC of alley cropping systems compared to monocropping systems. A longer 
timeframe is required to detect changes in the SOC content of these systems in 
the temperate zone due to colder climatic conditions and low C inputs (Peichl 
et al. 2006; Oelbermann et al. 2006a, b).

Studying 4, 8, and 21 year-old tree-based oat (Avena sativa L.)- maize-maize 
rotational alley cropping systems in Quebec, Canada, Bambrick et al. (2010) observed 
that differences in SOC among systems were not significant. However, spatial 
variation in SOC was obvious. The SOC concentrations were significantly greater 
at 0.75 m distance from the tree row than at 5 and 11 m. Also, 8 and 21 year-old sites 
showed significantly greater SOC concentration (77% and 12%, respectively) in the 
tree-based system than the conventional oat-maize rotations. The authors concluded 
that these systems required at least 6 years to sequester significantly more C in the 
soil than the conventional agricultural systems under existing soil and climatic 
conditions. Other studies, however, speculate that it would take at least 10 years to 
accrue significantly measurable differences in soil C between alley cropping and 
monocrop systems (Peichl et al. 2006; Oelbermann et al. 2006a, b).

The spatial variation in SOC in alley cropping systems results from the distinct 
spatial pattern of above-ground biomass and litterfall. Initially, more litter material 
tends to accumulate near the tree base (Bambrick et al. 2010). However, SOC 
concentration became non-significant with distance from trees as trees mature 
and spread roots and branches evenly. For example, Thevathasan and Gordon (2004) 
observed significant litter accumulation closer to the tree row and decreasing amounts 
away from the trees in a 6 year-old poplar-barley (Hordeum vulgare L.) alley cropping 
system in Ontario, Canada. The SOC content was 35% higher near the tree base and 
this effect extended up to 4 m in the crop alley when the system was 8 year-old. 
With time, crop alleys also showed increased SOC due to evenly distributed leaf 
biomass. The spatial variation in root biomass in alley cropping could also contri-
bute to the SOC distribution. Jose et al. (2001) observed significantly greater root 
biomass in the black walnut (Juglans nigra L.) and red oak (Quercus rubra L.) 
tree rows compared to maize alleys in Indiana, indicating greater C stocks in the tree 
rows. Red oak root biomass was 2.1 and 1.8 times greater than the maize root 
biomass at the tree base and 1.1 m from the base. Black walnut had 1.1 and 1.37 times 
more roots, at those distances respectively, than maize. Trees had fewer roots at 
distances greater than 2.3 m from the tree row.
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Overall, soil C sequestration potential is much greater in alley cropping than 
in monocropping agronomic systems. For example, C inputs through litterfall on a 
poplar-spruce alley cropping with wheat-soybean-maize rotation were 0.6 and 
0.95 Mg C ha–1 in the 11th and 12th years in Guelph, Ontario, Canada (Oelbermann 
2002). In a 6 year-old hybrid poplar site (111 trees ha–1) in Canada, Thevathasan and 
Gordon (1997) reported 1.07 Mg C ha–1 contributed by litterfall (Fig. 5). In the same 
study, hybrid poplar leaves and branches had C stocks of 1.3 and 5.5 Mg C ha–1 
when trees were 13 year-old (Peichl et al. 2006). After 13 years the tree component 
of the system added 14 Mg C ha–1 in addition to the 25 Mg C ha–1 added by litter and 
fine roots (Thevathasan and Gordon 2004). The total C sequestration was therefore 
39 Mg C ha–1. The authors estimated that the system had immobilized 156 Mg ha–1 
CO

2
 or 43 Mg C ha–1 by age 13 and the system could potentially sequester signifi-

cantly more C at the end of a 40 year harvest cycle.
One of the aspects neglected in soil C quantification in agroforestry is microbial C. 

In a pecan (Carya illinoinensis (Wangenh.) K. Koch)-cotton (Gossypium hirsutum L.) 
alley cropping system in Florida, Lee and Jose (2003) found significantly greater 
microbial biomass in a 47 year-old system compared to a 3 year-old system. Soils 
in the mature pecan system had 1.75 Mg C ha–1 (398 mg C kg–1 soil) as opposed 
to 0.38 Mg C ha–1 (88 mg C kg–1) in the 3 year-old system (bulk density was 
assumed to be 1.25 g cm–3). The highest SOM (4.3%) was also observed in the 
older alley cropping system and the authors attributed these differences to roots, 
leaves, branches, and other components from older pecan trees, as well as accrued, 
decomposing litter.

According to the USDA NASS (2008) and USDA NRCS (2003), cropland in the 
US is about 179 million ha, which includes approximately 16 million ha of idle land. 

Fig. 5 Soil organic carbon concentrations in tree rows of 6- (1993), 7- (1994), 8- (1995), and  
15- (2002)-year-old intercropped agroforestry practice in southern Ontario, Canada (Source: 
Thevathasan and Gordon 1997. Reproduced with permission)
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Montagnini and Nair (2004) and Nair and Nair (2003) estimated that approximately 
80 million ha of land is available for alley cropping in the US and this represents 
44.7% of the total cropland acreage. Garrett et al (2009) suggested that 40 million 
ha of highly erodible nonfederal croplands could be suitable for alley cropping. This 
represents 22% of the total croplands. Although alley cropping has the potential to 
sequester greater C compared to conventional agricultural practices, adoption of alley 
cropping has been slow in the US. We estimate that less than 10% of the croplands 
will be used for alley cropping in the near future. Using a 3.4 Mg C ha–1 year–1 
C sequestration potential on 10% of the cropland (17.9 million ha), alley cropping 
practices in the United States could sequester 60.9 Tg C year–1. If 80 million ha of 
cropland, as estimated by Nair and Nair (2003), is put under alley cropping, it would 
significantly increase the C sequestration potential to 272 Tg C year–1.

According to Lal et al. (1999), 154 million ha of US cropland could sequester 
73.8 Tg C year–1. Another estimate by Nair and Nair (2003) shows that the 80 mil-
lion ha of erodible and marginal agricultural land available for alley cropping in the 
US could potentially sequester 73.8 Tg C year–1 in above- and below-ground bio-
mass. The C sequestration potential for US cropland and alley cropping, if expressed 
per ha, would be 0.479 (Lal et al. 1999) and 0.922 (Nair and Nair 2003) Mg C ha–1 
year–1, respectively. These estimates fall within the range (0.1–1 Mg C ha–1 year–1) 
reported for improved agricultural management practices without incorporating 
perennial vegetation such as grasses, trees, and shrubs on cropland (CAST 2004). Our 
estimated C sequestration potential for alley cropping (3.4 Mg C ha–1 year–1) is 7 
times and 3.6 times greater than the estimates of Lal et al. (1999) and Nair and Nair 
(2003), respectively. However, the higher estimate is reasonable with the incorpora-
tion of trees as illustrated in Tables 2 and 3.

Silvopastoral Systems

Silvopasture is an agroforestry practice that intentionally integrates trees, forage 
crops, and livestock into a structural and functional system for optimization of 
benefits from planned biophysical interactions (Table 1). It is the most common 
form of agroforestry in North America (Clason and Sharrow 2000; Nair et al. 2008; 
Sharrow et al. 2009). In the US, approximately one-fifth of the forests or 54 million 
ha are grazed by livestock (Lubowski et al. 2006; Sharrow et al. 2009). In many 
regions, grazing also occurs either on marginal lands or as a secondary activity on 
high yielding timber lands. In temperate North America, silvopastoral systems have 
a great potential to sequester C due not only to high biological productivity, but also 
to the availability of larger areas under grazing management (Haile et al. 2008; 
Sharrow et al. 2009).

Conversion of pastureland to silvopasture has the potential to enhance rooting 
depth and distribution, quantity, and quality of organic matter input and thereby 
C sequestration potential (Haile et al. 2008). These systems could outperform C 
sequestration of either forest or pastures as they have both forest and grassland 
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mechanisms of C capture that can maximize C sequestration both above- and 
below-ground. In general, trees store about 50–60% of the C in the above-ground 
biomass whereas pasture grasses store only 10% above-ground, the rest being 
allocated below-ground (Houghton and Hackler 2000; Sharrow and Ismail 2004). 
The greater potential to sequester C by silvopasture was illustrated by Sharrow and 
Ismail (2004) in their comparison of Douglas fir (Pseudotsuga menziesii (Mirb.) 
Franco)-cool season grass silvopastoral system with pasture and Douglas fir plan-
tation in Oregon. These authors observed that the silvopastoral system sequestered 
an additional 0.74 Mg C ha–1 year–1 and 0.52 Mg C ha–1 year–1 than the plantation 
and pasture, respectively (Table 2). Individual trees in the silvopastoral systems 
grew faster than in conventional forests on the same site, allowing silvopastoral 
trees to store more C. The total amount of C stored in above- and below-ground 
biomass and soil was 5.8 and 8.2 Mg C ha–1 greater in silvopasture than pasture and 
Douglas fir plantation.

Roots of the perennial vegetation in silvopastoral systems shifts C deeper into 
the soil profile, compared to conventional pastures or row crops. Paudel et al. (2011) 
observed significantly greater percentages of C in soils under a cottonwood  
(P. deltoides Bortr. ex Marsh.) and grass silvopasture compared to maize-soybean 
rotation in Missouri (Table 5). In the same study area, Kumar et al. (2010) observed 
significantly greater root mass in the 1 m soil profile in tree-grass areas than the 
pasture grass (Table 6), clearly indicating the potential to deposit C deeper in the soil 
profile in silvopasture compared to pastures.

The spatial distribution of C, both above- and below-ground, can vary depending 
on the design of the silvopastoral systems and management practices. Soil organic 

Table 5 Soil organic carbon and nitrogen for the grazed pasture (GP), agroforestry buffer (AgB), 
grass buffer (GB), and row crop (RC) management treatments in Missouri, USA

Treatment Soil organic carbon (% mass basis) Total soil nitrogen (% mass basis)

GP 1.8a 0.20a

AgB 1.7a 0.20a

GB 1.7a 0.19a

RC 1.2b 0.13b

Source: Paudel et al. (2011). Reproduced with permission
Values with the same superscript within a column are not significantly different at p £ 0.05

Table 6 Root dry weights and carbon to a 1-m soil depth in agroforestry (trees + grass; AgB), 
grass buffer (grass only; GB), rotationally grazed (RG), and continuously grazed (CG) treatments 
in a silvopasture practice in Missouri, USA

Treatment Root dry weight (g 100 cm–3 soil) C (g 100 cm–3 soil)

AgB 0.381 0.19
GB 0.475 0.23
RG 0.140 0.07
CG 0.074 0.04

Source: Kumar et al. (2010). Reproduced with permission
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C derived from the tree component was significantly greater near the trees in a slash 
pine (Pinus elliottii Englem) and bahiagrass (Paspalum notatum Fluegge) silvopasture 
compared  to  open  pasture  areas  in  Florida  (Haile  et  al. 2010). SOC contents 
were 1,033, 1,376, and 1,318 Mg ha–1 to a 1.25 m depth in open pasture, center 
of the pasture alley, and in-between trees in tree row, respectively (Table 2). Only 
the surface soil had more C derived from grasses. The SOC concentrations in open 
pastures were 94 and 26 Mg ha–1 for 0–75 and 75–125 cm depths, respectively. 
The silvopastoral system had 556 and 105 Mg ha–1 of SOC for the same depths, 
indicating the contribution of tree roots to the SOC pool, not only in the upper soil 
but also in the deeper soil profile.

Another factor that is not accounted for in many studies of silvopastoral systems 
is the amount of grass consumed by the grazing animals and the C deposited on soil 
via manure deposits. For example, sheep consumed a total of 30.5 Mg ha–1 forage in 
pastures and 22 Mg ha–1 of forage in silvopasture and deposited 9 and 7 Mg ha–1 
manure in those two respective systems in the previously cited study in Oregon 
(Sharrow and Ismail 2004).

Strategies to enhance C sequestration in silvopaosture may include selection 
of complementary tree, shrub, and pasture grasses with optimal biomass accrual, 
deep rooting habits, and greater below-ground C accumulation potential. Proper 
maintenance of stocking rate, rotational grazing, and fertilizer application may also 
help  enhance C  sequestration.  For  example, Lee  and Dodson  (1996) estimated 
that conversion of 3.6 million ha marginal pasture lands in south central United 
States to silvopasture with pines could sequester 5.6 Tg C year–1 for the first 25 years 
and 1.1 Tg C year–1 for the subsequent 25 years. If this land is left for pasture, the 
sequestration would be 0.3 Tg C year–1.

Although silvopasture remains the most common form of agroforestry in 
temperate North America, the precise land area under silvopasture is still unknown. 
Nair and Nair (2003) estimated the land available for silvopasture as 70 million ha. 
Pasture and grazed forestland areas in the United States are 237 and 54 million ha 
(www.ers.usda.gov/Data/MajorLandUses, accessed 24 December 2010), respectively. 
These land areas could be intensively managed for additional C sequestration.

The amount of SOC accrual in pasture lands ranged from 0.07 to 1.4 Mg C ha–1 
year–1  (Franzluebbers 2005; Derner and Schuman 2007). According to Nair and 
Nair (2003), the C sequestration potential of silvopasture varies from a low of 1.8, 
medium 2.3, to a high of 3.3 Mg C yr–1. Based on the data presented in the above 
sections, silvopastoral systems appear to sequester 6.1 Mg C ha–1 year–1 (Table 3). 
Using a sequestration potential of 6.1 Mg C ha–1 year–1 on 10% marginal pasture 
land (23.7 million ha) and 54 million ha of forests, the total C sequestration poten-
tial for silvopastoral lands in the Unites States could be as high as 474 Tg C year–1. 
According to Montagnini and Nair (2004) and Nair and Nair (2003), 70 million ha 
of silvopasture in the US could store 9 Tg C year–1. The value estimated in this 
analysis  is 53  times greater  than  the previous estimate. We have used nearly  the 
same acreage (77.7 million ha), but a much higher sequestration rate based on our 
literature review.
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Windbreak

Windbreaks are designed with one or more rows of trees or shrubs planted across 
crop or grazing areas to reduce wind speed and enhance microclimate for crop and/
or animal production (Table 1). Windbreaks have been used throughout history to 
protect homes, structures, livestock, and crops, control wind erosion and blowing 
snow, provide habitat for wildlife, improve landscape, and for odor mitigation 
(Brandle et al. 2004, 2009). Windbreaks are also used to reduce evaporation loss of 
water from soil and leaf surfaces (Brandle et al. 2009). The groundcover under the 
windbreak may also help reduce wind erosion and soil detachment by rain drops.

Like other agroforestry practices, windbreaks also offer great promise for C seque-
s tration (Schoeneberger 2009). In addition to C sequestered by trees, windbreaks 
provide additional C sequestration due to improved crop and livestock production and 
energy savings (Kort and Turnock 1999). Indirectly, windbreaks reduce fuel use for 
heating and thereby reduce CO

2
 emissions. Although shelterbelts and windbreaks 

have been planted in the Great Plains of the US since the 1930s, C sequestration in 
these systems have not been evaluated and there is a need for such estimates to 
determine the C sequestration capacity of these systems (Sauer et al. 2007).

The limited literature demonstrates the importance of species selection in maxi-
mi zing the C sequestration potential of windbreaks or shelterbelts (Table 7). For 
example, hybrid poplar sequestered 367 kg C tree–1 in above- and below-ground 
compared to 110 kg C tree–1 in green ash (Kort and Turnock 1999). The above-
ground C storage by single row conifer, hardwood, and shrubs for a windbreak 
in Nebraska was 9.14, 5.41, and 0.68 t km–1, respectively (Brandle et al. 1992). 

Table 7 Above- and below-ground biomass and carbon for shelterbelt trees commonly used in 
Saskatchewan, Canada

Vegetation type

Above-ground 
biomass

Below-ground 
biomass Total C

(kg tree–1 )

Deciduous Green ash 161.8 64.7 110
Manitoba maple 178.6 71.4 120
Hybrid poplar 544.3 217.7 367
Siberian elm 201.9 80.8 140

Conifers White spruce 286.9 86.1 186
Scot pine 164.1 49.2 107
Colorado spruce 202.2 60.7 131

Shrubs Choke cherry 402.6 201.3 302
Villosa lilac 334.6 167.3 251
Buffaloa berry 312.0 156 234
Caranga 516.0 258 387
Seabuckthorn 213.0 106 160

Source: Kort and Turnock (1999). Reproduced with permission
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In Saskatchewan, Canada, 17–90 year-old single row shelterbelts contained 
24–41, 105, and 11 Mg C km–1 in conifer, poplar, and shrub shelterbelts, respectively 
(Kort and Turnock 1999). They also reported that above-ground C sequestration  
by hybrid poplar windbreaks in the US and Canada varied from <1 Mg C km–1 
to >100 Mg C km–1.
Windbreaks also contribute to the SOC pool albeit at a limited spatial scale on 

the landscape. In Nebraska, SOC concentration under a shelterbelt (3.04%) in the 
top soil (0–7.5 cm depth) was 55% more than that in the adjacent crop field (1.96%: 
Sauer et al. 2007). The shelterbelt treatment also contained 12% more SOC in the 
7.5–15  cm  depth  compared  to  the  crop  field  (Fig. 6). Overall, during a 35 year 
period, soils of 0–15 cm depth contained 3.71 Mg more SOC ha–1 in the shelterbelt 
than the cultivated region, which represents an annual sequestration of 0.11 Mg ha–1. 
The authors attributed the increased SOC in the shelterbelt to absence of soil 
disturbance, increased inputs by litter, reduced erosion, and deposition of windblown 
material.

Nair and Nair (2003) estimated 85 million ha under windbreaks and sequestration 
potential of 4 Tg C year–1. According to Brandle et al. (1992), 94 million ha of 
cropland in the North Central region need windbreaks to reduce damages. Another 
set of windbreaks are required to protect homes and roads. If 5% of the cropland, 
120 million trees for protection of farmstead, and two million conifers for road 
protection are planted, these three categories would sequester 215, 13, 0.175 Tg C 
within 20 years or 11.4 Tg C year–1 (Brandle et al. 1992).

Based on C stocks in individual trees (Table 7) and considering a 20 year 
harvest cycle for 120 million hybrid polar trees and two million white spruce 
trees, windbreaks could potentially sequester 2.2 Tg C year–1 and 0.02 Tg C year–1, 
respectively. The 5% (8.95 million ha) cropland with hybrid poplar could potentially 
sequester 131 Tg C or 6.56 Tg C year–1. In this calculation, we considered 40 
hybrid poplar trees for two rows of windbreaks per ha and 367 kg C tree–1 in a 
20 year harvest cycle. Thus, the total C sequestration potential estimated for 
windbreaks is 8.79 Tg C year–1.

Fig. 6 Mean SOC values by position for 0–7.5 cm (closed squares) and 7.5–10 cm (open squares) 
across a shelterbelt crop transect in Nebraska, USA. Trees and arrows denote position of tree rows 
and extent of cultivation, respectively (Source: Sauer et al. 2007. Reproduced with permission)
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Limitations, Implications, and Future Directions

Although above-ground biomass data are available for many tree and shrub species 
for forest stands, the literature lacks such information for integrated agroforestry 
systems. Since agroforestry trees are often open grown or grown in linear configu-
rations, the growth patterns and hence C sequestration potential could vary from 
conventional plantations or forest stands. There is a need for data on above- and 
below-ground biomass and C for trees and shrubs under agroforestry practices for 
all regions. Specifically, such data are needed for stems, branches, bark, leaves, lit-
ter, nuts, roots and any material that is not removed from the site in order to estimate 
accurate C sequestration potential of agroforestry practices. Below-ground data 
such as root biomass, dynamics, and morphology are an integral part C sequestra-
tion in agroforestry. Soil C data are currently available mostly for the upper 10–35 cm 
soil profile. Some additional parameters such as bulk density, moisture %, rock vol-
ume %, and actual sampling depth are required to express C concentration and 
stock. Quantitative information on CO

2
 and methane emission may provide data to 

refine estimates of net C sequestration. Sampling intensity, time, and age at which 
samples were collected affect the final estimate and such information should be 
included in the data sets as well.

Standardized experimental procedures and data gathering protocols for all regions 
are required so that data can be compared among regions. This also permits develop-
ment of widely acceptable conclusions for larger geographic areas. Remote sensing 
and satellite data need to be used to accurately estimate C stocks and sequestration 
by agroforestry practices at larger spatial and temporal scales.

Trees and shrubs sequester C over longer periods than annual crops. In general, 
harvest cycle vary from 10 to 80 years for tree species commonly used in agroforestry 
systems. Research focus needs to be changed to understand long-term benefits 
of these multi-species systems. Since agroforestry practices with trees take two to 
three decades to mature, tree growth models under agroforestry practices are needed 
to estimate C sequestration. Complex models for tree growth with crop, pasture, 
and/or livestock may be simulated to understand long-term benefits and also to 
scale-up for larger regions. Models need data for initial calibration and validation 
and therefore research plots are required for all regions before models are simulated 
and specific conclusions are drawn regarding long-term effects. As explained earlier, 
tree growth or biomass equations for open grown agroforestry tree species need to 
be developed so that biomass and C can be estimated non-destructively.
Major  statistical  inventory  systems  (USDA Forest Service and NRCS) do not 

collect agroforestry statistics (Morgan et al. 2010). Therefore, updated and repre-
sentative statistics are not available for agroforestry practices. A national inventory 
system may be developed to collect agroforestry statistics, including land area under 
specific practices.

Data should be used to develop agroforestry design criteria for all regions 
and practices that optimize C sequestration, environmental benefits, and economic 
returns. Agroforestry designs should include perennial vegetation with desirable 
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characteristics such as greater C sequestration, greater below-ground C allocation, 
and other complementary effects for optimal C accrual. Intensive and improved 
management techniques may be implemented in concert with genetically improved 
species for fast growth and greater resource use efficiency (e.g. higher fertilizer use 
efficiency). Agroforestry practices with perennial vegetation could be designed to 
protect and enhance C sequestration on sensitive landscape locations such as highly 
vulnerable areas for nonpoint source losses and steep slopes. Improved agroforestry 
designs that are strategically placed on agricultural landscapes will eventually allow 
development of suitable mitigation strategies to enhance C sequestration.

Conclusions

There are several limitations in the data sets used for this analysis. Lack of accurate 
estimates of C sequestration for all regions and systems and land area under each 
agroforestry practice can introduce errors in the calculations. However, our estimate 
clearly indicates possible net gains in C sequestration that could be used to promote 
agroforestry as a promising CO

2
 mitigation strategy in the US and potentially in 

other parts of North America. There are four main land use categories that can be 
considered as the most suitable for agroforestry in North America: degraded or non 
productive land, permanent agriculture and pasture land, forest land, and disconnected 
narrow riparian corridors. As the literature reveals, incorporation of agroforestry by 
introducing improved plant stock and implementing improved and intensive 
management techniques, C sequestration could be enhanced on this land base in a 
short period of time.

Since agroforestry was not inventoried by the major natural resources invento-
ries, our estimates of C sequestration were based on several assumptions. A coarse 
approximation was made with limited data by multiplying the C sequestration in each 
system by the land area. A 4.7 Tg C year–1 C sequestration potential for riparian 
buffers was based on a 30 m wide buffer along both sides of 5% of total river length 
that would occupy 1.69 million ha. The estimated area was multiplied by 2.6 Mg C 
ha–1 year–1 accrual rate. The estimated potential value could be much higher if we 
had  the buffer data for all water bodies. For alley cropping, we used 10% of  the 
cropland and sequestration value of 3.4 Mg C ha–1 year–1. The cropland in the US 
has the potential to sequester 60.9 Tg C year–1 through alley cropping. Using a 
sequestration potential of 6.1 Mg C ha–1 year–1 on 10% pasture land (23.7 million ha) 
and 54 million ha of forests, the total C sequestration potential for silvopastoral 
lands in the US could be as high as 474 Tg C year–1. Windbreaks that protect crop-
land, farmstead, and roads could sequester 8.79 Tg C year–1. The total potential C 
sequestration by agroforestry in the US is therefore 548.4 Tg year–1. This could 
offset the current US CO

2
 emissions (1,600 Tg C year–1 from burning fossil fuel 

such as coal, oil, and gas) by 34%.
Finally, we draw  the  following conclusions:  (1) Agroforestry  is a promising 

practice to sequester C (548.4 Tg year–1 in the US alone) while providing numerous 
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environmental, economical, and social benefits in temperate North America  
(2) Rigorous, long-term C sequestration research in all regions and all agroforestry 
practices is required to develop accurate estimates and to develop policies and 
guidelines to recommend agroforestry practices that satisfy landowner expectations, 
(3) A standardized protocol is required for sampling, sample analysis, and data 
handling so that all available C data can be used to simulate models to examine 
long-term effects and to scale-up for larger landscapes, (4) An inventory of agrofor-
estry practices is essential not only to accurately estimate C sequestration potential, 
but to quantify the economic and environmental impact of agroforestry, and (5) 
Future research should focus on developing design criteria for appropriate configu-
ration, species selection, and planting density for various agroforestry practices to 
optimize C sequestration.
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Abstract Agroforestry systems (AFS) are recommended for Europe through the 
European Rural Development Council regulation 1698/2005, in recognition of their 
role in reducing carbon (C) emissions and promoting C sequestration which would 
help to fulfil the Kyoto Protocol requirements. These systems have been found 
to be a good tool to reduce fire risk and C release in southern European countries. 
The implementation of AFS could also reduce C release to atmosphere because of 
the value given to non-timber products, thereby reducing chances for clear cutting 
of trees. Furthermore, the tree component in AFS will add C into the soil through 
litterfall and root decomposition, which takes place at deeper soil layers than under 
agronomic crops or pasture. Tree management practices such as regulating tree 
density and planting arrangement will influence the C sequestered in the system. 
Compared with the tree components, the understory components of AFS have less 
impact on the total C sequestration. The higher inputs of residues generated by the 
trees in AFS than in tree-less systems may cause high soil C sequestration potential, 
but soil C increase depends on the incorporation and mineralization of C in the soil, 
which are affected by understory crop management practices.

Keywords  Alley cropping • Fire protection • Kyoto protocol • Silvopasture • Soil 
organic matter (SOM)
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Introduction

During the last century, the climate in Europe has changed more than in other areas 
of the world (IPCC 2007). Compared to the pre-industrial era, when the mean annual 
temperature increased by 0.8°C globally, it increased by 1.2°C in Europe. Based on 
theoretical models, a further increase of 1.0–5.5°C is expected by the end of the 
twenty-first century (Christensen et al. 2007). The increase in temperature has been 
most apparent in hilly areas such as the Alps, which tend to have high biodiversity and 
where temperature increased by 2°C during the twentieth century (EEA 2009a). This 
is twice the average temperature increase for the northern hemisphere. In addition, 
the quantity and distribution of precipitation have also changed in Europe during the 
twentieth century. Although there has been a 20% decrease in rainfall in southern 
Europe, there has been a 10–40% increase in rainfall in northern Europe. Furthermore, 
an increase in the frequency of extreme weather events is predicted across the 
European continent (EEA 2008).

Climate change may lead to an increase in the incidence of wildfire outbreaks, a 
decrease in biodiversity, and an increase in carbon dioxide (CO

2
) emissions. Wildfires 

are a serious threat to forest ecosystems in Europe (Rigueiro-Rodríguez et al. 2009a), 
and represent a major source of CO

2
 emissions. Any increase in temperature will 

aggravate the danger of forest fires by increasing the incidence of fire events, the 
area burnt, and the duration of fire seasons, especially in southern and central Europe 
(EEA 2008). Moreover, climate change in Europe may modify biodiversity through 
habitat loss and cause changes in dispersal capacity, phenological characteristics, 
life cycles, and food sources of native species. Climate change may also provoke 
the decoupling of predator-prey relationships, new invasions, or the spread of 
already established invasive alien species (EEA 2009b). It would also lead to a 
decline in soil organic carbon (C) stocks and an increase in CO

2
 emission from soils. 

Soils may become more susceptible to erosion, especially in the Mediterranean 
areas where annual soil losses may reach 200 Mg ha−1 (Correal et al. 2009). Soil 
degradation is already intense in parts of the Mediterranean and central Eastern 
Europe and may contribute to desertification (EEA 2008). Agroforestry systems 
(AFS) offer solutions to some of these climate change related ecosystem manage-
ment problems. For example, AFS have proved to be an excellent fire prevention 
technique in many parts of southern Europe such as France (Etienne 1996; Etienne 
et al. 1996; Rigolot and Etienne 1996), Greece (Papanastasis et al. 2009), and Spain 
(Robles et al. 2009; Rigueiro-Rodríguez et al. 2009b). Agroforestry practices are 
considered good land management tools to enhance biodiversity (Rois-Díaz et al. 
2006; Rigueiro-Rodríguez  et  al. 2011b) and augment C sequestration, compared 
with tree-less systems worldwide (Nair et al. 2008, 2009).

The Kyoto Protocol establishes that land use, land use change and forestry 
(LULUCF) activities such as afforestation, reforestation, and deforestation (Article 3.3), 
and forest land management, cropland management, grazing land management, and 
revegetation (Article 3.4) can be used to meet the greenhouse gas (GHG) emission 
reduction goal (UN 1998). Burley et al. (2007) indicated that forest offset projects can 
be based on two approaches, namely, (a) the absorption of GHG by new vegetation 



45Carbon Sequestration in European Agroforestry Systems

(i.e., sink creation and sink enhancement), and (b) displaced emissions by existing 
vegetation (i.e., fire risk reduction and avoided deforestation). Emission from timber 
harvesting, which also negatively affects soil organic matter (SOM), could be reduced 
by the adoption of agroforestry systems that provide benefits other than timber from 
forest areas. Austria, Belgium, Denmark, Finland, Ireland, Italy, Luxembourg, the 
Netherlands, Portugal, and Spain plan to fulfil their assigned C emissions by using 
the Kyoto mechanisms described in Articles 3.3 and 3.4. However, Spain and Italy 
are among the EU countries with the greatest focus on increasing atmospheric CO

2
 

removals by enhancing C sink activities. Therefore, the implementation of AFS in 
these two countries, aimed at reducing CO

2
 in the atmosphere through the two 

LULUCF activities described by the Kyoto Protocol, should be greater than in other 
European countries (EEA 2009c).

Considerable efforts in land use change for the reduction of GHG emissions 
have been carried out in Europe. More than one million hectares of forests were 
planted between 1994 and 1999 in Europe (Rois-Díaz et al. 2006). According 
to current targets, it is expected that more than 650,000 ha of agricultural land 
and about 240,000 ha of non-agricultural land will be afforested in Europe during 
the period 2007–2013 (EU 2009). This process will involve more than 12,000 
landowners. The most recent European Rural Development Report estimates that 
AFS will cover 60,000 ha of agricultural lands representing 3,000 landowners during 
the period 2007–2013 (EU 2009) as a result of the council regulation 1698/2005 
(EU 2005).

Agroforestry and Carbon Sequestration

The C sequestration potential of AFS is based on live components growing up 
within the system including the soil, but should also include activities such as forest 
fire prevention and other multifunctional outputs from the system (Rigueiro-
Rodríguez et al. 2009b). The potential of C sequestration in AFS is dependent on 
the tree component (Nair et al. 2009). Tree presence would increase C sequestration 
per unit of land due to the C sequestered by the tree itself, the inputs of residues 
(leaves and branches) it makes on the soil, and the incorporation of roots into the 
soil. Trees use a greater volume of soil to build up SOM than herbaceous crops, as 
they are able to explore soils farther from the tree trunk and to a greater depth, 
assuming small tree density is used (Moreno et al. 2005). The greater soil volume 
explored by tree roots would enhance belowground organic matter depositions 
(Howlett et al. 2011). However, understory species may also be positively or nega-
tively affected by the tree presence. The symbiotic or competitive relationship of 
these components (i.e., tree and understory) depends on specific edapho-climatic 
conditions  (Rigueiro-Rodríguez  et  al.  2009a; Mosquera-Losada et al. 2010a). 
Conditions such as adequate water regime, optimal temperatures, and soil nutrient 
availability would promote tree growth (López-Díaz et al. 2010), but in areas with 
strong water deficits, usually development of pasture (or other understory species 
used in the AFS) is reduced due to the presence of trees.
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Agroforestry as a land use option has great potential for C sequestration in 
Europe, as it allows for the sequestration of more C per unit of land, compared with 
tree-less agronomic systems (Matos et al. 2010a). Agroforestry also results in higher 
annual economic returns per unit of land through the whole life cycle than in exclusive 
forestry systems where the revenue is generally only realised at final harvest. These 
returns could be further increased if appropriate land management practices mainly 
regulating tree density and distribution are adopted (Sibbald 1996; Fernández-Núñez 
et al. 2007). The role of AFS in the reduction of C emissions derives from the preven-
tion of forest fires in Mediterranean Europe, as silvopasture agroforestry practices 
reduce the understory woody biomass (Etienne et al. 1996; Rigueiro-Rodríguez et al. 
2009b, 2010). Most AFS have also been shown to reduce soil erosion, and improve 
nutrient cycling, water availability for crops, soil faunal activities, and soil fertility, 
while at the same time sustaining high levels of crop production (Grünewald et al. 
2007; Quinkenstein et al. 2009; Rigueiro-Rodríguez et al. 2009a).

Some of the most important options to increase C sequestration are those dealing 
with LULUCF measures. Currently, most European forests are relatively young and 
they act as a C sink. Growing forests sequester C, but when they reach maturity, the 
C annually sequestered is reduced. For this reason, forested land conservation that 
avoids total clear felling should be better at reducing C emissions in the future, not 
only because of C exported in the harvested trees, but also due to C soil emissions, once 
the trees are harvested (Nair et al. 2009). However, Dresner et al. (2007) highlighted 
that if cut timber is worth more than trees still standing in the forest, there is no incentive 
for farmers to protect the forest. As such, deforestation is likely to occur, regardless 
of the wider impacts of this such as C emissions. Nonetheless, if the agronomic 
component of an AFS is valuable for farmers, this would be an additional reason to 
prevent deforestation and thus reduce CO

2
 emissions (Dresner et al. 2007).

Several types of agroforestry practices are currently implemented in Europe. 
Silvoarable and silvopasture agroforestry practices are the most prevalent in Europe 
in terms of the area under those practices compared with other agroforestry prac-
tices (Eichhorn et al. 2006; Mosquera-Losada et al. 2009). They are mostly carried 
out in Spain and Portugal, but also in Germany, France, Italy and the UK (Dupraz 
et al. 2005; Grünewald et al. 2007; Mosquera-Losada et al. 2010a; Quinkenstein 
et al. 2009).

The tree component of an AFS may be more efficient at CO
2
 utilisation from 

the atmosphere and may have higher C returns to the soil through their litter than 
herbaceous crops (Gordon et al. 2006). One year after the implementation of an 
agroforestry system (Böhm et al. (2010), the content of organic C in soil under 
tree hedgerows was signi ficantly higher as compared to field alleys (Fig. 1) in 
Germany, due to the higher root development in the hedgerows compared with the 
field alleys.

In agroforestry systems, C is located in five main pools, namely, aboveground plant 
biomass (tree and understory), plant roots (tree and understory), litter, microbial, 
and soil C. These pools interact with each other via different pathways of transfor-
mation and translocation, e.g., plants absorbing CO

2
 from the atmosphere during 
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photosynthesis. Some CO
2
 is released back to the atmosphere in the process of plant 

respiration. Litter falling from plants and dead roots from plant material are decom-
posed into soil C. Some of the soil C is taken up by microbes and stored, and some 
becomes mineralised. Soil stores C, but as a result of the mineralisation and root 
respiration, part of that C is released back to the atmosphere. Furthermore, biodiver-
sity enhancement by AFS facilitate a better nutrient use and therefore increases 
C sequestration compared with tree-less agronomic systems (Howlett et al. 2011; 
Rigueiro-Rodríguez et al. 2011b).

Measurement of C sequestration following land use changes from tree-less 
agriculture to forestland requires the evaluation of the baseline C stocks as well as the 
nature of the tree component and the modifications the tree causes to the understory 
and in the soil compartment. If silvopasture agroforestry is carried out, then the animal 
component and the emission of methane and nitrous oxide gases should also be 
taken into account (IPCC 2007). The main components and their GHG balance in a 
silvopasture agroforestry system including grazing animals are presented in Fig. 2.

Tree Component

Land use change through afforestation or reforestation should increase C seque stration 
per unit of land and the rate of C sequestered by trees within a system will depend 
on tree species, age, and density (Quinkenstein et al. 2009), besides the edapho-
climatic conditions, management, fertilization, and land clearing, among others. 
Carbon sequestration by an individual tree can be estimated by allometric equations 
based on the tree diameter that have been recently developed in Spain (Montero 
et al. 2005) and Europe (Zianis et al. 2005). In their studies, 13 and 24 conifers 
and 15 and 31 broadleaf trees species were used to estimate the C sequestered in 
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Fig. 1 Hot water extractable organic carbon in the surface (0–30 cm) soil, 1 year (HWC 2008) and 
2 years (HWC 2009) after establishing an alley cropping system, in a mining reclamation landscape, 
Lower Lusatia, north-eastern Germany (Source: Adapted from Böhm et al. 2010)
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Fig. 2 Carbon pools in a silvopasture system including GHG emissions: (a) A schematic 
diagram showing the different compartments. (b) An example of the estimated quantities in each 
compartments in a 11 years-old Pinus radiata D. Don stand in Galicia, NW Spain (Source: Adapted 
from Fernández-Núñez et al. 2010)
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aboveground biomass and in roots, respectively. This was carried out for species from 
the Mediterranean, mountainous, and Atlantic biogeographic regions of Europe. 
However, most of the trees used to develop the equations were in mature, dense 
stands, and therefore, more research is needed to understand how C is sequestered in 
younger stands (Knopka et al. 2010) and growing at lower densities such as in AFS.

The growth rate of tree species is a significant factor in promoting C sequestration. 
Annual estimates of C sequestered by tree biomass of Eucalyptus globulus Labill, 
Pinus pinaster Ait., Pinus radiata D. Don and Castanea sativa Mill. in Spain were 
5.14, 1.58, 1.11, and 0.52 Mg C ha−1, respectively (Pardos 2010). Differences in 
growth rates explain why, after 10 years, P. radiata, a species with a high growth 
rate, sequestered eight times more C per tree than Betula alba L. at densities of 833 
and 2,500 trees ha−1 in Spain (Fig. 3). Similarly, species like poplar or eucalyptus 
were able to sequester C faster than species such as P. radiata, B. alba, P. pinaster. 
However, these three species grew and sequestered C faster than the other common 
silvopastoral tree species such as Pinus sylvestris L., Quercus petraea L., Quercus 
robur L., or Fagus sylvatica L. (Pardos 2010). Gordon et al. (2006) highlighted the 
importance of using fast growing tree species in silvopastoral systems to reduce 
C emissions in Canada. They estimated that net C sequestration of a poplar-based 
silvopastoral system was almost three times more than that reached by a monocul-
ture pasture system. However, if trees grow quickly, C sequestered for a given period 
of time is reduced as trees will be harvested earlier (Fernández-Núñez et al. 2010). 
The time required for C sequestration to occur is longer for slow growing species 
than for fast growing species. Therefore, once harvested, the fast growing species 
emit C into the atmosphere earlier than slow growing species, mainly from SOM 
mineralization. Moreover, sawn timber production is usually associated with slow 
growing species, which are retained for longer time than pulp and paper from fast 
growing species such as Eucalyptus spp.

The production of Robinia pseudoacacia L. in an alley cropping system has 
received considerable interest in Germany as an alternative to agricultural crops 
as well as an additional wood source, while simultaneously acting as a potential 
C sink to counterbalance greenhouse gases emissions. Average aboveground 
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biomass production of R. pseudoacacia ranged from 0.04 to 9.5 Mg ha−1 year−1 for 
1–14 years of growth, respectively on reclaimed sites in north-eastern Germany 
(Quinkenstein et al. 2011).

The C sequestration of afforested or reforested lands also depends on land 
management and soil type. Fertilization carried out to enhance crop production in 
AFS indirectly increases tree growth in some edapho-climatic conditions (Dupraz 
et al. 2005). In acidic soils of Galicia, Spain (water pH = 4.5), the C sequestered by 
P. radiata (1,667 trees ha−1) 11 years after afforestation was 4.09 Mg C ha−1 when no 
fertilizer was applied. The amount of C sequestered by the tree component signi-
ficantly increased to 7 Mg C ha−1 when sewage sludge was used as fertilizer in the 
same soil. However, these values were lower than those reported for agricultural 
lands (initial soil water pH = 6.9), which were afforested at high density 
(2,500 trees ha−1) (Fig. 3; Fernández-Núñez et al. 2010). Soil fertility improvements 
usually increase growth rates and symbiosis. However, facilitation between the tree 
and the understory should be promoted in the early tree ages in order to enhance 
resource use and increase C sequestration (Mosquera-Losada et al. 2006, 2011b). 
The use of legumes such as clover (Trifolium spp.) in the sown mixture, increased 
tree growth and was found to promote symbiosis between P. radiata and understory 
(López-Díaz et al. 2010). However, the increase in ryegrass (Lolium perenne L.) 
density during the year of plantation establishment reduced P. radiata growth due to 
competition between the tree and ryegrass for soil resources (Mosquera-Losada 
et al. 2011b).

Tree density is another factor that affects C sequestration. Fernández-Núñez 
et al. (2010) reported from Galicia, Spain, that land that had previously been under 
agriculture when afforested with P. radiata at 833 or 2,500 trees ha−1 was able to 
sequester 40.8 and 102.4 Mg C ha−1 11 years after plantation in tree roots and above-
ground biomass, respectively, despite the fact that C sequestered per tree was higher 
at a low density (48 and 40 kg C tree−1, respectively: Fig. 3). Similar results were 
also found for B. alba planted at these densities in the same area.

In the Atlantic biogeographic region of Europe, tree stands were established at 
higher tree densities than in the Mediterranean dehesa area to promote timber 
production (Serrada et al. 2008). Due to the intraspecific competition in the high 
density stands, tree roots may not spread far away from the tree trunks compared with 
low density stands. There have been few published studies where the differences in 
root system profiles with respect to the distance from the tree for low versus high 
density stands have been measured. In the Mediterranean environments, Moreno 
et al. (2005) reported that most fine roots of Quercus ilex L. trees were below 80 cm 
depth, while herbaceous plant roots were mainly located in the top 30 cm soil layer. 
Drought conditions could have a great effect on tree root distribution within the soil 
profiles of Mediterranean systems. The same effect could be simulated by competi-
tion within the herbaceous layer in more northern European countries if AFS with 
low tree densities were implemented. If tree roots are located below the herbaceous 
understory rhizosphere, then competition for soil resources between trees and 
herbaceous plants is reduced. Implementation of agroforestry could increase the 
volume of soil explored by roots (the upper part of the soil explored by the herbaceous 
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component and the lower part by the tree component) in low density stands 
compared with tree-less pastures. The amount of fine roots that are considered to be 
the main source of organic matter within a soil C pool (Dresner et al. 2007) would 
also increase.

Tree C sequestration also depends on the species. Evergreen trees retain C in the 
leaves for longer period of time than deciduous tree species, which cause regular 
inputs of organic matter into the soil, apart from the roots. Evergreen tree litterfall 
is usually low until canopy closure. Afterwards, the relatively low understory light 
levels may cause an accumulation of litter on the forest floor. Density affects the 
dynamics of the tree litter inputs into the soil. A dense P. radiata canopy caused an 
accumulation of a thick litter layer of several centimetres above the soil a few years 
after canopy closure, which prevented herbaceous plant establishment and reduced 
biodiversity and soil C sequestration potential. Litter biomass also depends on tree 
density, which was higher in high density forests (6.25 Mg ha−1 at 2,500 trees ha−1) 
than in low density stands (4.26 Mg ha−1 at 833 trees ha−1) in a P. radiata-afforested 
land 11 years after planting (Fernández-Núñez et al. 2010). The thick litter layer 
could emit large quantities of C once the forest stand is harvested. However, no 
accumulation of litterfall on the soil was observed in a silvopastoral system 
established with B. alba at 2,500 trees ha−1 or 833 trees ha−1 due to the low growth 
rate of birch as compared with radiata pine. Higher soil temperatures in birch stand, 
comparable with P. radiata, increased birch litter decomposition, promoting soil 
C sequestration (Howlett et al. 2011).

Understory Component

Compared to the tree and the soil C pools, the amount of C sequestered in the 
understory component of the AFS is relatively small (Fernández-Núñez et al. 2010). 
In European AFS, the understory component may be a crop (e.g., a cereal or 
leguminous crop) in the silvoarable systems or herbaceous or woody plants in the 
silvopastoral systems. Arable systems have lower C sequestration potential than 
herbaceous pasture or understory woody plants and involve annual crops that are 
usually harvested within a year of sowing, and the biomass is exported from the 
system. Crop management practices such as plowing, liming, and fertilization may 
cause either soil C increase or losses. Improvement of soil fertility increases the 
growth of AFS components and therefore soil inputs of C. However, management 
activities may also result in better aeration, increased pH, and enhanced soil fertility, 
promoting microbial activity and organic matter mineralisation, in turn, leading to 
lower SOM levels (Reijneveld et al. 2010).

Perennial grasslands and shrublands may store C within their tissues for a longer 
period of time than arable crops. The large area of the European Union allocated 
to grasslands in different biogeographic regions (33% and 25% of the Atlantic 
and continental biogeographic regions of Europe; EEA 2006) offers a high potential 
for C sequestration. This potential, however, is dependent on the edapho-climatic 
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conditions and land management practices adopted (Follet et al. 2001; Schanabel 
et al. 2001). The input of organic matter to grassland soils is very important 
(Sanderson and Wätzold 2010) and would increase the SOM content. Mature 
pasturelands, however, show no net annual C uptake when all sources and sinks are 
considered (Suyker and Verma 2001; Gianelle et al. 2004). Follet et al. (2001) 
concluded that improved grassland management could enable C sequestration to 
continue for 25–50 years until a new equilibrium of soil C content is reached. After 
that, the improved grasslands would no longer serve as C sinks. Even though 
grasslands may sequester C, grazing by livestock animals may result in CH

4
 or N

2
O 

emissions (IPCC 2007). When the animal stocking rate is adjusted to the production 
of grasslands, the C losses with GHGs are offset by the C sequestered (Fernández-
Núñez et al. 2010).

Understory shrubs sequester more C than herbaceous plants. However, the 
risk of C emissions caused by fires associated with forestlands is increased by these 
shrubs, making the presence of woody vegetation understory very hazardous in the 
Mediterranean countries of Europe and in the southern Atlantic biogeographic region 
of Europe, where summers are  too dry and fire  risk  is high  (Rigueiro-Rodríguez 
et al. 2009b). Prevention of forest fires mitigates C emissions (Burley et al. 2007). 
Agroforestry practices could be successfully implemented to reduce the emissions 
of C caused by fires. For instance, shrub grazing by goats in silvopastoral systems 
reduces the amount of combustible vegetation in the understory and encourages a 
less flammable herbaceous layer (Rigueiro-Rodríguez et al. 2011a). Understory 
vegetation transformation from shrubs to a grass is thus promoted by grazing of 
shrubs by animals as well as by soil nutrient cycling through animal faeces and 
urine deposition (Rigueiro-Rodríguez et al. 2009b).

Soil Component

The soil represents the most important pool of C storage in terrestrial ecosystems, 
accounting for about 75% of total stored C (Lal 2005; Dresner et al. 2007). Soil 
C sequestration depends on edapho-climatic conditions, which may increase or 
reduce the organic matter inputs (i.e., the quantity of plant residues), incorporation of 
organic matter into the soil, and organic matter mineralisation (Nieder et al. 2003). 
Soil properties such as clay content determine the extent of C enrichment in humus. 
Organic matter inputs usually create a C gradient from the surface to the lower layers 
of the soil worldwide (Fig. 4; Howlett et al. 2011).

Temperature and humidity are the main drivers of SOM production, incorporation, 
and mineralisation (Theng et al. 1989). If temperature and humidity are optimal for 
aboveground biomass production as in the Atlantic climate, the inputs of organic 
matter into the soil are greater than that in less favourable climatic conditions such 
as in the Mediterranean climate. For this reason, the higher potential productivity of 
crops in the Spanish Atlantic region is an important indicator of higher SOM as 
compared to the Spanish Mediterranean region (i.e., 3 and 0.4 Mg ha−1 year−1 for 
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Atlantic and Mediterranean regions, respectively: Pardos 2010). In the dehesas 
located in the Mediterranean area, the presence of mature trees and, therefore, the 
rate of incorporation of their residues are associated with higher SOM levels below 
the tree than away from the tree in AFS established under trees without canopy 
closure (Moreno and Obrador 2007). In some cases, the degree of incorporation of 
plant residues into the soil may be restricted by high humidity and low temperature. 
In P. radiata stands, the closure of tree canopies caused an annual accumulation of 
about 7 Mg ha−1 of litterfall in Galicia (Fernández-Núñez et al. 2010).

Roots are also an important part of the C balance in terrestrial ecosystems because 
they transfer large amounts of C into the soil. More than half of the C assimilated by 
the plant is transported belowground via root growth and turnover, root exudates 
(of organic substances) and litter deposition, and roots may contribute up to 33% to 
C sequestered in ecosystems (Fernández-Núñez et al. 2010). The dynamics of 
growth, decay, and root turnover are some of the least understood aspects of below-
ground interactions in agroforestry (Nair et al. 1999). There is much information on 
C sequestration in the topsoil layer of 0–20 cm. However, information on deeper 
soil layers, where most of the tree roots occur, is lacking in most environments, but 
some studies have been carried out in the Spanish dehesa agrosilvopastoral system 
(Moreno and Obrador 2007). Roots of trees and grass or crops have different root 
length and depth profiles. Tree roots are longer and deeper in soil than grass or crop 
roots, and in soils under trees, a considerable amount of C is stored below the plow 
layer (50 cm). This C is also better protected from disturbance, which leads to longer 
residence time in the soil. Most of the root biomass of annual crops and grasses 
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consists of fine roots (diameter < 2 mm). Fine roots of both trees and crops have a 
relatively fast turnover (measured in days to weeks), but lignified coarse roots of 
trees decompose much more slowly once trees are harvested and may contribute 
substantially to belowground C pools (Vanlauwe et al. 1996).

Carbon inputs to the soil are also affected by litterfall. Higher biomass produc-
tion per tree and per hectare obtained in previously agricultural lands afforested 
with P. radiata and B. alba at high stem density increased soil C more than low tree 
density 5 years after the establishment of both trees (Fernández-Núñez et al. 2010). 
However, differences in SOM between density treatments or species disappeared 
10 years after afforestation, probably due to the lack of litterfall incorporation 
under high density stands. This can be explained by the low temperatures and high 
humidity experiences differentially by both systems. Incorporation of residues into 
the soil is the first step to increasing SOM.

Alley cropping systems have also come into focus in the reclamation of post-
mining areas where the initial content of SOM is generally close to zero and soil 
fertility is very low (Nii-Annang et al. 2009). The increase in SOM in reclaimed 
areas depends on the amount of biomass production and return to soil as well as 
mechanisms for C protection and retention. Due to its high potential for litterfall 
production and nitrogen fixation, R. pseudoacacia improves soil physical, chemical, 
and biological properties by increasing SOM, thereby converting mine spoils into 
productive and sustainable soils (Grünewald et al. 2007).

High amounts of litterfall increase fire risk in European Mediterranean areas 
(Delabraze 1986) and, therefore, the risk of C emissions to the atmosphere. 
Implementation of silvopasture has been shown to reduce fire risk through the 
enhancement of litter incorporation into the soil as nitrogen is added with the urine 
of the animals and C/N relationship is reduced (Etienne et al. 1996; Rigolot and 
Etienne 1996).

It is well known that soil management activities such as plowing or fertilization 
may reduce or increase SOM content. Matos et al. (2010a, b) investigated the effect 
of conversion from silvopasture to arable land and reported lower contents of total 
organic carbon (TOC) and total nitrogen (TN) in arable soils than silvopasture. 
The composition and distribution of SOM also differed between these two systems. 
The light fraction C content declined with depth in silvopasture system, while there 
were no such depth-related differences in arable system. This can be attributed to 
tillage in arable systems, which leads to the disturbance of upper soil layers causing an 
increase in mineralization rates, CO

2
 emissions from soils, and the reduction of soil 

C. Soil management through fertilization also affects soil C storage. Mosquera-Losada 
et al. (2010b) reported that the addition of sewage sludge (pH around 7) in acidic soils 
(water pH = 4.5) increased SOM content through the input of organic matter as well 
as calcium via the sewage sludge (Fig. 5). The SOM content was not modified when 
mineral nitrogen was added, as incorporation of organic residues through the improve-
ment of soil pH was not promoted. In a Populus canadensis Moench silvopastoral 
system developed on a Galician (Spain) acid soils with pH around 5.5, the SOM 
content in winter was related to pasture production in the preceding autumn 
(r2 = 0.93; % SOM = 0.48 autumn production [Mg ha−1] +8.87 p < 0.05), which 
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suggested that organic matter was incorporated but not mineralized (Mosquera-Losada 
et al. 2011a). Therefore, SOM seems to have increased when herbaceous autumn 
production was high, causing an increase in organic matter inputs into the soil.

It has been proposed that C stored in the soil could be linked to different soil-size 
fractions (Lal 2005). However, there have been only very few studies evaluating 
C storage in different soil-size fractions in treeless versus AFS. Carbon associated 
with macroaggregates (250–2,000 mm), microaggregates (53–250 mm) and silt 
clay (<53 mm) can have mean residence time of 1–10, 1–25, and 100–1,000 years, 
respectively (Parton et al. 1987; Schimel et al. 1994). One study carried out in 
Galicia, Spain, showed that the broadleaf B. alba sequestered more C in the  
250–2,000 mm size class as compared to soils under the conifer P. radiata. However, 
pastures had more C than pine silvopasture in soils with finer particle sizes fractions 
of less than 250 mm (Howlett et al. 2011).

Conclusion

Agroforestry systems have great potential to enhance C sequestration compared with 
tree-less agronomic systems, and therefore their implementation should be considered 
as a land use option in Europe. The limited number of studies undertaken so far at 
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 under different fertilization treatments of Pinus radiata 
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various locations and systems in Europe have shown that the factors that contribute to 
higher C sequestration under AFS include greater above-and below-ground spatial 
heterogeneity in the vegetation (trees and crops), production of higher amounts of 
plant biomass, more extensive root exploration of rhizosphere and increased litterfall 
inputs to the soil. Further studies are needed on all these as well as other aspects of 
the soil and associated vegetation to evaluate different components of agroforestry 
systems, including trees, the understory, animals and their interactions, under specific 
edapho-climatic conditions. The implementation of AFS contributes to an overall 
sustainable land management based on the increase of soil fertility by C enrichment 
in humus and the potential of C sequestration in the soil–plant system.
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Abstract Agroforestry can raise carbon (C) stocks of agricultural systems, and 
such increases can potentially be sold as CO

2
 emission offsets. We assembled infor-

mation on the biophysical, technical, economic, and practical potential of agroforestry 
to sequester C for the West African Sahel, East Africa, and Southern Africa. 
Agroforestry systems (AFS) such as parklands, live fences, and homegardens had 
substantial C stocks, but only accumulated 0.2–0.8 Mg C ha−1 year−1. Rotational 
woodlots (2.2–5.8 Mg C ha−1 year−1) and possibly improved fallows in Southern 
Africa sequestered C relatively faster, but only during the fallow phases. Data on 
soil C are scarce because most studies only compared soil C under different land 
uses, which provides limited (and sometimes unreliable) information on sequestra-
tion rates. Comparing results from different studies is difficult, because no standard 
protocols exist. Few studies have evaluated the economic potential of agroforestry 
to sequester C. However, at prices of $10 per Mg CO

2
-eq or less, the value of stored 

C in most systems would be less than $30 ha−1 year−1, which is a small fraction of 
annual farm revenue and it needs to cover all transaction measurement reporting 
and verification costs. Practical constraints to C sequestration (CS) such as land 
tenure, policy issues, and the opportunity costs incurred by possibly foregoing more 
profitable land management options have not been fully explored for Africa. For 
evaluating the challenges and opportunities involved in CS by smallholder farmers, 
comprehensive studies are needed that explore all C and non-C costs and benefits of 
agroforestry activities.
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Introduction: Carbon Sequestration Potential

Most agroforestry systems (AFS) have higher carbon (C) stocks than agricultural 
monocultures, and expansion of agroforestry practices could raise the C stocks of 
Africa’s terrestrial systems (Albrecht and Kandji 2003). On a global level, Dixon 
et al. (1993) estimated a sequestration potential by forestry and agroforestry prac-
tices of about 1 Pg of C per year, corresponding to about 3.7 Pg CO

2
, or roughly 

one-eighth of annual global emissions. This chapter explores the C sequestration 
(CS) capacity of African AFS, with particular emphasis on the West African Sahel, 
East Africa, and Southern Africa. This discussion requires at first a clarification of 
the term ‘carbon sequestration potential’, which can be and has been interpreted in 
different ways.

Referring to soil organic C, Ingram and Fernandes (2001) distinguished between 
‘potential’ CS, which is determined by soil characteristics, ‘attainable’ CS, which 
accounts for limiting factors, such as net primary productivity and climate, and 
‘actual’ CS, which is defined by reducing factors, such as removal of crop residue, 
tillage etc. Along the same lines, Cannell (2003) offered a terminology to differenti-
ate between different assessments of the capacity of land management regimes to 
sequester C, using the terms ‘theoretical potential capacity’, ‘realistic potential 
capacity’, and ‘conservative, achievable capacity’.

In agricultural contexts, studies on the CS potential of agroforestry are often 
conducted with a view to creating opportunities for smallholder farmers to benefit 
from international C payment schemes. We therefore use a modification of these 
two terminologies to guide the content of this chapter. Making decisions about the 
feasibility of CS activities requires an interdisciplinary approach, exploring the bio-
physical, technical, economic, and practical potential of land management options 
to sequester C. Figure 1 outlines these concepts and lists the most important con-
straints that are considered in quantifying the four types of potential.

 1. Studies on the biophysical capacity deal with the general geographic setting of a 
region and use environmental and/or climatic parameters to estimate the addi-
tional amount of C that could be stored in terrestrial systems. This is often based 
on assessments of C stocks in natural vs. actual vegetation, as well as on the 
potentially available land area.

 2. The technical potential explores the management options that are available, or 
innovative new options, and their effects on system C stocks. Studies on the 
technical capacity may include assessments of available technical skills and the 
availability of necessary inputs.

 3. The economic potential to sequester C includes both above steps, but considers 
potential economic constraints, such as the profitability of a system, as well as 
estimates of opportunity costs or marginal abatement costs.
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 4. Finally, the practical potential considers additional constraints to system adoption. 
Examples of these are the social acceptability of the proposed land management 
option, labor availability, land tenure questions, institutional and governance 
constraints, as well as market access. For carbon sales and other payment for 
ecosystem services (PES) schemes, transaction costs, and costs incurred in mea-
surement, reporting, and verification (MRV) can also be important constraints 
that determine the practical potential.

A thorough assessment of the potential of AFS to sequester C should comprise 
all four components, but many studies miss one or more of these, limiting the con-
clusions that can be drawn. For example, a high biophysical capacity to sequester 
C does not automatically mean that smallholder farmers can benefit from such a 
scheme, and it is clearly insufficient for guiding development efforts. On the other 
hand, assessments of the practical capacity are typically very limited in their 
 geographic scope and cannot be used to justify international C payment schemes. 
A distinction between studies that focus on the different types of potential is there-
fore imperative for assessing the state of research, and for identifying current 
knowledge gaps.

In addition to different meanings of the word ‘potential’, the term ‘sequestration’ 
can also be interpreted in a number of ways. For climate change mitigation pur-
poses, the most effective form of sequestration is the incorporation of C in long-
lived C pools in the soil, in permanent biomass, or in long-lived wood products. 
Carbon sequestered into such pools is more or less permanently removed from the 
atmosphere. In most cases, however, these C pools are limited in their capacity, 

Fig. 1 Schematic illustration of the different types of carbon sequestration potentials, and the 
constraints that are encountered in their quantification
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restricting CS activities – and potential C payments – to a limited time frame. 
Establishing trees as permanent structures on agricultural fields is an example of 
relatively permanent sequestration of C from the atmosphere. Other agroforestry 
systems may have substantial C accumulation rates, but require most of it to be 
released again after a few years. In improved fallows or rotational woodlots, 
especially when trees are grown as fuelwood, net C accumulation in the system is 
low, or even negative, in spite of fast tree growth. Rather than focusing only on C 
accumulation rates, it therefore makes more sense to examine net C increase rates, 
averaged over several rotation cycles or, for systems that reach C saturation, to 
specify the time frame, over which certain C accumulation rates can be sustained. 
This review attempts to be as specific as possible about the time frames, but not all 
studies provide enough information on this.

Carbon Sequestration by Agroforestry Systems in Africa

From a biophysical point of view, Africa’s agricultural systems clearly have poten-
tial for sequestering additional C. Across different eco-zones, Dixon et al. (1994) 
estimated a C storage potential of agroforestry and integrated land use approaches 
of between 12 and 228 Mg C ha−1 over a 50 year rotation, corresponding to 
0.2–4.6 Mg C ha−1 year−1. They provide two values for Africa, 0.6 Mg C ha−1 year−1 
for establishing agroforestry in the tropical highlands of Congo (presumably 
Brazzaville), which could be realized at a cost of $69 per Mg C, and a sequestration 
rate of 1.1 Mg C ha−1 year−1 for a fuelwood system in the Democratic Republic of the 
Congo (DRC), at a cost of $4 to 12 per Mg C. Cost estimates here include only costs 
for establishing and maintaining land management systems, neglecting all other 
expenses. Especially in the latter system, however, net time-averaged sequestration 
rates appear to be much lower, because the fuelwood that is produced in the system 
is burnt after harvest, releasing most of the stored C.

Jarecki and Lal (2003) reviewed various studies on the potential of agroforestry 
systems to store C, listing a range of 0.25–1.58 Mg C ha−1 year−1 in the soil and 
0.98–6.7 Mg C ha−1 year−1 in aboveground biomass. Their review does not include 
explicit estimates for Africa, but mentions a potential of 6.2 Mg C ha−1 year−1 in 
aboveground storage for new forests in tropical regions and 0.25–0.50 Mg C ha−1 year−1 
in soil and 2–4 Mg C ha−1 year−1 aboveground for tree plantations in degraded tropi-
cal areas.

More detailed reviews collate information from case studies on the CS potential 
of AFS. Kuersten and Burschel (1993) provide estimates of the amounts of C 
sequestered by fuelwood production in AFS of 0.5–2.0 Mg C ha−1 year−1 for shade 
trees in coffee (Coffea spp.) and cacao (Theobroma cacao L.), 2.0–3.6 Mg C ha−1 year−1 
for fuelwood plantations, 0.3–2.0 Mg C ha−1 year−1 for secondary forests, 
0.1 Mg C ha−1 year−1 for trees in corrals and annual crops, and 1.4 Mg C ha−1 year−1 
for living fences. Nair et al. (2009) estimated potential sequestration rates of 
5.9 Mg C ha−1 year−1 for cacao agroforests of Cameroon, 6.3 Mg C ha−1 year−1 for 
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shaded coffee in Togo and between 0.3 and 1.1 Mg C ha−1 year−1 for agroforestry in 
the Sahel. The review papers mentioned above do not provide information on the 
time-frames, over which the stated sequestration rates can be sustained.

The wide range of estimates in the case studies collected in these reviews may be 
caused by summarizing studies of different types of potential and by consideration 
of different C pools. Most reviews do not explicitly state the nature of the studies 
that are listed, and many are mixtures between different types of potential. We 
therefore focus on three African regions to provide a more comprehensive overview 
of existing studies. Biophysical and technical potentials are explored for each region 
separately. Carbon sequestration rates determined for selected tree-based systems 
across all three regions are shown in Table 1. Due to the scarcity of studies on the 
economic and practical potentials, we discuss these for all regions together.

Table 1 Carbon sequestration rates reported for agroforestry systems across the West African 
Sahel, East Africa, and Southern Africa

Activity
Duration 
(years)

C sequestration rate 
(Mg C ha−1 year−1) Reference

West African Sahel
Faidherbia albida plantation in Senegal 50 0.22 Tschakert (2004b)
Optimal agricultural intensification, incl. 

Leucaena prunings in Senegal
50 0.27 Tschakert (2004b)

Restoring degraded grassland to woody 
grassland in Senegal

20 0.77 Woomer et al. (2004b)

Establishment of new parklands in the 
Sahel

50 0.4 Data from Takimoto 
et al. (2008b), 
Tschakert et al. 
(2004), Woomer 
et al. (2004b)

East Africa
Tree planting to restore highly degraded 

land
25 0.4–0.8 Batjes (2004a)

Intensification of windrows and tree 
biomass

20 0.8 Henry et al. (2009)

Conversion of cropland to homegardens 20 0.5–0.6 Henry et al. (2009)

Southern Africa
Regrowth of woodland on abandoned 

farms in Mozambique
25 0.7 Walker and Desanker 

(2004)
Coppiced Miombo woodland in Zambia 16 0.5 Stromgaard (1985)
Coppiced Miombo woodland in Zambia 35 0.9 Chidumayo (1997)
Faidherbia albida plantation in Tanzania  6 1.2 Okorio and Maghembe 

(1994)
F. albida converted to 50 trees/ha  6 0.22 Okorio and Maghembe 

(1994)
Rotational woodlots in Tanzania  5 2.6–5.8 Nyadzi et al. (2003)
Rotational woodlots in Tanzania  

(wood C)
 5 2.3–5.1 Kimaro (2009)

Rotational woodlots in Zambia  2 2.15–4.75 Kaonga and Bayliss-
Smith (2009)
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West African Sahel

General Setting

The West African Sahel is the transition zone between the Sahara Desert in the 
North and the Sudan savanna zone in the South, comprising parts of Senegal, 
Mauritania, Mali, Burkina Faso, Niger, and Nigeria. It is characterized by mean 
annual rainfall of between 200 and 600 mm, falling during one summer rainy  season, 
which lasts between 2 and 5 months. Annual rainfall amounts are highly variable 
between years and on inter-decadal scales, leading to recurrent droughts (Hulme 2001). 
Livelihood strategies in the Sahel therefore revolve around exploitation of the scarce 
rainfall, with agricultural systems focused on rainfed production of annual crops, 
such as maize (Zea mays L.), millets, peanut (Arachis hypogaea L.), and cowpea 
(Vigna unguiculata (L.) Walp.) or on extensive livestock production in nomadic 
systems. Agroforestry has a long history in this region, and traditional alongside 
modern improved systems are in existence. Traditional agroforestry parkland sys-
tems dominate the landscape in many parts of the Sahel (Boffa 1999), and novel 
practices such as live fences and fodder banks are being promoted.

Compared to the global average or even other parts of Africa, C storage potential 
in Sahelian agroecosystems is relatively low, due to harsh environmental conditions, 
with high temperatures and low precipitation restricting net primary productivity 
and thus the supply of C that can be sequestered (Batjes 2001). Hanan et al. (1998) 
measured an increment in biomass of about 5 Mg ha−1 year−1 (corresponding to 
about 2.5 Mg C ha−1 year−1 at 50% C in biomass) in a Sahelian fallow savanna in 
Niger. While raising C uptake rates may be possible, many land management options 
tend to decrease C stocks. In particular when the soil is tilled, soil organic matter is 
quickly decomposed, lowering C stocks substantially below those of natural sys-
tems (Batjes 2001; Tieszen et al. 2004).

Projected climate change in the Sahel may exert additional pressure on system C 
stocks. While future projections for this region disagree substantially, the majority of 
projections indicate a drier and hotter climate (Tieszen et al. 2004), which will likely 
reduce equilibrium C levels, even in the absence of cultivation (Batjes 2001). Lufafa 
et al. (2008) estimated soil organic carbon (SOC) losses between 21% and 23% in 
Senegal’s Peanut Basin for two climate change scenarios. Adverse impacts on crop 
yields are also likely (Liu et al. 2004; Tieszen et al. 2004). Woomer et al. (2004a) 
reported that net losses in C stocks in response to climate change have already 
occurred in various ecozones of Senegal. On a related note, Gijsbers et al. (1994) and 
Maranz (2009) reported that existing agroforestry parklands are degrading, which 
may be attributable to a decline in environmental suitability due to recent climate 
change (Maranz 2009). Agroforestry and other land management practices may have 
potential to counteract current trends towards lower C stocks (Batjes 2001; Woomer 
et al. 2004b). The recent, farmer-driven regeneration or establishment of parklands in 
parts of Niger (Reij et al. 2009) and the introduction of irrigated AFS along the 
Senegal River (Venema et al. 1997) are promising steps in this direction.
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Biophysical Potential to Sequester Carbon

General estimates of C stocks in the Sahelian ecosystems are difficult, because of 
the strong dependence of C stocks on environmental conditions. In particular, the 
soil type is a primary determinant of system C stocks. Batjes (2001) reported large 
differences in C stock between soil types, even under the same land use. In Senegal, 
the top meter of a rice (Oryza sativa L.) field on a Gleyic Cambisol (US Taxonomy: 
Tropepts, Inceptisols) may store 34 Mg C ha−1, whereas the same land use of a 
Dystric Gleysol (Aquepts, Inceptisols) may have 65 Mg C ha−1. Combined with 
short grassland, soil C stocks in the top meter of a rice field on a Dystric Fluvisol 
(Entisols) may even reach 301 Mg C ha−1.

It has been argued that not all C in an ecosystem can be considered sequestered, 
because of widely variable turnover rates among different C pools. Batjes (2001) 
distinguished seven different soil C pools, with turnover times ranging from 0.1 to 
3,000 years. Simpler models distinguish only between stable and labile C pools 
(Traoré et al. 2008). The turnover time of aboveground C stocks also varies substan-
tially, with annual crops being harvested every year, intensively used trees persisting 
for up to 10 years, and structural elements of traditional agroforestry and forestry 
systems remaining in place for many decades. Ideally, ecosystem scale and time-
averaged C accounting, in particular when the focus is on climate change mitiga-
tion, would consider such differences in C pool stability.

Nevertheless, most studies to date have focused on quantifying total system C 
stocks, soil C stocks, and/or C stored in aboveground biomass. Figure 2 summarizes 
results from seven studies, investigating C stocks in a range of natural and agricul-
tural ecosystems of the Sahel. Takimoto et al. (2008b; a in Fig. 2) investigated vari-
ous agroforestry systems in Ségou, Mali, reporting C stocks (including the top 
40 cm of the soil) of 70.8 Mg C ha−1 in parklands dominated by Faidherbia albida 
(Delile) A. Chev., which was almost twice as high as when the dominant species 
was Vitellaria paradoxa C.F. Gaertn. Carbon stocks in live fence systems and fod-
der banks were substantially lower (Takimoto et al. 2008b). Woomer et al. (2004a; b 
in Fig. 2) determined C stocks in 16 ecosystem types along a transect through 
Senegal, and reported C stocks from 11 to 112 Mg C ha−1, with lowest values in 
degraded or cultivated land, followed by pastures, fallow plots, parkland, woodland, 
and forest. Liu et al. (2004; c in Fig. 2) measured C stocks in different ecosystem 
types in Senegal, and reported 31.8–52.1 Mg C ha−1 for cropland, parklands, and 
fallows with trees. Tschakert (2004a; d in Fig. 2) estimated total system C stocks of 
28 Mg C ha−1 in the Old Peanut Basin in Senegal, with 11 Mg C ha−1 stored in the top 
20 cm of the soil and 6.3 Mg C ha−1 in trees. She found that parklands on average 
contained 9.3 Mg C ha−1 more than cultivated land. Finally, Woomer et al. (2004b; e 
in Fig. 2), investigated C stocks across a range of grasslands and silvopastoral sys-
tems along a climate gradient covering the Sahelian transition in Senegal. With 
increasing aridity, they found that total system C declined from 31.9 Mg C ha−1 in 
shrubland with scattered trees to 19.4 Mg C ha−1 in grasslands with scattered shrubs 
and 12.0 Mg C ha−1 in degraded grasslands at the arid end of their transect. It should 
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be noted that in all these studies, C stocks are a result not only of management, but 
also of site-specific pedological and climatic conditions. Conclusions about the 
effects of management on C stocks should thus be drawn with caution.

Climates, ecosystem types, and environmental conditions among all these study 
sites were variable and so were the sampling protocols. For example, the depth to 
which soil was included was variable and aboveground biomass was determined 

Fig. 2 Carbon stocks in natural and cultivated ecosystems of the Sahel. ML Mali, SN Senegal. 
Data sources: a=Takimoto et al. (2008b), b=Woomer et al. (2004a), c=Liu et al. (2004), d=Tschakert 
(2004a), e=Woomer et al. (2004b)
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using different allometric equations, which in some cases were transferred from a 
different environment due to the lack of site-specific equations. Nevertheless, the 
wide range of C stock estimates gives an impression of the variation encountered in 
the field and the difficulty of extrapolating results beyond the immediate sampling 
sites. It should also be noted that most estimates listed in this section are empirically 
derived and include the confounding effects of site-specific soil and climate condi-
tions. For deriving the technical potential, different management systems should be 
compared under similar environmental conditions for a better indication of the 
effect of individual land use options.

Technical Potential to Sequester Carbon

A wide range of management options can have substantial impacts on C stocks in 
natural and agricultural ecosystems, when implemented over a sufficiently long 
time scale. Judging the effectiveness of such a management option for CS, and ulti-
mately the potential of farmers to reap benefits from C payments, requires consid-
eration of both the total effect they may have and the time needed to achieve this 
effect. Doraiswamy et al. (2007) modeled the effect of various management regimes 
on soil C stocks in agricultural systems in Mali. In this study, the effect of 25 years 
of continuous conventional agriculture was a net loss of between 0.5 and 
0.7 Mg C ha−1, across four different crops. The best management option in their 
study, ridge cultivation with incorporation of crop residue and increased fertiliza-
tion produced net gains between 1.5 and 3.0 Mg C ha−1. Since treatments had to be 
implemented for 25 years to obtain these results, the amount of C that could theo-
retically be marketed amounted to less than 0.15 Mg ha−1 year−1 in all treatments 
(Doraiswamy et al. 2007).

Tschakert (2004b) used the CENTURY model to evaluate 25 management 
options on C stocks in the Old Peanut Basin in Senegal. During the first 25 years, 
net C changes amounted to between −3.2 Mg C ha−1 and +10.8 Mg C ha−1. The highest 
gains were achieved by ‘optimal’ agricultural intensification (crop rotation, fallow, 
manure, Leucaena prunings, and increased fertilization), followed by plantation of 
F. albida at 250–300 trees per hectare (+5.8 Mg C ha−1). Net C changes thus ranged 
between −0.13 and +0.43 Mg C ha−1 year−1. During the second 25 year period of 
maintaining the same management options, C changes decreased substantially for 
all management options (−0.74 to +5.30 Mg C ha−1). Over the entire simulation 
period, annual C gains were thus 0.22 Mg C ha−1 year−1 for F. albida plantations and 
0.27 Mg C ha−1 year−1 for ‘optimal agricultural intensification’.

Woomer et al. (2004b) estimated that restoring degraded grasslands in Senegal to 
woody grasslands over a 20-year time frame may sequester up to 0.77 Mg C ha−1 year−1. 
Establishing new parkland agroforestry systems may sequester about 20 Mg C ha−1 in 
addition to C stored in continuous cropland (averaging data from Takimoto et al. 2008b; 
Tschakert et al. 2004; Woomer et al. 2004b). Assuming 50 years to reach potential C 
stocks, the annual C stock increment could be fixed at about 0.4 Mg C ha−1 year−1. 
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Takimoto et al. (2008a) concluded that further substantial increases in C stocks 
would not be feasible for existing parkland systems. In all these studies, none of the 
investigated management options, including agroforestry practices, sequestered 
more than 0.8 Mg C ha−1 year−1 (Table 1).

East Africa

General Setting

The East African region extends across Kenya, Uganda, Rwanda, and northern 
Tanzania. It is comprised ecologically of a narrow coastal strip, arid deserts, semi-
arid savannas, and the highlands region, which is densely populated and predomi-
nantly used for intensive agriculture. The savanna region is characterized by scarce 
and irregular rainfall and predominantly used as grazing land. Net primary produc-
tivity in this environment has been estimated at 6.2 Mg C ha−1 year−1 (e.g. Nairobi 
National Park: Long et al. 1989), but net increases in C stocks are relatively low. 
Because establishing trees in this environment would require irrigation, agrofor-
estry is not commonly practiced. In contrast, farmers in the East African Highlands 
practice a wide variety of AFS. Shade trees in coffee plantations, shelter belts (wind-
breaks) around homesteads and agricultural fields (Stigter et al. 2002), fruit trees, 
and woodlots on scarce fallow or infertile patches of land are common features of 
land use systems. Among the most intensively managed AFS in this region are the 
multi-story Chagga homegardens in northern Tanzania (Fernandes et al. 1985; 
Hemp 2006).

Biophysical Potential to Sequester Carbon

Because most pure cropping systems have negligible time-averaged C stock changes 
in aboveground vegetation, tree C stocks can be used to approximate aboveground 
C gains as a consequence of tree introduction. Studies on biomass in the highly 
heterogeneous agroforestry-dominated landscapes of the East African highlands are 
scarce. Glenday (2008) computed a C stock of 19 Mg C ha−1 in aboveground   
biomass for AFS around the Arabuke Sokoke forest on the Kenyan coast, a value 
that equals the one for woodlands in the same study. Tree planting has also been 
explored as an option for restoring highly degraded land, where it can sequester  
0.4–0.8 Mg C ha−1 year−1 (Batjes 2004a). For Kenya, Batjes (2004b) integrated CS 
estimates from various sources to arrive at potential C stock increases between 0 
and 0.5 Mg C ha−1 year−1, for seven agroclimatic zones in the country. For three dif-
ferent scenarios, in which he assumed that improved management practices are 
introduced on between 10% and 30% of current croplands and on 5–15% of current 
grasslands. For all of Kenya, he estimated a CS potential of between 5.8 and 9.7 Tg C 
over 25 years, or 0.23–0.39 Tg C year−1.
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Technical Potential to Sequester Carbon

Putting the biophysical capacity of C sequestration into a realistic perspective, 
Henry et al. (2009) estimated current C stocks of 9–11 Mg C ha−1 on average for the 
agroforestry landscapes of Western Kenya. These stocks could be raised by about 
16 Mg C ha−1 over 20 years or 0.8 Mg C ha−1 year−1, on average across seven land use 
types including the introduction and intensification of hedgerows. In their detailed 
study, Henry et al. (2009) distinguished between several spatially explicit land use 
types and assessed their potential of tree intensification. Assuming across the board 
a 20 year time frame for such transitions, they showed that windrows are currently 
almost at their maximum capacities, while woodlots have the potential to sequester 
1.4–3.2 Mg C ha−1 year−1 and homegardens 0.20–0.25 Mg C ha−1 year−1, if more trees 
were introduced. Conversion from food crops to homegardens would result in an 
aboveground biomass increase of 0.5–0.6 Mg C ha−1 year−1.

Southern Africa

Agro-Environmental Setting

In Southern Africa, agroforestry research over the past two decades has mainly 
focused on Malawi, Mozambique, Tanzania, Zambia, and Zimbabwe. Within these 
countries, efforts have concentrated on the upland plateau zone, which lies between 
600 and 1,200 m above sea level. Mean annual rainfall ranges from 500 to 1,200 mm, 
mainly falling during a single rainy season between December and April, followed 
by a dry season of 7–8 months duration. Rainfall is greatly variable both within the 
rainy season and between years, in particular in the drier parts of the region.

The dominant vegetation type is Miombo woodland, the world’s largest savanna 
region covering some 2.7 million km2 (Campbell et al. 1996; Kanschik and Becker 
2001; Lawton 1978). It is comprised of slow growing mainly deciduous trees that 
form a 15 to 20-m high light-but-closed canopy above a forest floor covered by 
grasses (Lawton 1978). The traditional land use in this region is slash and burn shift-
ing cultivation, with cropping periods of 3–5 years followed by bush fallow phases 
of 10–20 years (Nhantumbo et al. 2009). In densely populated areas, shortening fal-
low periods have led to decreases in soil fertility (Chidumayo 1987; Matthews et al. 
1992) and to expansion of farming activities to marginal lands (Abbot and Homewood 
1999). Agricultural systems consist mainly of continuous maize-mixed cropping 
and extensive production of cattle and goats (Chakeredza et al. 2007).

Farmers in Southern Africa use a wide range of AFS, including both traditional 
and improved practices (Akinnifesi et al. 2008; Campbell et al. 1991; Sinclair 1999). 
Improved practices that are developed and promoted by researchers and develop-
ment agencies include various options of fertilizer (Akinnifesi et al. 2008), fruit, 
fodder (Chakeredza et al. 2007) and fuelwood trees. Traditional agroforestry practices 
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include intensive intercropping in highly diversified, multi-story homegardens, as 
well as various other systems that integrate trees with food or cash crops.

In some systems, trees are recruited from the natural tree population, and crop-
ping systems resemble the parklands of the West African Sahel. Such systems are 
common in Malawi, Tanzania, Zambia, and Zimbabwe (Boffa 1999; Campbell et al. 
1991). They include the Faidherbia/coffee system in Tanzania, and the Faidherbia/
maize system in riparian settings in Malawi, Zambia, and Zimbabwe (Akinnifesi 
et al. 2008; Campbell et al. 1991). In other settings, trees are deliberately planted 
along farm and field boundaries, on soil conservation structures and as terrace risers. 
Many farmers practice relay fallow intercropping, in which fast growing nitrogen-
fixing trees or shrubs (e.g. Sesbania spp., Tephrosia spp. or Cajanus cajan (L.) 
Millsp. and Crotalaria spp.) are planted into a field when annual crops have already 
been well established (Akinnifesi et al. 2008). Such improved fallows can also take 
the shape of rotational woodlots (Akinnifesi et al. 2008; Sileshi et al. 2008), in 
which leguminous trees are grown for about 5 years, then harvested and replaced by 
food crops (Nyadzi et al. 2003). Another common form of agroforestry is perma-
nent tree-cereal intercropping. Trees in such systems are typically leguminous cop-
picing species, which are cut regularly. Leaves and twigs are incorporated into the 
soil to increase soil fertility (Sileshi et al. 2008). The best known manifestation of 
such a system is the intercropping of Gliricidia sepium (Jack.) Kunth. ex Walp. with 
maize in Malawi and Zambia (Akinnifesi et al. 2008; Sileshi and Mafongoya 2006). 
In Southern Africa, agroforestry trees provide a range of products and ecosystem 
services, such as soil fertility, fuelwood, poles, fruits, or shade.

Biophysical Capacity to Sequester Carbon

Carbon stocks of natural and agricultural ecosystems are generally lower than 
potential stocks, due to a range of human activities, such as C-depleting farming 
practices (e.g. ridging of soils, burning of crop residues, and inadequate fertilizer 
use), charcoal production, bush fires (Eriksen 2007) and wood harvesting (Abbot 
and Homewood 1999; Chidumayo 1987, 1997). In particular in comparison with 
undisturbed Miombo woodland, C stocks in agricultural systems are low (Walker 
and Desanker 2004; Williams et al. 2008). Conversion of Miombo woodland to 
agriculture in Mozambique reduced stem wood C stocks by 19.0 Mg C ha−1 and total 
C stocks by 23% (Williams et al. 2008). In Malawi, such conversion reduced C 
stocks in the top 150 cm of soil from 82.5 Mg C ha−1 to 49.0 Mg C ha−1 in fallow land 
and to 52.2 Mg C ha−1 in agricultural soil (Walker and Desanker 2004). Following 
clearing, Solomon et al. (2000) reported a 56% reduction of soil C content in the 
cultivated fields in a semiarid area in Tanzania. Reintroducing trees into the land-
scape can restore some of the lost C. In Mozambique, Williams et al. (2008) showed 
that on farmland that had been abandoned for more than 20 years, stem C stocks 
were at 15.7 Mg C ha−1 almost as high as in protected woodland (19.0 Mg C ha−1). 
During 2–25 years of re-growth, wood C stocks accumulated at 0.7 Mg C ha−1 year−1 
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in Mozambique (Walker and Desanker 2004). Similarly, mean annual increment 
was 0.5 Mg C ha−1 year−1 in 16-year old coppiced Miombo woodland in northern 
Zambia (Stromgaard 1985) and 0.9 Mg C ha−1 year−1 over 35 years (Chidumayo 
1997). According to Williams et al. (2008) soil C stocks in the top 0.3 m on aban-
doned land had a narrower range (21–74 Mg C ha−1) than stocks in the Miombo 
woodland soils (18–140 Mg C ha−1) and with a median C stock of 44.9 Mg C ha−1 
had reached 78% of median C stocks in Miombo soils (57.9 Mg C ha−1) (Williams 
et al. 2008). Agroforestry practices are designed to raise system C levels without 
requiring abandonment of crop production.

Technical Capacity to Sequester Carbon

Although the C sequestration potential of parkland systems in Southern Africa  
has not yet been studied extensively, these systems are believed to store substan-
tial amounts of C. Faidherbia albida at Morogoro, Tanzania accumulated 
1.2 Mg C ha−1 year−1 during 6 years after planting at 6 m spacing (Okorio and 
Maghembe 1994). If calculated at 50 trees ha−1 density, which is more realistic for 
an agroforestry setting, this C accumulation would amount to an annual rate of 
0.22 Mg C ha−1.

Nyadzi et al. (2003) compared the performance of different tree species in rota-
tional woodlots in Tabora and Shinyanga in Tanzania reporting biomass accumula-
tion in the wood between 9.6 and 40.9 Mg biomass ha−1 over 5 years, corresponding 
to mean C accumulation rates between 2.6 and 5.8 Mg C ha−1 year−1 (assuming 50% 
C in biomass). In Tanzania, C sequestered in wood ranged from 11.6 Mg C ha−1 in 
Acacia nilotica (L) Del. and A. auriculiformis A. Cunn. ex Benth. to 25.5 Mg C ha−1 
in A. crassicarpa A. Cunn. ex Benth. after 5 years (Kimaro 2009). The resulting 
stocks were comparable with wood C (19 Mg C ha−1) reported from protected 
Miombo forests in Mozambique (Williams et al. 2008). Wood C accumulation rates 
ranged between 2.3 Mg C ha−1 year−1 under A. nilotica and 5.1 Mg C ha−1 year−1 under 
A. crassicarpa (Kimaro 2009). These figures are higher than the 1.5–3.5 Mg C ha−1 year−1 
estimated for smallholder AFS in the tropics (Montagnini and Nair 2004), but these 
rates are of course only reached during the woodlot fallow phases. Soil organic C 
stocks (within 0–30 cm depth) under 5 year old rotational woodlots (15.8–25.6 Mg C ha−1) 
in Morogoro were higher than in soils that had been continuously cropped for the 
same time period (13 Mg ha−1) and fallowed Miombo soils (9–15 Mg C ha−1: Kimaro 
2009). However, because initial C stocks were not measured in this study, inferring 
sequestration rates is not possible.

Kaonga and Bayliss-Smith (2009) compared woodlots of eight different agrofor-
estry species in eastern Zambia, and reported that 4.3–9.5 Mg C ha−1 were stored in 
aboveground biomass after 2 years. Rotational woodlots satisfy household and 
regional fuelwood demand (Nyadzi et al. 2003) and may thus reduce pressure on 
adjacent woodland, opening potential opportunities for payments for avoided defor-
estration and forest degradation. Improved fallows can also store substantial amounts 
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of C in plants and soil (Albrecht and Kandji 2003). In eastern Zambia, Kaonga  
and Coleman (2008) estimated the annual aboveground plant C input at 
2.8 Mg C ha−1 year−1 for Tephrosia vogelii Hook.f., 2.7 Mg C ha−1 year−1 for Sesbania 
sesban (L.) Merr. and 2.5 Mg C ha−1 year−1 for C. cajan, which was comparable with 
2.7 Mg C ha−1 year−1 recorded for fully fertilized maize. Estimated total SOC stocks 
under these species were higher at 27.3–31.2 Mg C ha−1 (Table 1; Kaonga and 
Coleman 2008) than under fully fertilized maize (26.2 Mg C ha−1) and unfertilized 
maize (22.2 Mg C ha−1).

Makumba et al. (2007) compared C sequestration in two fields of Gliricidia-
maize intercropping conducted for 7 and 10 years with continuous cropping of 
sole maize. Carbon stocks in the top 200 cm of the soil were about twice as high 
in the intercropping system as in sole maize. In addition, tree stumps and struc-
tural roots stored a total of 17 Mg ha−1 of C after 7 years of intercropping (Makumba 
et al. 2007).

Economic Potential of Carbon Sequestration in Africa

Little work has been done on the economic potential of CS activities. However, 
rough estimates of the economic benefits that farmers may be able to derive from 
different kinds of C-sequestering agroforestry practices can be calculated based on 
a few relatively straightforward factors. The value of C that is sequestered annually 
depends on the C accumulation rate and the sale price of the C (Fig. 3). Since C 
prices vary widely among sequestration schemes and future C prices are uncertain, 
it seems sensible to calculate benefits for a range of values.

While the C value can relatively easily be computed, other economic factors are 
more site-specific and difficult to estimate. Costs of participating in C markets must 
be subtracted from the total C value. These costs include expenses for MRV of 
sequestered C, the cost of registering the C project, and possibly additional transac-
tion costs incurred by C marketing. An economic budget must also include the costs 
of planting or protecting trees or changing management practices in other ways. 
Added benefits from higher system C, such as higher crop yield potential due to 
higher soil organic matter contents, should also be taken into account. Finally, total 
profit from the C sequestration activity, including the value of all goods that are 
produced should be compared with profits that could be derived from other activi-
ties. Where these opportunity costs, the income foregone by choosing the high C 
management option, are higher than the profit from the high-CS system, adopting 
this system may not ultimately benefit farmers.

Most factors are difficult to estimate and require site-specific research, modeling 
and a range of assumptions. It is, however, relatively easy to estimate C values by 
multiplying sequestration rates by assumed C prices (while correcting for the fact 
that C prices are commonly given per Mg CO

2
-eq, while sequestration rates are 

often in Mg C). Figure 4 shows C value estimates for typical AFS in Africa. Carbon 
accumulation rates are taken from the case studies mentioned above, and contours 
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in the figure show C values, as a function of C price (given on the y-axis). For most 
agroforestry options, C accumulation rates are relatively low, resulting in low C 
values, in particular at low assumed C prices. Common estimates of C prices in the 
literature range around 10 USD per Mg CO

2
-eq or less, which would translate into 

C values of less than 30 USD ha−1 year−1 for typical AFS. The only AFS that were 
reported to accumulate C at a relatively fast rate were improved fallows and rota-
tional woodlots. At a C price of 10 USD per Mg CO

2
-eq, sequestration rates would 

translate into C values of up to 200 USD ha−1 year−1. These values, however, are only 
produced during the fallow phases of the AFS, after which trees and shrubs are 
harvested and incorporated into the soil, processed into wood products, or used as 
fuelwood. Net C accumulation rates, and thus the amount of C that is credibly and 
permanently (or at least for a long time) sequestered from the atmosphere is thus 
substantially lower than biomass C buildup suggests. Nyamadzawo et al. (2008) 
tracked the effects of improved fallow practices on soil C stocks (0–20 cm depth) 
over two fallow/cropping cycles (2 years improved fallow/3 years cultivation), find-
ing consistently higher soil organic matter contents under rotation than in continu-
ous maize. However, after two full rotations, the improved fallow system had only 

Fig. 3 Factors determining the economic potential of agroforestry systems to sequester carbon
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between 2.2 and 6.6 Mg C ha−1 more than the continuous maize system, corresponding 
to a time-averaged advantage compared to continuous maize of between 0.2 and 
0.7 Mg C ha−1 year−1. Because soils under continuous maize cultivation (the control 
in this study) likely experienced further depletion of soil C during the study period, 
the net sequestration rate of improved fallows is even lower. Such considerations 
will also apply to C dynamics of rotational woodlots. Carbon sequestration rates by 
such systems depend on processes during the tree and the cultivation phases, as well 
as the use of the trees. Where trees are processed into long-lived wood products, 
substantial amounts of C may be sequestered, but when woody biomass is predomi-
nantly used as fuelwood, sequestration rates are likely low. Few studies contain 
sufficient data for calculating time-averaged net CS rates, but we find it unlikely that 
such rates exceed 1 Mg C ha−1 year−1, especially for fuelwood systems. It is also 
worth noting that C finance projects normally only pay for C sequestered in situ, and 
that all C that is removed from the field is considered emitted, even if the wood is 
preserved elsewhere.

Fig. 4 Potential carbon values (in USD) produced annually by agroforestry systems in Africa, 
assuming that carbon is sold at international markets. Black bars (bars a–f) indicate permanent 
agroforestry systems, whereas the grey bar (bar g) signifies rotation woodlots that are only present 
for part of the cropping cycle. All bars are straight lines, assuming constant CS rates in each AFS, 
and carbon values for each AFS depend primarily on the carbon price. For example, at a price of 
10 USD per Mg CO

2
-eq, conversion of croplands to homegardens in Kenya, which can store 

0.55 Mg C ha−1 year−1 (bar c), would produce a carbon value of 20 USD year−1; at 30 USD per Mg 
CO

2
-eq the value would be 61 USD year−1
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While complete budgets cannot be derived from our back-of-the-envelope 
calculations, low C values for many AFS indicate that they may not be profitable, 
unless substantial additional benefits can be produced by the system. Due to trans-
action and MRV costs, profits from C sales may be quite a bit lower than the net C 
value produced. Of course, many AFS deliver added benefits, such as yield increases 
and additional marketable products, and more economic analysis should focus on 
the importance of C credits in whole farm budgets.

A few studies have explored the economics of CS by African agroforestry in 
more detail. Henry et al. (2009) found that in East Africa, afforestation is likely 
among the fastest ways to increase aboveground C stocks, whereas inducing small-
holder farmers, with average land holdings of about 1 ha, to plant additional trees 
without adversely affecting food production is ‘a real challenge’. They demonstrate 
that at the current market price for C and considering average farm sizes in their 
study area, 140–300 farms (or 170 to >400 ha depending on intensification scenarios) 
would have to collaborate in C marketing, in order to compensate for the minimum 
transaction costs incurred by marketing C in Clean Development Mechanism 
Afforestation/Reforestation (CDM A/R) projects (Henry et al. 2009).

Some site-specific modeling efforts have been undertaken to evaluate the suit-
ability of C sequestration as an income option for farmers in the West African Sahel. 
Doraiswamy et al. (2007) assumed a carbon price of $10 per Mg of sequestered C 
(not CO

2
-eq, which is more commonly used), which resulted in annual returns from 

C sales of between $0.84 and $1.46 ha−1. This was between 0.2% and 0.8% of net 
annual revenue of the modeled farm. In the case of the most economically success-
ful farming option, even a C price 20 times higher than $10 per Mg C would bring 
the proportion of farm revenues from C sales to only 4.3%. All these figures assume 
that no transaction, measurement, reporting, or verification costs are incurred. 
Tschakert (2004a) also reports low C revenues, amounting to between <$2 and <$7 
per hectare and year, or between 1% and 4.5% of revenue per hectare (at $15 per 
Mg C; once again not CO

2
-eq). At a higher C price of $25 per Mg C, C income 

would constitute between 1.6% and 7.2% of farm revenue, again without including 
the costs of C marketing. Assuming a C price of $42 per Mg C, Takimoto et al. 
(2008a) calculated that selling C credits would raise the net present value of live 
fences by $14 (from $96 to $110) and that of fodder banks by $16.5 (from $159 to 
$175). Carbon revenues would thus amount to between 9 and 13% of net present 
value. This estimate assumes an accounting method that is favorable to farmers  
(C revenues drop to 0.2–0.3% of net present value, if the alternative ‘tonne-year 
accounting’ is chosen) and that all costs of C marketing are external to landowners.

These figures indicate that payments for CS by agroforestry are unlikely to 
 generate substantial income to smallholder farmers in most cases, unless C payments 
are combined with payments for other environmental services provided by 
 agroforestry. Carbon prices will also influence the attractiveness of sequestration 
projects. A macro-economic simulation by Diagana et al. (2007) confirms this 
impression, finding that the amount of C likely to be sequestered in the Nioro region 
of Senegal’s Peanut Basin ranges between 200 Gg C at a C price of $0 and 1.3 Tg C 
at $200 per Mg C. Future C prices are difficult to predict, but if an efficient global 
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market develops, with abundant participation by small- and large-holder farmers 
around the world, C prices will likely drop to close to the costs of C sequestration 
paid by the most efficient sequestration efforts. Carbon is most easily sequestered in 
ecological zones that are much more productive than the Sahel, e.g. in the humid 
tropics. It is thus difficult to imagine that at world market prices, C sequestration 
projects by Sahelian farmers will be competitive. In all studies that we reviewed, C 
incomes were very low, even when (probably unrealistically) assuming that no costs 
were incurred by C sales. It is also troubling that, according to the ‘additionality’ 
criterion in the Clean Development Mechanism, the most C intensive forms of land 
use in the region, such as Sahelian parklands, would be excluded because they allow 
for only little additional C sequestration. From the smallholder perspective, it should 
also be considered that C sales do not necessarily present a ‘win-win’ situation, 
because on Sahelian farms, most resources, including trees, are intensively used. 
Depending on the opportunity costs of potential income options that are restricted 
under C sequestration contracts, net benefits compared to a situation without a  formal 
C contract could thus easily turn negative, because farming in the Sahel is often oppor-
tunistic and requires farmers to adapt to variable circumstances (Tschakert 2004a).

Practical Potential to Sequester Carbon in Africa

In most situations the practical potential to sequester C is even lower than economic 
calculations suggest, due to a number of constraints that are often overlooked. 
Acceptance of new land management options by farmers, for example, has been 
shown to depend on a variety of factors in addition to the economic bottom line 
(Ajayi 2007). Even farmers who decide to test a new AFS may choose not to adopt 
it because of poor tree performance in initial trials, caused by pests, drought, bush 
fires or other biotic or abiotic factors (Sileshi et al. 2007). Damage of young trees by 
livestock can also limit adoption rates (Ajayi and Kwesiga 2003).

Commonly encountered constraints to the adoption of tree-based systems also 
include land tenure, cultural norms, and household power structures in many regions 
(Chidumayo 2002; German et al. 2009; Mwase et al. 2007; Aquino et al. 2011). For 
example, land tenure insecurity may result in degradation of open access land and 
unwillingness of people to plant trees (German et al. 2009; Mwase et al. 2007). 
Many traditional land use systems include customary land resources, which are 
exploitable by the entire community through grazing, hunting, settlement areas, 
crop fields, and graveyards. In Malawi, customary land covers 3.1 million ha and 
half of the forested area is on customary land, and about two-thirds of the customary 
land is disturbed (Mwase et al. 2007). The incentive for individuals to plant trees on 
common land is low, and the distribution of potential benefits from C sales would be 
complicated. Land tenure has been identified as one of the central impediments to 
making the CDM work for smallholder farmers (Unruh 2008; Aquino et al. 2011). 
Moreover, a deficit of information on management options or appropriate inputs 
may constrain the CS potential. The reasons for this are weak extension capacity, 
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scarcity or lack of appropriate planting material (quality seed, seedling, etc.), and 
lack of knowledge and skills in tree management in agroforestry.

Even though CS is often mentioned as a means to fight poverty, the poorest 
households in resource-constrained settings are likely to benefit least from C sales. 
Studies by Tschakert (2004a, b, 2007) in Senegal indicate that due to the initial 
investments necessary for implementation of CS activities, poor farmers may not be 
able to participate in C markets, and if they do, their incomes will be lower than 
those of rich farmers. Dixon et al. (1994) estimate the costs of establishing produc-
tive tree plantings at between $500 and $3,000 per hectare, in various parts of the 
world. Even at the low end of this range, establishment costs would thus probably 
be too high for most Sahelian farmers. A pro-poor focus rather than a purely mar-
ket-based approach is thus needed, if smallholder projects are really to help the 
poor. Such an approach is more likely to be endorsed by a development agency 
rather than by a more profit-oriented organization, taking away from the idea of C 
economics more or less automatically leading to enhanced livelihoods of small-
holder farmers (Tschakert 2004b). Unfortunately, such socioeconomic consider-
ations have been absent from most CS studies. In the context of relatively food 
insecure farmers, for whom risk management is of crucial importance, socioeco-
nomic aspects must be considered when planning and studying CS options and 
potentials. Tschakert and Tappan (2004) therefore called for a farmer-centered 
approach to CS that includes not only effects of C storage on climate, but also the 
impacts of the necessary activities on farmers’ livelihoods.

The most striking knowledge gap among all CS studies is the lack of efforts to 
estimate the transaction costs for implementing C projects, as well as the costs of 
measurement, reporting and verification of the sequestered C. Institutional and 
governance constraints, land tenure, and market access are also typically neglected. 
This is understandable, because most of these factors are difficult to study empiri-
cally and many cannot reliably be projected. However, analyzing plausible policy 
scenarios and including estimates of MRV costs into economic analyses would pro-
vide insights that are necessary for making justifiable recommendations about the 
implementation of C schemes. Moreover, the trade-offs incurred by retaining trees 
for C sequestration vs. using them as fuel, fodder and fertilizer have not been 
explored adequately.

Conclusions

For many parts of Africa, some data exist for the biophysical and technical potential 
of agroecosystems to sequester additional C, but important aspects of CS have not 
been adequately investigated. Many studies have delivered good estimates of 
aboveground C accumulation in AFS, but numbers for the soil are scarcer and 
less reliable. While some studies have compared soil C stocks under agroforestry 
with stocks under different land use types, experimental studies that have com-
pared soil C levels before and after agroforestry establishment are currently lacking. 
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Such studies, however, are needed to separate the likely build-up of soil C by 
 agroforestry from the decreases effected by, say, continuous (year-after-year) maize 
cultivation. Estimates of the economic potential of agroforestry to sequester C are 
only available for very few locations. The few studies that have investigated this in 
the relatively unproductive ecosystems of the Sahel indicated limited opportunities 
for farmers to benefit from C markets.

Complete assessments of the practical potential to implement C schemes for 
smallholders are currently lacking. Without knowledge about the complete array 
of potentials, ex-ante assessments of the impact that C schemes would have on 
African livelihoods are currently data-limited. It is quite clear that large-scale 
implementation of agroforestry practices in Africa would benefit the global cli-
mate, but whether such a move would produce benefits for farmers is unclear. 
Given that in terms of productivity, the African drylands compare unfavorably 
with most other ecosystems of the world, the chance to generate substantial incomes 
from C sales is probably quite slim for farmers in such regions, in particular if C 
prices are determined by international supply and demand dynamics. Without 
more comprehensive studies that explore CS potentials at all levels, however, such 
considerations are highly speculative. Laying the groundwork for involving small-
holder farmers in international C schemes will require comprehensive, interdisci-
plinary, and objective assessments of the potential constraints to adoption, as well 
as the whole array of impacts that C schemes may have on farmers and farming 
communities.

References

Abbot JIO, Homewood K (1999) A history of change: causes of Miombo woodland decline in a 
protected area in Malawi. J Appl Ecol 36:422–433

Ajayi OC (2007) User acceptability of sustainable soil fertility technologies: lessons from farmers’ 
knowledge, attitude and practice in southern Africa. J Sustain Agric 30:21–40

Ajayi OC, Kwesiga F (2003) Implications of local policies and institutions on the adoption of 
improved fallows in eastern Zambia. Agroforest Syst 59:327–336

Akinnifesi FK, Chirwa PW, Ajayi OC, Sileshi G, Matakala P, Kwesiga FR, Harawa H, Makumba 
W (2008) Contributions of agroforestry research to livelihood of smallholder farmers in 
Southern Africa: 1. Taking stock of the adaptation, adoption and impact of fertilizer tree 
options. Medwell Online Agric J 3:58–75

Albrecht A, Kandji ST (2003) Carbon sequestration in tropical agroforestry systems. Agric Ecosyst 
Environ 99:15–27

Batjes NH (2001) Options for increasing carbon sequestration in west African soils: an exploratory 
study with special focus on senegal. Land Degrad Dev 12:131–142

Batjes NH (2004a) Estimation of soil carbon gains upon improved management within croplands 
and grasslands of Africa. Environ Dev Sustain 6:133–143

Batjes NH (2004b) Soil carbon stocks and projected changes according to land use and manage-
ment: a case study for Kenya. Soil Use Manag 20:350–356

Boffa JM (1999) Agroforestry parklands in sub-Saharan Africa. FAO Conservation Guide 34. 
Food and Agriculture Organization of the United Nations, Italy, p. 230

Campbell BM, Clarke JM, Gumbo DJ (1991) Traditional agroforestry practices in Zimbabwe. 
Agroforest Syst 14:99–111



81Carbon Sequestration Potential of Agroforestry Systems in Africa

Campbell B, Frost P, Byron N (1996) Miombo woodlands and their use: overview and key issues. 
In: Campbell B (ed.) The Miombo in transition: woodlands and welfare in Africa. CIFOR, 
Bogor, pp 1–10

Cannell MGR (2003) Carbon sequestration and biomass energy offset: theoretical, potential and 
achievable capacities globally, in Europe and the UK. Biomass Bioenergy 24:97–116

Chakeredza S, Hove L, Akinnifesi FK, Franzel S, Ajayi OC, Sileshi G (2007) Managing fodder 
trees as a solution to human-livestock food conflicts and their contribution to income genera-
tion for smallholder farmers in southern Africa. Nat Resour Forum 31:286–296

Chidumayo EN (1987) A shifting cultivation land-use system under population pressure in Zambia. 
Agroforest Syst 5:15–25

Chidumayo EN (1997) Miombo ecology and management: an introduction. Intermediate Technology 
Publications in association with the Stockholm Environment Institute, London, 166 p

Chidumayo EN (2002) Changes in Miombo woodland structure under different land tenure and 
use systems in central Zambia. J Biogeogr 29:1619–1626

de Aquino AR, Aasrud A, Guimarães L (2011) Can forest carbon finance influence land tenure 
security in project areas? Preliminary lessons from projects in Niger and Kenya. In: Kumar 
BM, Nair PKR (eds.) Carbon sequestration potential of agroforestry systems: opportunities and 
challenges. Springer, Dordrecht, pp 231–246

Diagana B, Antle J, Stoorvogel J, Gray K (2007) Economic potential for soil carbon sequestration 
in the Nioro region of Senegal’s Peanut Basin. Agric Syst 94:26–37

Dixon RK, Winjum JK, Schroeder PE (1993) Conservation and sequestration of carbon: the poten-
tial of forest and agroforest management practices. Glob Environ Change Hum Policy Dimens 
3:159–173

Dixon RK, Winjum JK, Andrasko KJ, Lee JJ, Schroeder PE (1994) Integrated land-use systems: 
assessment of promising agroforest and alternative land-use practices to enhance carbon con-
servation and sequestration. Clim Change 27:71–92

Doraiswamy PC, McCarty GW, Hunt ER Jr, Yost RS, Doumbia M, Franzluebbers AJ (2007) 
Modeling soil carbon sequestration in agricultural lands of Mali. Agric Syst 94:63–74

Eriksen C (2007) Why do they burn the ‘bush’? Fire, rural livelihoods, and conservation in Zambia. 
Geogr J 173:242–256

Fernandes ECM, Oktingati A, Maghembe J (1985) The Chagga homegardens: a multistoried agro-
forestry cropping system on Mt. Kilimanjaro (Northern Tanzania). Agroforest Syst 2:73–86

German G, Akinnifesi FK, Edriss AK, Sileshi G, Masangano C, Ajayi OC (2009) Influence of 
property rights on farmers’ willingness to plant indigenous fruit trees in Malawi and Zambia. 
Afr J Agric Res 4:427–437

Gijsbers HJM, Kessler JJ, Knevel MK (1994) Dynamics and natural regeneration of woody species 
in farmed parklands in the Sahel region (Province of Passore, Burkina-Faso). Forest Ecol 
Manag 64:1–12

Glenday J (2008) Carbon storage and emissions offset potential in an African dry forest, the 
Arabuko-Sokoke Forest, Kenya. Environ Monit Assess 142:85–95

Hanan NP, Kabat P, Dolman AJ, Elbers JA (1998) Photosynthesis and carbon balance of a Sahelian 
fallow savanna. Glob Change Biol 4:523–538

Hemp A (2006) The banana forests of Kilimanjaro: biodiversity and conservation of the Chagga 
homegardens. Biodivers Conserv 15:1193–1217

Henry M, Tittonell P, Manlay RJ, Bernoux M, Albrecht A, Vanlauwe B (2009) Biodiversity, car-
bon stocks and sequestration potential in aboveground biomass in smallholder farming systems 
of western Kenya. Agric Ecosyst Environ 129:238–252

Hulme M (2001) Climatic perspectives on Sahelian desiccation: 1973-1998. Glob Environ Change 
Hum Policy Dimens 11:19–29

Ingram JSI, Fernandes ECM (2001) Managing carbon sequestration in soils: concepts and termi-
nology. Agric Ecosyst Environ 87:111–117

Jarecki MK, Lal R (2003) Crop management for soil carbon sequestration. Crit Rev Plant Sci 
22:471–502



82 E. Luedeling et al.

Kanschik W, Becker B (2001) Dry Miombo – ecology of its major plant species and their potential 
use as bio-indicators. Plant Ecol 155:139–146

Kaonga ML, Bayliss-Smith TP (2009) Carbon pools in tree biomass and the soil in improved 
fallows in eastern Zambia. Agroforest Syst 76:37–51

Kaonga ML, Coleman K (2008) Modelling soil organic carbon turnover in improved fallows in 
eastern Zambia using the RothC-26.3 model. Forest Ecol Manag 256:1160–1166

Kimaro AA (2009) Sequential agroforestry systems for improving fuelwood supply and crop yield 
in semi-arid Tanzania. PhD thesis, University of Toronto, Toronto, 124 p

Kuersten E, Burschel P (1993) CO
2
-mitigation by agroforestry. Water Air Soil Pollut 70:533–544

Lawton RM (1978) Study of dynamic ecology of Zambian vegetation. J Ecol 66:175–198
Liu S, Kairé M, Wood E, Diallo O, Tieszen LL (2004) Impacts of land use and climate change on 

carbon dynamics in south-central Senegal. J Arid Environ 59:583–604
Long SP, Moya EG, Imbamba SK, Kamnalrut A, Piedade MTF, Scurlock JMO, Shen YK, Hall DO 

(1989) Primary productivity of natural grass ecosystems of the Tropics - a reappraisal. Plant 
Soil 115:155–166

Lufafa A, Bolte J, Wright D, Khouma M, Diedhiou I, Dick RP, Kizito F, Dossa E, Noller JS (2008) 
Regional carbon stocks and dynamics in native woody shrub communities of Senegal’s Peanut 
Basin. Agric Ecosyst Environ 128:1–11

Makumba W, Akinnifesi FK, Janssen B, Oenema O (2007) Long-term impact of a gliricidia-maize 
intercropping system on carbon sequestration in southern Malawi. Agric Ecosyst Environ 
118:237–243

Maranz S (2009) Tree mortality in the African Sahel indicates an anthropogenic ecosystem dis-
placed by climate change. J Biogeogr 36:1181–1193

Matthews RB, Holden ST, Volk J, Lungu S (1992) The potential of alley cropping in improvement 
of cultivation systems in the high rainfall areas of Zambia. 1. Chitemene and Fundikila. 
Agroforest Syst 17:219–240

Montagnini F, Nair PKR (2004) Carbon sequestration: an underexploited environmental benefit of 
agroforestry systems. Agroforest Syst 61–62:281–295

Mwase WF, Bjornstad A, Bokosi JM, Kwapata MB, Stedje B (2007) The role of land tenure in 
conservation of tree and shrub species diversity in Miombo woodlands of southern Malawi. 
New For 33:297–307

Nair PKR, Kumar BM, Nair VD (2009) Agroforestry as a strategy for carbon sequestration. J Plant 
Nutr Soil Sci-Z Pflanzenernahr Bodenkd 172:10–23

Nhantumbo A, Ledin S, Du Preez C (2009) Organic matter recovery in sandy soils under bush fal-
low in southern Mozambique. Nutr Cycle Agroecosyst 83:153–161

Nyadzi GI, Otsyina RM, Banzi FM, Bakengesa SS, Gama BM, Mbwambo L, Asenga D (2003) 
Rotational woodlot technology in northwestern Tanzania: tree species and crop performance. 
Agroforest Syst 59:253–263

Nyamadzawo G, Chikowo R, Nyamugafata P, Nyamangara J, Giller K (2008) Soil organic carbon 
dynamics of improved fallow-maize rotation systems under conventional and no-tillage in 
Central Zimbabwe. Nutr Cycle Agroecosyst 81:85–93

Okorio J, Maghembe JA (1994) The growth and yield of Acacia albida intercropped with maize 
(Zea mays) and beans (Phaseolus vulgaris) at Morogoro, Tanzania. Forest Ecol Manag 
64:183–190

Reij C, Tappan GG, Smale M (2009) Agroenvironmental transformation in the Sahel - another 
kind of “Green Revolution”. IFPRI Discussion Paper No. 914:1–52

Sileshi G, Mafongoya PL (2006) Long-term effects of improved legume fallows on soil inverte-
brate macrofauna and maize yield in eastern Zambia. Agric Ecosyst Environ 115:69–78

Sileshi G, Akinnifesi FK, Ajayi OC, Chakeredza S, Kaonga M, Matakala PW (2007) Contribution 
of agroforestry to ecosystem services in the Miombo eco-region of eastern and southern 
African. Afr J Environ Sci Technol 1:68–80

Sileshi G, Schroth G, Rao MR, Girma H (2008) Weeds, diseases, insect pests and tri-trophic inter-
actions in tropical agroforestry. In: Batish DR, Kohli RK, Jose S, Singh HP (eds.) Ecological 
basis of agroforestry. CRC Press, Boca Raton, pp 73–94



83Carbon Sequestration Potential of Agroforestry Systems in Africa

Sinclair FL (1999) A general classification of agroforestry practice. Agroforest Syst 46:161–180
Solomon D, Lehmann J, Zech W (2000) Land use effects on soil organic matter properties of 

chromic luvisols in semi-arid northern Tanzania: carbon, nitrogen, lignin and carbohydrates. 
Agric Ecosyst Environ 78:203–213

Stigter CJ, Mohammed AE, Al-amin NKN, Onyewotu LOZ, Oteng’i SBB, Kainkwa RMR (2002) 
Agroforestry solutions to some African wind problems. J Wind Eng Ind Aerod 90:1101–1114

Stromgaard P (1985) Biomass, growth, and burning of woodland in a shifting cultivation area of 
South Central Africa. Forest Ecol Manag 12:163–178

Takimoto A, Nair PKR, Alavalapati JRR (2008a) Socioeconomic potential of carbon sequestration 
through agroforestry in the West African Sahel. Mitig Adapt Strat Glob Change 13:745–761

Takimoto A, Nair PKR, Nair VD (2008b) Carbon stock and sequestration potential of traditional 
and improved agroforestry systems in the West African Sahel. Agric Ecosyst Environ 
125:159–166

Tieszen LL, Tappan GG, Touré A (2004) Sequestration of carbon in soil organic matter in Senegal: 
an overview. J Arid Environ 59:409–425

Traoré PCS, Bostick WM, Jones JW, Koo J, Goïta K, Bado BV (2008) A simple soil organic-
matter model for biomass data assimilation in community-level carbon contracts. Ecol Appl 
18:624–636

Tschakert P (2004a) Carbon for farmers: assessing the potential for soil carbon sequestration in the 
old peanut basin of Senegal. Climate Change 67:273–290

Tschakert P (2004b) The costs of soil carbon sequestration: an economic analysis for small-scale 
farming systems in Senegal. Agric Syst 81:227–253

Tschakert P (2007) Environmental services and poverty reduction: options for smallholders in the 
Sahel. Agric Syst 94:75–86

Tschakert P, Tappan G (2004) The social context of carbon sequestration: considerations from a 
multi-scale environmental history of the Old Peanut Basin of Senegal. J Arid Environ 
59:535–564

Tschakert P, Khouma M, Sène M (2004) Biophysical potential for soil carbon sequestration in 
agricultural systems of the Old Peanut Basin of Senegal. J Arid Environ 59:511–533

Unruh JD (2008) Carbon sequestration in Africa: the land tenure problem. Glob Environ Change 
Hum Policy Dimens 18:700–707

Venema HD, Schiller EJ, Adamowski K, Thizy JM (1997) A water resources planning response to 
climate change in the Senegal River Basin. J Environ Manage 49:125–155

Walker SM, Desanker PV (2004) The impact of land use on soil carbon in Miombo Woodlands of 
Malawi. Forest Ecol Manag 203:345–360

Williams M, Ryan CM, Rees RM, Sambane E, Fernando J, Grace J (2008) Carbon sequestration 
and biodiversity of re-growing Miombo woodlands in Mozambique. Forest Ecol Manag 
254:145–155

Woomer PL, Tieszen LL, Tappan G, Touré A, Sall M (2004a) Land use change and terrestrial 
carbon stocks in Senegal. J Arid Environ 59:625–642

Woomer PL, Touré A, Sall M (2004b) Carbon stocks in Senegal’s Sahel transition zone. J Arid 
Environ 59:499–510



   



85B.M. Kumar and P.K.R. Nair (eds.), Carbon Sequestration Potential of Agroforestry  
Systems: Opportunities and Challenges, Advances in Agroforestry 8,  
DOI 10.1007/978-94-007-1630-8_5, © Springer Science+Business Media B.V. 2011

Abstract Agroforestry systems (AFS) based on cacao (Theobroma cacao L.) 
may play an important role in capturing carbon (C) aboveground and storing it 
belowground (soil) through continuous deposition of plant residues. Cacao AFS in 
Bahia, Brazil, are comprised of cacao planted either with woody species such as 
Erythrina spp. and Gliricidia spp. or under tree canopies in natural forest, the latter 
being known as “cabruca”. The large amounts of leaf litter, roots, and woody material 
from shade species as well as cacao represent a substantial addition of C into these 
systems, most of which, following decomposition, is stored in the soil. The total C 
storage in the weathered Oxisols under cacao AFS in Bahia is estimated as 302 Mg 
ha−1 to 1 m depth. Occlusion of C in soil aggregates could be a major mechanism 
of C protection in these soils. Therefore it is important to know the amount of 
soil C storage across different soil aggregate classes at different soil depths and 
identify the extent of the sequestered C that is occluded in the soil aggregates. 
Furthermore, the deep-rooted nature of cacao and shade trees makes it imperative 
to look below the surface soil, where most conventional soil studies are focused. 
Carbon sequestration potential of cacao and other shaded-perennial-crop-based AFS 
could be a source of income for the farmers of these crops, the majority of whom 
are smallholders. Understanding the mechanisms of soil C sequestration could lead 
to proper realization of this potential through better management options.
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Introduction

Research interest in soil organic carbon (SOC) as a potential sink for atmospheric 
carbon dioxide (CO

2
) has increased considerably in recent years (IPCC 2000). It is 

now well recognized that storage of SOC in soils can be increased directly by 
increasing C returns to the soil in the form of crop residues, manure, or other organic 
amendments, and indirectly by management practices that decrease soil organic 
matter (SOM) decomposition and erosion. Such practices include conservation till-
age, converting degraded arable lands to perennial grasslands, afforestation, refor-
estation, restoration of degraded lands, improved silvicultural techniques to increase 
growth rates, and the implementation of agroforestry practices in agricultural lands 
(Lal 2004; Montagnini and Nair 2004; Nair et al. 2009, 2010).

Agroforestry systems (AFS) in which high amounts of organic materials are 
added to the soil, such as the shaded perennial-crop systems, have special relevance 
because of their high potential for sequestering carbon (C) in soil (Muñoz and Beer 
2001; Montagnini and Nair 2004; Oelbermann and Voroney 2007). The extent to 
which such organic materials are deposited depends on both species (the crop and 
the shade tree) and the management systems involved.

Cacao (Theobroma cacao L.) is rather unique in this respect because of the rela-
tively high amount of deposition via litterfall, estimated as approximately 7.0 Mg 
ha−1 year−1 (Fontes 2006). In its native habitat of central and western Amazonia in 
Brazil, cacao grows as a forest understory tree. Today it is cultivated over approxi-
mately two million ha in many tropical humid lowlands of Central and South 
America, West Africa, South- and Southeast Asia, and the Caribbean and the Pacific 
islands (World Cocoa Foundation: www.worldcocoafoundation.org; accessed on 24 
January 2011). The world production of cacao beans is approximately 3 × 106 Mg 
(three million tons), with an average market value of about $5 million (World Cocoa 
Foundation: www.worldcocoafoundation.org; accessed on 18 January 2011); thus 
the economic importance of the crop is much more than what its area under cultiva-
tion would suggest.

The extent to which the C released from the decomposition of the high amounts 
of litterfall that is continuously deposited on the soil surface in cacao-based AFS 
(and other shaded perennial crop systems) is retained (sequestered) in the soil 
depends to a large degree on the soil properties, especially soil aggregation (Six 
et al. 2004; Gama-Rodrigues et al. 2010; Nair et al. 2010). The relationship between 
soil aggregation and the reserve pool of C in soils under cacao, based on a case-
study conducted on cacao-AFS in southern Bahia, Brazil, is the focus of this paper. 
The relevance of such studies for the cacao-AFS and shaded perennial crop systems 
on a broader scale is also examined.
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Carbon Input to Soils Under Cacao Agroforestry Systems

In Brazil, cacao AFS are established over more than 0.7 million ha on soils with 
differing pedogenesis and land use history. The productive capacity of these soils 
decreases strongly with each harvest due to the nutrients being removed from the 
system through cacao beans and other products associated with cacao AFS such as 
the rubber tree (Hevea brasiliensis H.B.K. M.-Arg.), coconut (Cocos nucifera L.), 
and a multitude of other woody and non-woody species. In southern Bahia, which 
is located in the Atlantic forest region of Brazil, cacao AFS include two main types 
of planting systems: one known as “cabruca” or cacao planted under a thinned natu-
ral forest and shaded by native forest trees, and the other involving complete removal 
of all naturally occurring trees before planting cacao along with introduced shade 
trees. The leguminous tree Erythrina spp. (hereafter referred to as erythrina) is 
the most common among such introduced shade trees (cacao + erythrina). Under 
the cabruca system, vegetation structure and stratification are similar to those of 
natural forests. In the latter system, the cacao stand density is about 1,100 plants 
ha−1, which is about two times that under the cabruca system (Müller and Gama-
Rodrigues 2007). Cacao is also grown in between or under commercial crops such 
as banana (Musa spp.), cassava (Manihot esculenta Crantz), coconut, rubber, peach 
palm (Bactris gasipaes Kunth.), açaí (Euterpe oleracea Mart.), coffee (Coffea cane-
phora Pierre ex A. Froehner), and a variety of other trees including Bagassa guianensis 
Aubl., Bertholetia excelsa H.B.K., Cordia alliodora (Ruiz & Pavón) Oken., 
Schizolobium amazonicum Huber ex Ducke, Swietenia macrophylla (L.) Jacq., 
Tabebuia heptaphylla (Vell.) Toledo, and Tectona grandis L.f. (Müller and Gama-
Rodrigues 2007). Other species that are commonly grown with cacao in the 
cacao-growing region of Brazil include piassava palm (Attalea funifera Mart. ex 
Spreng.), black pepper (Piper nigrum L.), clove (Syzygium aromaticum (L.) Merr. 
& Perr.), guarana (Paullinia cupana Mart.), vanilla (Vanilla planifolia Andr.), 
cardamom (Elettaria cardamomum (L.) Maton), passion fruit (Passiflora edulis 
Sims.), allspice (Pimenta dioica (L.) Merr.), and patchouli (Pogostemon cablin 
(Blanco) Benth.). Such crop diversification has been proposed to counterbalance the 
socioeconomic and ecological risks associated with cacao monocropping (Alvim 
and Nair 1986).

The effectiveness of cacao AFS for sequestering C depends on factors related to 
both the environment and the types of planting systems. The large amounts of both 
above- and belowground biomass accumulation and subsequent turnover of leaf lit-
ter, roots, and woody material from the shade species and from cacao provide a 
continuous stream of organic inputs into the soil (Muñoz and Beer 2001; Müller and 
Gama-Rodrigues 2007). Fontes (2006) reported that the total C stored in the bio-
mass of the cacao + erythrina and cabruca systems was similar, with a mean of 
39.27 Mg ha−1 (Table 1). The difference between the two systems was due to above-
ground cacao biomass and the lower cacao stand density in the cabruca system. 
However, the shade trees (55 trees ha−1) in the cabruca system stored 44% more C 
than the erythrina trees (35 trees ha−1). There was essentially no difference in the 
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fine roots and litter layer across the systems; the average C stored was 2,860 kg ha−1 
in the fine roots and 3,812 kg ha−1 in the litter layer. Regarding the fruit production 
of cacao, there was very little difference between the amounts of C stored in seeds 
(210–425 kg ha−1) versus husks (294–595 kg ha−1). There was also no difference 
between the two systems for total C input in terms of natural litterfall (mean 2.75 Mg 
ha−1 year−1). The litterfall of cacao was the main C input in the cacao + erythrina 
system (Table 2), with leaf fall accounting for about 80% of the total C input in that 
system, compared with 56% in the cabruca system (Table 2). The other major source 
of C input to these systems is fine roots and root hairs (Table 1). Up to 90% of root 
hairs (Kummerow et al. 1981) and 60% of fine roots (Kummerow et al. 1982; Muñoz 
and Beer 2001) are found in soil depth of 0–15 cm, and up to 80% of lateral roots 
(>5–10 mm) are known to occur in the 0–60 cm soil depth (Gama-Rodrigues and 
Cadima-Zevallos 1991).

The greatest proportion (81%) of total C stored in cacao AFS was found in 
aboveground biomass and the fine roots accounted for 7.3%, litter layer 9.7%, and 

Table 1 Biomass carbon stocks in the systems of cacao + erythrina and cacao cabruca systems in 
Bahia, Brazil

Components

Cacao + erythrina Cacao cabruca

Cacao Erythrina Cacao Shade trees

(kg ha−1)

Leaf 1,512 911 756 1,309
Branch 8,589 2,473 4,295 3,552
Trunk 3,150 13,969 1,575 20,067
Fruits 1,020 504
 Seeds 425 210
 Husks 595 294
Totala 15,291 17,353 7,634 24,928

Fine roots 2,816 2,903
Litter 3,925 3,698
Totalb 39,385 39,163

Source: Fontes (2006)
aTotal aboveground (leaves + branch + trunk + fruits)
bTotal biomass (aboveground + fine roots + litter layer)

Table 2 Litterfall C stocks in the systems cacao + erythrina and cacao cabruca systems in Bahia, 
Brazil

Components

Cacao + erythrina Cacao cabruca

Cacao Erythrina Cacao Shade tree

(kg C ha−1 year−1)

Leafa 1,325 847 531 1,565
Flowera 323 368
Branch 232 312
Total 2,727 2,776

Source: Fontes (2006)
a Values for cacao + erythrina and cacao + shade tree



89Soil Carbon Sequestration in Cacao Agroforestry Systems…

fruits 2% of total C storage. The relative quantity of C removed in the harvested 
beans was low at 0.8%. In many cacao plantations, the husk is left on the ground and 
recycled, thereby representing another input of organic C into soil. Cacao AFS show 
the capacity to store C in soil microbial biomass (SMB) in the top soil (0–10 cm). 
Gama-Rodrigues et al. (2006) reported a mean value of 269 kg C ha−1 in SMB, 
measured according to the fumigation-extraction method. Although this constitutes 
less than 1% total C in the soil, it is the most important component of SOM, control-
ling the nature and rate of organic matter transformations. Moreover, it plays a criti-
cal role in cycling soil C and accounts for roughly half of soil surface CO

2
 efflux 

through heterotrophic soil respiration (Hanson et al. 2000; Högberg et al. 2001).

Importance of Soil Aggregates in C Soil Storage  
of Cacao AFS

Organic matter is a major agent in forming and stabilizing soil aggregates (Six et al. 
2000; Yamashita et al. 2006). The stabilization processes that protect SOM against 
biodegradation are therefore of great interest, and in order to enhance the potential 
of C sequestration in soils, it is important to understand the mechanisms that control 
the stabilization and release of C (Gregorich et al. 2006; Marschener et al. 2008). 
Three major factors of SOM stabilization include the physical protection of SOM, 
chemical protection through interaction with mineral surfaces, and selective preser-
vation of certain recalcitrant organic compounds. The relative contribution of each 
factor to C protection in soils is not well understood (Six et al. 2002; Sollins et al. 
1996). The physical protection of SOM through occlusion within aggregates or 
small pores is considered an important mechanism to reduce the bioavailability and 
accessibility of organic matter for soil microorganisms and soil enzymes (Tisdall 
and Oades 1982; Elliott 1986; Gupta and Germida 1988; Hassink 1992; Goebel 
et al. 2005). Aggregates protect SOM by forming a physical barrier from microor-
ganisms, microbial enzymes, and their substrates; controlling food web interactions, 
and influencing microbial turnover (Six et al. 2000).

Aggregates are secondary particles formed through the combination of mineral 
particles with organic and inorganic substances (Bronick and Lal 2005); they repre-
sent a significant pool of soil C (Six et al. 1998, 1999). This is because the inclusion 
of organic materials within soil aggregates reduces their decomposition rate (Oades 
1984; Elliott and Coleman 1988), improves C sequestration, and reduces the rate of 
increase in CO

2
 concentration in the atmosphere. Aggregates are often grouped by 

their size into macroaggregates (>250 mm) and microaggregates (<250 mm). 
Different aggregate size groups differ in terms of their levels of labile C; C associ-
ated with macroaggregates is more labile and represent the light organic matter, 
while C associated with microaggregates is more recalcitrant and represents the 
stable fraction (Tisdall and Oades 1982; Gupta and Germida 1988; Bronick and Lal 
2005; Cadish et al. 2006). The degree and duration of the stabilization of SOC 
within macroaggregates and microaggregates differ (Tisdall and Oades 1982).
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Conceptual Explanation for Aggregate Formation  
in Cacao AFS Soils

Gama-Rodrigues et al. (2010) reported that the cacao AFS in Bahia had a high 
amount of soil C stock in excess of 300 Mg ha−1 across the 0–100 cm soil layer, 
similar to natural forests (Fig. 1). The distribution of C in different soil depths, espe-
cially below 30 cm, was also uniform in all three land use systems studied: the two 
cacao systems and natural forest (Fig. 2). In order to understand the C sequestration 
potential of cacao AFS, it is important to evaluate the extent of soil C storage in dif-
ferent soil aggregate classes at different soil depths. The fractionation of slaking-
resistant aggregates of different sizes by wet sieving and subsequent use of ultrasonic 
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Fig. 1 Soil organic carbon (SOC) storage in the 0–100 cm soil layer in forest, cacao cabruca, and 
cacao + erythrina land use systems in Bahia, Brazil. There were no statistical differences among 
the land use systems (Source: Gama-Rodrigues et al. 2010)

Fig. 2 Soil organic carbon (SOC) storage at different depths in three land use systems in Bahia, 
Brazil. Values followed by the same letter (s) within each depth are not significantly different 
according to the Tukey test (p = 0.05) (Source: Gama-Rodrigues et al. 2010)
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energy and aggregate disruption allow us to determine the amount of fine aggregate 
occluded C (Gama-Rodrigues et al. 2010).

Various mechanisms have been proposed to account for the binding of soil par-
ticles into water stable aggregates, which are the building blocks of soil structure 
(Tisdall and Oades 1982; Elliott 1986; Oades and Waters 1991; Jastrow 1996). 
Tisdall and Oades (1982) presented a conceptual model for aggregate hierarchy that 
described how primary mineral particles are bound together with bacterial, fungal, 
and plant debris into microaggregates. These microaggregates, in turn, are bound 
together into macroaggregates by transient binding agents (i.e., microbial- and 
plant-derived polysaccharides) and temporary binding agents (i.e., roots and fungal 
hyphae). Three consequences of this aggregate hierarchy are:

 1. a gradual breakdown of macroaggregates into microaggregates before they dis-
sociate into primary particles as increasing dispersive energy is applied to soil 
(Oades and Waters 1991),

 2. an increase in C concentration with increasing aggregate size class because large 
aggregate size classes are composed of small aggregate size classes plus organic 
binding agents (Elliott 1986), and

 3. the presence of higher amounts of younger and more labile organic matter in 
macroaggregates than in microaggregates (Elliott 1986; Puget et al. 1995; Jastrow 
et al. 1996).

Oades and Waters (1991) tested the aggregate hierarchy model in different soils 
by applying a range of treatments to disaggregate soils. They concluded that an 
Oxisol did not express any hierarchical aggregate structure, probably because 
oxides, rather than organic materials, were the dominant stabilizing agents. So, we 
do not expect high C content in the largest aggregate class as compared to microag-
gregates in Oxisols. Alternatively, Oades (1993) speculated that aggregate hierarchy 
might exist in soils as a result of a long history of exploration by roots, particularly 
from grasses; as such, aggregate hierarchy will not apply to very young soils and , 
perhaps, to soils where inorganic cements are dominant, such as Oxisols.

Zotarelli et al. (2007) did not find differences in C and N content across aggre-
gate-size fractions in Oxisols under crop and pasture systems; based on this, they 
suggested a conceptual model of macroaggregate turnover in order to determine the 
stabilization of SOM as fine intra-aggregate particulate organic matter, as proposed 
by Six et al. (1998, 1999). Six et al. (1999) noted that the reduction in tillage distur-
bance in no-till systems reduced the rate of macroaggregates turnover and enhanced 
the formation of highly stable microaggregates within macroaggregates, in which C 
was stabilized and sequestered in the long term.

Focusing on cacao AFS Oxisol, Gama-Rodrigues et al. (2010) found that macro-
aggregates comprised the most abundant fraction within the soil, with a high amount 
of C in the 0–100 cm layer, followed by microaggregates and silt-and-clay fractions. 
In addition, they found that 70% of C in the cacao AFS was fine C occluded within 
macroaggregates, which is a physically protected form of C. According to these 
authors, the constant addition of organic materials via litterfall and the presence of 
leguminous plant roots (Haynes and Beare 1997), coupled with the absence of tillage 
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and use of machinery in no-till systems such as cacao AFS, help maintain the binding 
effect and increases the number of water-stable macroaggregates. Although SOC 
inside the macroaggregates is more subject to disturbance than that in microaggre-
gates and silt and clay fractions, the extent of such disturbances is low in cacao 
systems; therefore, C contained in this fraction can be expected to become more 
stabilized over time. Thus, cacao AFS seem to play an important role in environ-
mental protection by mitigating GHG emission through the storage of high amounts 
of well-protected organic C in the soils.

Root growth increases aggregation through different mechanisms; roots, root 
hairs, and fungal hyphae form an extensive network (Fig. 3a–c), which physically 
enmesh fine particles of soil into aggregates even after their death. Also, roots and 
fungal hyphae exude polysaccharides, which can act as binding agents, thereby 
helping aggregation. In addition, roots can supply large quantities of organic mate-
rial to soils (Tisdall and Oades 1982; Haynes and Beare 1997). Thus, soils under 
crops with the greatest root mass often show the greatest aggregate formation (Oades 
1993; Haynes and Beare 1997).

Fig. 3 Photographs showing the roots, root hairs and fungi mycelium in the litter layer of cacao 
agrofoestry system in Bahia, Brazil. (a) Fine roots and root hairs of Erythrina spp. in cacao agro-
forestry in Bahia, Brazil, (b) Cacao litter layer involving fungal mycelium, roots, and soils in 
advanced stages of decomposition, (c) Cacao litter layer: leaves (F layer); mixture of leaves, fungi, 
roots and soils (H layer); mixture of light fraction, roots and soils (O layer), (d) Litter layer of 
cacao agroforestry systems in Bahia, Brazil
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According to Six et al. (1998), when fresh residue containing a high percentage of 
easily available C is applied to the soil, microbial activity increases and available C 
is assimilated in the form of extracellular polysaccharides, which leads to aggregate 
formation (Fig. 3d). These newly applied residues function as nucleation sites for the 
growth of fungi and other soil microbes, resulting in the binding of residue and soil 
particles into macroaggregates. The formation and stabilization of macroaggregates 
play an important role in the protection and subsequent accumulation of SOC (Liao 
et al. 2006). In land use systems with no tillage, a slow macroaggregate turnover 
allows time for the formation of fine occluded particulate organic matter that gradually 
becomes encrusted with clay particles and microbial products to form microaggre-
gates containing young crop-derived C within macroaggregates (Six et al. 1998, 
1999, 2000). The occluded C that is physically protected within soil aggregates 
represents a relatively more stable pool of C, though it is not strongly associated with 
soil particles (Christensen 1992; John et al. 2005). The constant replacement of 
organic material in land use systems, such as cacao AFS, maintains the binding effect 
and increases the number of water-stable macroaggregates (Gama-Rodrigues et al. 
2010). Furthermore, previous studies have reported that the high concentration of 
fine roots at the surface soil up to a depth of 15 cm (Muñoz and Beer 2001) together 
with lignified coarse roots in subsurface soils up to 100 cm (Gama-Rodrigues and 
Cadima-Zevallos 1991) contribute substantially to belowground C stocks in cacao 
AFS. The presence of leguminous plant roots also promotes soil aggregation (Haynes 
and Beare 1997). Additionally, the cacao AFS is a no-till system that facilitates the 
maintenance of a high SOM level and macroaggregate formation due to the continu-
ous input of organic material into the soil via litterfall (Isaac et al. 2005; Müller and 
Gama-Rodrigues 2007) and sloughed-off roots (Gama-Rodrigues and Cadima-
Zevallos 1991; Kummerow et al. 1982).

The location of organic matter within the aggregate is a key factor for the stabi-
lization and storage of SOM (Six et al. 2004). The protective effect of clay on SOM 
involves the interaction of SOM with the surface of the clay particles (including 
cation bridges, hydrogen bonds, electrostatic, and van der Waals interactions) and 
the occlusion of organic material in the matrix of soil aggregates (Hassink and 
Whitmore 1997). Whether the C pool is protected from silt and clay depends on the 
silt and clay proportions in soils; 1:1 clay-mineral-dominated soils, such as Oxisols, 
have a low level of silt-and-clay-protected C pool (Six et al. 2002). Therefore, clay 
content alone is not necessarily an appropriate indication of C protection in these 
soils. Gama-Rodrigues et al. (2010) suggested that occlusion of C in soil aggregates 
can be a major mechanism of C protection in Oxisols under cacao AFS. According 
to these authors, a strong correlation between organic C and aggregate size suggests 
that very high levels of organic matter could lead to a change in the dominant bind-
ing agents of these aggregates from oxides to organic molecules in these soils. The 
Oxisols under such systems may not present a classic hierarchical model for the 
formation of aggregates. More research is needed to compare soils under cacao AFS 
and other crop systems in order to reach a more definitive conclusion. Nevertheless, 
we can affirm that the development of SOM conservation practices in agricultural 
systems such as no tillage practices, the incorporation of trees, and the continuous 
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input of organic matter are important to improve soil aggregation and, consequently, 
the accumulation of soil C in the highly weathered soils of the humid tropics.

Implications for Other Cacao-Growing Regions  
and Shaded-Perennial Agroforestry Systems

The above case study shows that the biomass of cacao and shade trees (aboveground 
and belowground) represents a significant source of input to soil C. The C captured 
in the biomass and deposited on the soil surface is indirectly sequestered as SOC 
following its decomposition. Furthermore, the soil has sink pools of C with micro-
bial biomass and soil aggregates within them; but this pool is seldom considered in 
estimates of C sequestration. As reported by Nair et al. (2010), the available esti-
mates of the C sequestration potential of AFS are derived by combining data on the 
aboveground, time-averaged C stocks and the soil C values, and the estimates are 
generally not rigorous.

Unfortunately, there are no standardized procedures and protocols for measuring 
and reporting C sequestration estimates in AFS; the cacao AFS are no exception. 
Some of the available reports on C sequestration in cacao AFS presented in Table 3 
account for only the C stock in the aboveground biomass and roots (Duguma et al. 
2001; Cotta et al. 2008; Hertel et al. 2009); some others include the C stock only in 
the soil surface (Fassbender et al. 1991; Isaac et al. 2005; Oelbermann et al. 2006; 
Barreto et al. 2010). Only a few studies have reported soil C stock to 1 m depth (e.g., 
Smiley and Kroschel 2008) and consider the large sink pool of C as soil aggregate 
(Gama-Rodrigues et al. 2010). Because of these variations in study procedures and 
lack of a uniform set of parameters that are being reported, even the limited amounts 
of data on C sequestration in cacao- (and other shaded-perennial-crop)-AFS from 
different countries cannot, unfortunately, be compared and contrasted. Therefore, 
the actual magnitude of C sequestration in soils under cacao AFS remains uncertain. 
Future research efforts should focus on a standardized protocol to study C seques-
tration in soils under cacao AFS: some of these issues include standardizing the 
sampling procedures including soil sampling to about 1-m depth, determining the 
soil organic C by the dry combustion method, reporting soil bulk density in the 
calculation of C stock, and quantifying the C in the fraction-size classes and inside 
the aggregates.

In addition to the environmental benefits of GHG mitigation and biodiversity 
conservation, the C sequestered in cacao AF systems could also provide an added 
income stream for cacao farmers around the world. Small family-farms are at the 
heart of cacao industry, with five million to six million smallholder farmers provid-
ing more than 85% of the world’s crop. Typically, each cacao farmer owns less than 
2 ha of land and may grow approximately 1,000 cacao trees (Shapiro and Rosenquist 
2004). Using a simulation model designed to simulate the value of terrace and agro-
forestry investments in the highland tropics of Peruvian Andes, Antle et al. (2007) 
showed that participation in C contracts could increase adoption of terraces and 
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agroforestry practices in northern Peru, with the rate of adoption depending on the C 
accumulation rate and key factors affecting terrace productivity. Takimoto et al. 
(2008) conducted a cost-benefit analysis of C sequestration in two improved agro-
forestry systems (live fence and fodder bank) and the traditional parkland agrofor-
estry systems in semiarid Mali and concluded that C credit sale was likely to 
contribute to economic development of the subsistence farmers in the region. It is 
likely therefore that the data presented in this case study, supplemented with addi-
tional studies of this nature in multiple locations, could go a long way in providing 
economic benefit to these farmers, when and if an effective carbon-trading system 
becomes operational.

Conclusions

Continuous deposition of plant litter, fine roots, and root hairs are the principal inputs 
for C content in cacao AFS soils. Soil microbial biomass, which although accumu-
lated a mean of 269 kg ha−1 on the soil surface in our study, is an important long-lived 
pool of C and has substantial influence on processes related to C dynamics in the soil. 
Cacao AFS are comparable to natural forests with respect to the accumulation of high 
amounts of SOC. Seventy percent of C in the cacao AFS was fine C occluded within 
aggregates, which is a physically protected form of C. The vast majority of SOC was 
present in macroaggregate fractions throughout soil layers up to 1 m in depth. The 
development of SOM conservation practices in agricultural systems such as no tillage 
practices, the incorporation of trees, and the continuous input of organic matter are 
important to improve soil aggregation and, consequently, the accumulation of soil C 
in the highly weathered soils of the humid tropics which represent the major soil type 
of the cacao-growing regions of the world. The lack of standardized procedures for 
studying and reporting soil C sequestration in different agroforestry systems is cur-
rently a serious drawback in realizing this unexplored and unappreciated environmen-
tal benefit. Rigorous and coordinated research efforts with a holistic view of the 
interrelationships among various factors that contribute to the complexities of soil C 
sequestration will be needed to change this unsatisfactory situation.
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Abstract This study was undertaken to quantify the carbon (C) sequestration 
potentials in three predominant ecosystems on the volcanic soils in Patagonia, Chile. 
The systems were: Pinus ponderosa Dougl. ex P. Laws. – based silvopastoral 
systems arranged in strips (silvopasture), 18-year-old managed exotic stands (plan-
tation), and natural prairie (prairie), in Patagonia, Chile. Most of the data used in the 
construction of C models were derived from experimental plots, where litterfall, 
decomposition, soil respiration, and soil C were measured. The values for green-
house gas (GHG) emissions by cattle and fertilizer application were obtained from 
the literature. In the silvopasture and the plantation, total above- and belowground 
tree C stock accounted for 69% and 64% of the total system C, respectively. Total 
above- and belowground C pools were 224, 199, and 177 Mg C ha−1, with the above-
ground: belowground C pool ratios of 1:10, 1:5, and 1:177, respectively, for sil-
vopasture, plantation, and prairie. Soil respiration decreased in the order prairie 
>silvopasture >plantation. The C leached beyond the root zone (in leachate col-
lected at 80 cm soil depth) decreased in the order plantation >prairie >silvopasture. 
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Estimated system net C flux was +1.8, +2.5, and −2.3 Mg C ha−1 year−1 for the 
silvopasture, plantation, and prairie, respectively. Based on this study it is estimated 
that establishing silvopastoral systems with cattle over a land area of approximately 
481 km2 or 0.33% of the Chilean Patagonia territory would be adequate to offset all 
C losses from cattle-based livestock systems.

Keywords Andisols • C pools and fluxes • Greenhouse gases • Pinus ponderosa

Introduction

Between 2000 and 2010, the atmospheric concentration of carbon dioxide (CO
2
) 

has increased from 369 to 388 ppm, a 5.1% increase over the last 10 years, let alone 
280 ppm in 1850 (Tans 2010). Land use changes and fossil fuel combustion are two 
important anthropogenic factors that have contributed to this increase. The influ-
ence of land management on the carbon (C) content in soils and biomass is well 
documented worldwide (Ross et al. 2002; Huygens et al. 2005; Dube et al. 2009). 
Land use changes not only affect C sources and sinks, but also impact methane 
(CH

4
) and nitrous oxide (N

2
O) emissions.

The Climate Change 2007 Synthesis Report (IPCC 2007) proposes key mitiga-
tion practices in the agricultural sector. Among them, the use of proven crop and 
grazing land management to increase soil C storage, restoration of degraded lands, 
improved livestock and manure management to reduce CH

4
 and N

2
O emissions are 

a few practices related to this study. Agroforestry systems (AFS) rank high for all of 
these strategies. Well designed and managed AFS can be effective CO

2
 sinks, espe-

cially with the use of perennial crops and fast growing tree species (Nair et al. 2010). 
Recent studies performed in temperate regions have shown that AFS have greater C 
sequestration potential than monocropping systems, prairies, or forest plantations, 
and should be considered as real C sinks (Montagnini and Nair 2004; Sharrow and 
Ismail 2004; Gordon and Thevathasan 2005; Peichl et al. 2006; Bambrick et al. 
2010). This chapter will focus on C sequestration potentials in three distinct ecosys-
tems in the Chilean Patagonia region (Fig. 1a).

Between 1920 and 1940, large areas of the Chilean Patagonia were burned down 
and converted into pastures for cattle, leaving the slopes exposed to an inexorable 
erosion and degradation of soils formed by volcanic ash deposits. Overgrazing has 
also contributed to forest destruction.1 The deforested areas, especially those located 
on steeper slopes suffer extreme erosive processes, which complicate in some cases 
the reestablishment of native forest. The recent ratification of the Kyoto Protocol by 
Chile coupled with C sequestration potentials of Patagonian AFS opens the possi-
bility for the progressive adoption of silvopastoral systems, well adapted to the cli-
matic conditions and economic reality of Patagonia.

1 Silva (2004).
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Fig. 1 Map of Chile (a) and location of Patagonia (in black) and the Aysén Region (in red) in 
Patagonia (Source: INE 2007b); (b) location of the Mano Negra Sector (inset) in the Intermediate 
Temperate ecological zone, Aysén Region, Chilean Patagonia where data were collected in 
2007–2009 (Source: Teuber and Ganderats 2009)
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Profitability from farming, ranching, and plantation forestry in Chile has 
decreased recently, mainly because of market globalization (Teuber and Ganderats 
2009). The harsh prevailing weather conditions, geographical isolation, high costs 
of production, and low technological development make it difficult for the implemen-
tation and development of new production sectors. Profitability can only be improved 
through innovation and the incorporation of technologies that increase the efficiency 
of traditional activities, one of them being the integration of forest practices and ranch-
ing on the same unit of land, resulting in a symbiosis that benefits both sectors. 
However, more knowledge is needed to understand the functioning of the resulting 
systems.

The Instituto Forestal-INFOR (Chilean Forestry Institute) has implemented a 
series of incentives to landowners to adopt agroforestry, mostly pine (Pinus spp.)-
based silvopastoral systems and windbreaks on their properties as sustainable prac-
tices that satisfy their socioeconomic needs while conserving the natural resource 
base (Teuber and Ganderats 2009). However, there is limited number of studies on 
Chilean AFS and a general lack of scientific research on C sequestration aspects. In 
addition, since pine plantations already occupy more than 30,000 ha in Chilean 
Patagonia and natural prairies over one million ha, their C pools and fluxes must be 
examined as soon as possible. Therefore, the current study was undertaken, perhaps 
as the first of this nature, to evaluate and model C sequestration potentials in a natu-
ral prairie, a managed Pinus ponderosa Dougl. ex P. Laws. plantation, and a pine-
based silvopastoral system on Andisols in the Chilean Patagonia, and to determine 
which of these systems has the best potential for long term C sequestration.

Materials and Methods

Site Description and Experimental Design

The research site in the San Gabriel Agroforestry Unit within the Mano Negra 
Sector (Figs. 1b and 2) was established in 2002 by INFOR 30 km north of the city 
of Coyhaique in the Aysén Region, on a western exposed slope at 730 m altitude, 
45°25¢ S, and 72°00¢ W. The study location is in the Intermediate Agroecological 
Zone of the Aysén Region of Chilean Patagonia. The annual precipitation varies 
from 1,000 to 1,500 mm. However, only 15% of the precipitation occurs between 
December and February, coinciding with the warmest and windiest period. Mean 
temperatures fluctuate between 12°C and 14°C in summer and 2°C and 3°C in win-
ter (Dube et al. 2009). During summer, strong westerly winds cause seasonal water 
deficits and wind erosion, which may diminish soil organic matter. The mineral soil 
horizons have Andic soil properties that include low bulk density (<0.9 g cm−3), 
high P fixation values (65–89%), and high water content at 1,500 kPa tension rela-
tive to the measured clay content. The soil has been classified as medial, amorphic, 
mesic Typic Hapludands (Stolpe et al. 2010).
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Three land uses, hereafter referred to as treatments were studied: (1) managed 
natural pasture (Fig. 3a) with traditional cattle grazing (prairie), (2) 18-year-old 
thinned and pruned P. ponderosa (Fig. 3b) exotic stands (plantation), (3) pine-based 
silvopastoral systems arranged in strips (silvopasture), where the width of pasture 
alley was 21 m (Fig. 3c). The entire study area was initially covered with native for-
est, dominated by Nothofagus pumilio (Poepp. et Endl.) Krasser.

In 1991, P. ponderosa plantations were established over pasture, at 2 × 2.5 m 
spacing giving a stand density of 2,000 trees ha−1. By 2003, the density had naturally 
declined to 1,514 trees ha−1, with a mean tree height of 6.7 m, diameter at breast 
height (DBH) 11.4 cm, basal area 15.3 m2 ha−1, and crown cover 90%. Part of the 
plantation (5 ha) was thinned in 2003 to 800 trees ha−1 (homogeneous spacing) 
while another section was thinned down to 400 trees ha−1 and converted into a sil-
vopastoral system arranged in strips (5 ha). Although the overall tree density in 
silvopasture was 400 trees ha−1, actual density within the tree strip (6 m wide) was 
approximately 1,444 trees ha−1 with an average spacing of 2.3 × 3 m, because that 
portion of tree stand in the silvopastoral system was not thinned. The prairie and 

Fig. 2 Aerial photograph of the pine-based silvopastoral system arranged in trip (Silvopasture), 
surrounded by the managed natural prairie (Prairie) and the 18-year old Ponderosa pine plantation 
(Plantation), in the Mano Negra Sector, Aysén Region of the Chilean Patagonia (Source: Dube 
2010)
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Fig. 3 Permanent plots established in the (a) managed natural prairie (prairie) near Cerro Rosado 
volcano, fall 2008, (b) thinned and pruned ponderosa pine plantation (plantation), and (c) silvopas-
toral system with Black Angus cattle grazing between strips of ponderosa pine (silvopasture) on 
volcanic soil (mesic Typic Hapludands) (Source: Dube 2010)
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silvopasture had a stocking density of 0.5 cows ha−1, and consisted of a mixture of 
perennial grasses (Dactylis glomerata L., Holcus lanatus L., Poa pratensis L.), 
leguminous pasture (Trifolium pratense L., T. repens L.), and other herbaceous spe-
cies (Acaena magellanica (Lam.) Vahl., A. pinnatifida Ruiz et Pav., Hypochoeris 
radicata L., Taraxacum officinale Weber). According to a recent inventory, peren-
nial grasses, leguminous pasture, weeds, and dead material represented 36%, 
30%, 19%, and 15%, respectively, of total dry matter in the prairie, whereas in the 
silvopasture, the corresponding percentages were 29, 40, 8, and 23.

Treatments were established in October 2007 in a completely randomized design 
with three replicates (or sampling plots). Given that the Agroforestry Unit was ini-
tially established as a demonstration site, no experimental design was considered 
at that time. The randomly distributed sampling plots were replicated within every 
treatment of the demonstration site itself but far from each other (at least 50 m). In 
this study, spatial interspersion of replications together with the use of a systematic 
design was used to alleviate possible pseudo-replication problems (Stamps and 
Linit 1999; K. Saez, 2007 and 2010, personal communication). Each plot measured 
15 × 27 m and was located at 5 m from the border of the treatment. In the silvopas-
ture, each plot included three strip rows of pines (6 m wide) and a half strip of pasture 
on either side of the tree rows (10.5 m in length along the tree rows). In both 
the plantation and prairie, the plots had only pine and pasture, respectively. All the 
measurements took place during 2 years from November 2007.

Fig. 3 (continued)
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Tree and Pasture Biomass and Carbon Content

An inventory of the plantation and silvopasture was performed in 2007–2009 in 
which DBH and height of all trees were measured using a diameter tape and clinom-
eters, respectively. Three trees each in the plantation (average height: 8.1 ± 0.4 m; 
mean DBH: 23.2 ± 1.4 cm) and silvopasture (average height: 8.3 ± 0.4 m; mean 
DBH: 25.1 ± 1.9 cm) were randomly selected for destructive sampling in 2009 using 
the average tree method (Teller 1988). Once the trees were felled, the fresh biomass 
of trunks, branches, twigs, needles, and cones were determined using a 45 kg dyna-
mometer (Salter Brecknell Electro Samson Scale, Raco Industries, Cincinnati, OH, 
USA). Three sub-samples from each tree component (including superficial coarse 
roots extracted with a shovel and saw at 0–30 cm depth) were taken to determine the 
moisture and C concentrations. Cross sectional disks of tree stems were obtained at 
the initial crown height, breast, and stump heights. The sub-samples were weighed, 
oven dried at 65°C for five days and weighed again, and the mean dry weight of the 
distinct subsamples was then extrapolated to the entire stand (Peichl et al. 2006). 
The C concentration of all the sub-samples (trunks, branches, twigs, roots, leaves) 
was determined by grinding the samples using a Cyclotec 1093 Sample Mill 
(Tecator, Sweden), and analysis for total C using a Fisons EA1108 CHNS-O 
Elemental Analyzer (Fisons Instrument, CA, USA), following the dynamic flash 
combustion technique (Fisons Instrument 1990). Coarse root biomass was estimated 
using a subterranean biomass function that relates root biomass to stem DBH (Dube 
et al. 2009):

 
(2,4148 0,0743*DBH)Root biomass 13,2750 ,e += - +  

where e is the base of the natural logarithm (2.71828) and DBH is the diameter at 
breast height (cm). The annual production of fine root (<5 mm diameter) biomass 
was estimated as a percentage of litterfall (Abohassan 2004). The dry weight of 
dead pine branches left after pruning was estimated using nine 25 m2 subplots per 
treatment. Decomposing trunks and stumps of N. pumilio left on the site were cut in 
pieces and recollected from eighteen 25 m2 plots. Carbon contents of organic mate-
rials were determined by dry combustion using a Fisons EA1108 CHNS-O Elemental 
Analyzer (Fisons Instrument, CA, USA).

The total standing aboveground pasture biomass was harvested from three ran-
domly placed quadrats (0.5 m2 each) per sampling plot (nine per treatment) to deter-
mine the aboveground net primary productivity. The grazing material was harvested 
three times a year during the growing season over a 2-year period. Since it was not 
possible to measure belowground net primary productivity, it was estimated using a 
known algorithm (Gibson 2009):

 ( )BNPP  BGP * Live BGP / BGP *  turnover,=  

where BNPP is the belowground net primary productivity (g m−2 year−1), BGP is the 
belowground productivity (g m−2 year−1), Live BGP/BGP = 0.6, and turnover = 90% 
year−1 (Stolpe et al. 2010). In addition, BGP = 0.79 * (AGBIO) – 33.3 * 
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(MAT + 10) + 1,289, where AGBIO is the peak aboveground live biomass (g m−2) 
during the growing season, and MAT is the mean annual temperature (°C) of 
observed belowground biomass. The strength of this algorithm is given by R2 = 0.54 
and p = 0.01.

Litterfall and Decomposition of Organic Substrates

Circular conic 1 m2 traps, 60 cm tall with 1 mm mesh screen, were used in the sil-
vopasture and plantation to collect the litterfall (Berg and Laskowski 2006). The 
amount of litterfall was sampled monthly over 2 years, and weekly during the rainy 
seasons. In order to quantify the decomposition of litterfall, mixed grass root bio-
mass, and cattle faeces, polyester bags measuring 20 × 20 cm with 0.5 mm mesh 
were filled with the respective substrates (Berg and Laskowski 2006) and placed on 
the Oe horizon (needles; faeces) or buried at 15 cm depth (root biomass). The pine 
needles were sampled every 6 months for 2 years, whereas the sampling of the grass 
roots and cattle faeces was performed every 3 months for 1 year. The annual C con-
tribution to the soil in the silvopasture and prairie by cattle was estimated using the 
quantity of faeces produced per animal per day (Yang et al. 2003; Byrne et al. 2007), 
the fecal C concentration, and the animal stocking rates.

Soil Carbon and Nitrogen

In March 2009, soil samples were taken at 0–5, 5–20, and 20–40 cm depths with a 
split core soil sampler to determine total, organic, and inorganic C content as well 
as total N in each treatment (Dube et al. 2009). Given the genesis of volcanic soils, 
the inorganic C content was almost non-existent and it was concluded that total C 
was the same as organic C.

Carbon Content in Leached Soil Solution and Soil Respiration

The C concentrations in the leached soil solution under the pasture and pine roots 
were measured using tension lysimeters permanently installed at a slight angle to a 
soil depth of 80 cm. Sampling was done on a monthly basis and weekly during the 
rainy seasons. Dissolved C in rainwater and snowfall was determined six times a 
year during the months of greatest precipitation from three samplers located at ran-
dom. Total soluble organic C was analyzed by combustion at 675°C using a TOC-V 
CPN Total Organic Carbon Analyzer (Shimadzu Corp., Kyoto, Japan). Carbon 
leaching represents the sum of different inputs, one of them being dissolved C in 
rain and snowfalls throughout the year. Knowing the C concentration in atmospheric 
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depositions and using C concentration data of leached soil solution (Dube 2010), the 
contribution from the system itself to the total leached C could then be determined.

Additionally, total soil respiration was quantified with the in situ technique of 
CO

2
 absorption by soda lime in a closed chamber (Edwards 1982). Circular cham-

bers were installed at 5 cm depth in the soil, assuring that the area was free of “live” 
organic matter. The measurements were done at weekly intervals in the summer and 
at monthly intervals during the rest of the year. The quantity of CO

2
 produced in 24 

h was calculated for the chamber area and converted to hectares.

Air and Soil Temperature and Soil Moisture

The soil moisture (0–20 cm depth), soil surface temperature (0–5 cm depth), and air 
temperature above the soil (+5 cm) were measured every 2 h over a 24 month period 
using Decagon Devices EM-5B Data Loggers, EC-20 soil moisture sensors and ECT 
soil temperature sensors, respectively (Decagon Devices Inc., Pullman, WA, USA).

Statistical Analyses

All treatments were analyzed with the General Linear Model procedure of SAS 
v.9.0 (SAS Institute Inc. 2003) for completely randomized design to test the effect 
of treatments (Peichl et al. 2006). All data were examined for homogeneity of vari-
ance and normality. Analysis of variance was conducted using the ANOVA proce-
dure. Student’s t test for independent populations was used to check for significant 
differences between the treatment means (comparison by pairs) (p < 0.05).

C Flows from Cattle, Decomposition of Woody Debris,  
and Emissions from Fertilizers

Most of the data were derived from the experimental plots. However, the values for 
cattle respiration, methane emissions from enteric fermentation and nitrous oxide 
from dung and urine patches, annual mass loss for decomposition of dead branches 
of P. ponderosa and boles/stumps of N. pumilio, annual leaching rate, and annual 
emissions of N

2
O from N fertilizer application were derived from the literature.

Models of C Pools and Fluxes

All the data of C pools and fluxes within the P. ponderosa-based silvopastoral sys-
tem arranged in strip, the 18-year old pine plantation, and the managed natural 
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prairie determined in this study were compiled and complemented by data from the 
literature in order to build the models of carbon pools and fluxes. The assumptions used 
in the construction of C models and detailed calculations are given in Appendix.

Results

Carbon Pools

The C pools and fluxes within the P. ponderosa based silvopastore, the 18 year old 
pine plantation, and the managed natural prairie are illustrated in Fig. 4a–c, respec-
tively. Total carbon storage was 224, 199, and 177 Mg C ha−1 in the silvopasture, 
plantation, and prairie, respectively. These C pools do not include N. pumilio (lenga) 
coarse woody debris (CWD) and pine dead branches since they undergo a slow but 
constant decomposition process over the years and are therefore temporary pools. 
In addition, given the high annual grass root turnover (90%) in all ecosystems 
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Fig. 4 Models of C pools and fluxes for (a) a ponderosa pine-based silvopastoral system arranged 
in strip (silvopasture), (b) an 18-year old Pinus ponderosa plantation (plantation), and (c) a man-
aged natural prairie (prairie) in the Chilean Patagonia. All C pools appear in boxes and C fluxes are 
indicated by arrows. *The CWD + necromass values indicated in the boxes are informative only; 
coarse woody debris and dead branches do not represent real C pools where storage occurs as they 
undergo a slow but constant decomposition process over the years. For more information on calcu-
lations, see Appendix
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(Stolpe et al. 2010) in spring, summer and fall, C in fine root biomass of grasses was 
considered as an annual flux where C is added to the soil C pool and not as seques-
tered C in grass roots (Gordon and Thevathasan 2005). Only perennial tree roots 
with a diameter larger than 5 mm were considered as the belowground C pool 
(Abohassan 2004). The aboveground to belowground C pool ratio was approximately 
1:10, 1:5, and 1:177 for the silvopasture, plantation, and prairie, respectively.

Eighteen years after the establishment of the pine plantation (i.e. in 2009), the total 
C stored in the silvopasture and plantation was 27% and 12% greater, respectively, 
than that in the prairie. However, 6 years after the conversion (2003–2009) of the 
plantation into the silvopastoral system, the total C storage in the silvopasture increased 
by 13%. As depicted in Fig. 5, individual trees in the silvopasture sequestered almost 
30% more C in the total tree biomass, compared with trees in the plantation. On per 
tree basis, the C content was higher in every tree component in the silvopasture as 
compared with the plantation, but significant differences (p < 0.01) were found only 
for cones + needles (70% higher) and twigs + branches (40% higher).

Carbon Fluxes

Net C flux in tested ecosystems over a 2 year measurement period were based on 
the following quantifications: net assimilation by trees and grass, decomposition 
of woody detritus, soil respiration, C leaching and atmospheric depositions, 
animal consumption, faeces input, and fertilizer applications, and was found to 
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be as +1.8, +2.5, and −2.3 Mg C ha−1 year−1 for the silvopasture, plantation and 
prairie, respectively. The highest soil respiration was observed in the prairie 
(5.11 Mg C ha−1 year−1) and in the pasture component of the silvopasture. Annual 
C input via atmospheric deposition was 0.12 Mg C ha−1 year−1 for all three ecosys-
tems, and leaching C losses in the silvopasture, plantation, and prairie were 0.13, 
0.16, and 0.14 Mg C ha−1 year−1, respectively. With respect to annual C input from 
litterfall and fine root production, it was 1.39 and 1.78 Mg C ha−1 year−1 in the 
silvopasture and plantation, respectively. Finally, the net annual C incorporation 
by grass roots to soil C pools was 0.87, 0.34, and 1.09 Mg C ha−1 year−1 in the 
silvopasture, plantation and prairie, respectively, considering a 40% addition to 
the recalcitrant fraction of soil organic C (Falk 1976).

Discussion

Carbon Pools

The aboveground to belowground C pool ratio depicts the preponderance of soil organic 
C (SOC) pools belowground. The absence of perennial woody species is responsible 
for the large ratio observed in the prairie (1:177; Fig. 4c). When comparing pools in the 
silvopasture and plantation systems, even though the tree density in silvopasture was 
only 50% of that in the plantation, the aboveground to belowground C pool ratio was 
higher in the silvopasture. The presence of highly active aerial and subterranean C 
cycles in the silvopastoral system (Sharrow and Ismail 2004) could have contributed to 
the higher ratio in the silvopasture in spite of lower tree density. The ratio obtained in 
this study for silvopasture was the same as that reported by Peichl et al. (2006) for a 
spruce (Picea abies (L.) Karst.)-barley (Hordeum vulgare L.) intercropping system in 
southern Ontario, Canada. In their study, above and belowground C pools were about 
three times smaller than those obtained in our study, which was to be expected given 
the lower tree density (111 trees ha−1) and non-volcanic soils in which their system was 
established. Volcanic soils with allophanes tend to capture larger amounts of C than 
non-volcanic ones (Buol et al. 1997).

After its conversion, the silvopasture has taken only a third of the time compared 
to the plantation, since its establishment, to reach similar C gains in their above and 
belowground pools, perhaps due to positive interactions between cattle, tree, and pas-
ture components. The large C storage potential in the silvopasture can also be explained 
by higher tree growth (Fig. 5). Additionally, the proportions of total tree C pools and 
SOC pools in relation to the total C sequestered in the plantation were similar to those 
reported by Dube et al. (2009) for the plantation in a previous study.

If no animal grazing was allowed in all systems, the total above and belowground 
grass C pools would represent 6%, 2%, and 10% of total C sequestered in silvopas-
ture, plantation, and prairie, respectively. The relative contribution of belowground 
root biomass to these values ranged from 80% to 90%. This is in agreement with the 
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findings reported by Raich and Tufekcioglu (2000), where large proportions of the 
photosynthates produced by prairies were allocated to belowground biomass (roots). 
Furthermore, it has also been shown that grass growing in harsh environments, such 
as in Patagonia, tend to develop larger root systems where energy reserves can be 
stored (Gibson 2009).

The total C storage potentials indicated in this research, 177–224 Mg C ha−1, 
exceed those reported in other recent studies (Dixon et al. 1994; Sharrow and Ismail 
2004; Gordon and Thevathasan 2005; Peichl et al. 2006), demonstrating the poten-
tial of temperate agroforestry systems in C sequestration. The high C storage 
observed in this study could be attributed to the high C sequestration capacity of 
volcanic soils and their large contribution to the total system C pools. In southern 
Canada, Peichl et al. (2006) found total system C pools of 97, 75, and 69 Mg C ha−1 
(0–20 cm soil depth) for hybrid poplar (Populus deltoides Bartr. ex Marsh × Populus 
nigra L.) and spruce intercropping and for barley sole cropping systems, respec-
tively. Gordon and Thevathasan (2005) estimated that the C stored in all pools of a 
poplar-based silvopastoral system with sheep at 62 Mg C ha−1 compared to 44 Mg 
C ha−1 (0–5 cm soil depth) in a monoculture pasture system. In Oregon, Sharrow and 
Ismail (2004) found that in Douglas fir (Pseudotsuga menziesii (Mirb.) Franco)/
ryegrass (Lolium perenne L.)/clover (Trifolium subterraneum L.) silvopastoral sys-
tem, monoculture plantation, and pasture systems of the same species sequestered 
109, 101, and 103 Mg C ha−1, respectively (0–45 cm soil depth). Dixon et al. (1994) 
estimated that agroforestry systems in temperate regions could capture between 15 
and 198 Mg C ha−1.

Carbon Fluxes

The C fluxes in this study were found to be similar to those reported by Peichl et al. 
(2006), who found net C fluxes of 13.2, 1.1, and −2.9 Mg C ha−1 year−1 for alley 
cropping systems with poplar and spruce and for a barley monocropping system, 
respectively. In this study and in the study mentioned above, conifer-based agrofor-
estry systems have demonstrated net positive C fluxes. It was 1.8 Mg C ha−1 year−1 
(present study) as against 1.1 Mg C ha−1 year−1 (Peichl et al. 2006) – 60% higher in 
the Patagonian silvopasture. Part of the difference observed could perhaps be 
explained by the better growth performance of pine in relation to spruce in their 
respective environments, but several other factors such as the type of crop must also 
be taken into consideration before a direct comparison can be made. For instance, 
Gordon and Thevathasan (2005) estimated the net annual C sequestration potential 
in a silvopastoral system with sheep grazing under poplars to be 2.7 Mg C ha−1 
year−1 compared to 0.99 Mg C ha−1 year−1 in a monoculture pasture system. However, 
their study did not take into account C losses through leaching, N

2
O emissions from 

fertilizer application and long-term soil respiration data as we did in this study, 
which may explain why they obtained a larger flux for the AFS and a positive flux 
for the pasture.
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In the silvopasture and plantation, the net C fluxes were positive, which indicate 
that these systems are true C sinks. A negative net C flux in the prairie indicates that 
this system is a net C source to the atmosphere. Six years after the conversion of the 
plantation into the silvopasture, the C flux of plantation was only 39% higher than 
that of the silvopasture, in spite of higher tree density and the absence of GHG emis-
sion from animals and fertilizer application. Carbon inputs from trees and grass 
were 7.6 and 6.6 Mg C ha−1 year−1 within the silvopasture and plantation, respec-
tively. These C inputs were higher than C outputs, but in the prairie, C outputs 
exceeded C inputs. In the winter months, soil respiration was offset by tree photo-
synthesis in the silvopasture and plantation, although at a lower rate, but was not so 
in the prairie, resulting in net CO

2
 emissions during the winter season.

Soil Respiration

The presence of trees in the silvopasture did help to offset the high soil respiration 
in the pasture portion of the system, given their higher C assimilation and lower 
contribution to soil respiration than grass, as reflected by the values obtained 
within the tree strip (Dube 2010). Raich and Tufekcioglu (2000) also reported 
respiration rates 20% higher in grasslands than forests growing on the same soil 
type and under similar environmental conditions. Soil temperature and moisture 
are largely responsible for differences in soil respiration rates, and the moisture 
and temperature variations that were observed among ecosystems and at distinct 
locations within the silvopasture (Table 1) may help to understand the differences 
recorded.

Other factors such as root activity and density, the presence of mycorrhizae 
(Kimmins 2004), and the availability of C substrates for microbial biomass (Dube 
et al. 2009) may also have influenced soil respiration rates. In addition, it should be 
noted that the Aysén Region of the Chilean Patagonia was under indigenous forest 
in the past and had large quantities of coarse woody debris (CWD) on the ground, 
covering approximately one third of the total study area based on a CWD inventory 
data (Dube 2010). The presence of significant amounts of decaying woody material 
left on the soil could have contributed to elevated soil respiration in the three studied 

Table 1 Mean annual soil moisture (0–20 cm depth), superficial air temperature above the soil 
(+5 cm) and soil surface temperature (0–5 cm depth) measured over a two-year period between 
November 2007 and 2009

Treatment

Soil moisture
0–20 cm
(% VWC)

Air temperature
+5 cm
(°C)

Soil temperature
0–5 cm
(°C)

Prairie 8.7 6.7 6.5
Plantation 8.0 6.8 6.6
Silvopasture (within tree strip) 6.7 6.6 6.4
Silvopasture (2m from tree strip) 13.6 8.0 6.9

VWC volumetric water content
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systems, which exceeded grass C assimilation in the Prairie. Thus, it seems that the 
prairies of the Patagonia region extending over more than one million ha are acting 
as a C source.

Atmospheric Depositions

Although the annual C input via atmospheric deposition value appears to be insig-
nificant in the presented models (0.12 Mg C ha−1 year−1; Fig. 4a–c), it is important 
to assess the atmospheric annual C inputs to the overall C budgets for the test site 
(Chilean Patagonia region), and verify if recent volcanic activity caused additional 
C depositions to the soil. Having said this, it should be mentioned that only dis-
solved C via rainfall and snow will remove atmospheric CO

2
 and any C addition as 

a result of volcanic activities will not have any effects on atmospheric CO
2
 removal. 

Monthly measurements of dissolved C in rain and snowfall after the eruption of the 
Chaitén volcano in May 2008 did not show evidence of additional C input from 
ashes (Dube 2010), although it is located at 400 km north of the research site, prob-
ably because of the prevailing winds blowing eastward.

Leached Carbon

With respect to total annual C losses as leachates, its contribution to the C budgets 
also seems very small as compared with other studies. In Guelph, Canada, Peichl 
et al. (2006) encountered leachate outputs of 1.8, 1.5, and 1.8 Mg C ha−1 year−1 in 
alley cropping systems with poplar and spruce and a barley mono-cropping system, 
respectively. The values reported by these authors were 7–15 times larger than those 
from our models, although annual precipitation and leaching rate in Patagonia were 
only 45% higher, the trees were older and their density was higher. The larger leach-
ing C losses in the Guelph studies could be attributed to the calcareous soil caused 
by the CaCO

3
 bedrock. Additionally, Undurraga et al. (2009), working with annual 

crops on a volcanic soil in Chile, reported dissolved organic C contents of 67.8–
151.7 mg l−1, similar to 40–56 mg l−1 obtained in this study. Volcanic soils contain a 
special type of clay known as allophanes, which have the capacity to retain larger 
amounts of organic C, resulting in lower C concentrations in leachates (Woignier 
et al. 2007). The Patagonian ecosystems would be more efficient in reducing C 
losses to ground waters than ecosystems on non-volcanic soils, and thereby reduce 
the amount of soluble C source in aquatic ecosystems, which is required for denitri-
fication by microbes. As a result, the lower content of dissolved C may aid in the 
reduction of N

2
O emissions from aquatic ecosystems.

The contribution from the system to the total leached C, excluding dissolved C 
from atmospheric depositions, was 77.3%, 82.1%, and 79.6% in the silvopasture, 
plantation, and prairie, respectively (Dube 2010). The silvopasture is the most effi-
cient in terms of dissolved C retention and the plantation tends to release higher 
amounts of dissolved C to the environment. Changes in soil pH could affect soil 
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fungi populations among ecosystems, which in turn may cause variations in 
 dissolved C contents in leachates (W. Blum, 2010, personal communication), but 
additional work is needed to test this hypothesis.

Litterfall and C Input Through Decomposition

These annual C input from litterfall and fine root production values were obtained 
from data collected over a 24 month sampling period, which permitted to take into 
consideration the effect of periodical weather patterns and forest management activ-
ities. Measurement of litterfall, fine roots, and cattle faeces inputs helped to quantify 
the annual C input to soil C pool through decomposition processes. As time con-
straints impeded the realization of long term decomposition experiments, the annual 
mass losses observed in situ were complemented by data from the literature. 
Considering a maximum mass loss of 84.5% after a period of 6 years (Berg and 
Laskowski 2006), the amount of C incorporated into the stable soil C pools will be 
0.04 Mg C ha−1 year−1 in the silvopasture and 0.05 Mg C ha−1 year−1 in the plantation. 
Notwithstanding, these values do not consider accumulated litterfall from the previous 
years that are gradually decomposing and also being added to the soil C pool. 
Therefore, the sum of net annual additions to stable soil C pools were 0.24 and 0.29 
Mg C ha−1 year−1 for the silvopasture and plantation, respectively.

The larger belowground biomass yield usually results in greater C addition to 
soil C pool, as reflected in the prairie and silvopasture. Gordon and Thevathasan 
(2005) reported net additions of 0.99 Mg C ha−1 year−1 in a poplar-based silvopasto-
ral system and a ryegrass prairie in southern Canada, in agreement with the values 
indicated for the silvopasture and prairie. The differences that were observed could 
be explained by the larger grass root input in the prairie and lower input in the sil-
vopasture, since approximately 25% of the spatial area is occupied by trees, whereas 
only 16% of the area was occupied by ryegrass in the poplar silvopastoral system.

Greenhouse Gases Mitigation Potential

Stocking Rates

Using net C sequestration values from three tested ecosystems and global warming 
potential (GWP) values for methane and nitrous oxide, it is possible to determine 
how many cows per hectare could potentially be grazed in the prairie and the sil-
vopasture without resulting in net C emissions to the atmosphere. The net C seques-
tration values were 3.80 and 1.09 Mg C ha−1 year−1 for the silvopasture and prairie, 
respectively (Fig. 4a, c). Based on these net C sequestration values, the hypothetical 
number of cattle that can be “C-neutrally grazed” was five cows per hectare in the 
silvopasture and only two in the prairie (see Appendix). This is ten and four times 
more than the actual stocking rate of 0.5 cows per hectare in the silvopasture and 



119Carbon Sequestration Potential of Silvopastoral and Other Land Use Systems...

prairie, respectively (Sotomayor et al. 2009), due to the incorporation of trees into the 
system. The actual stocking rate could be increased provided pasture production can 
support the new stocking density. In a previous study done in 2006, the prairie had a 
stocking rate of two cows per hectare (Dube et al. 2009). It must be noted however 
that these maximal stocking densities are derived based on results from this study, 
where total C tree uptake (assimilated in woody components and returned to soil via 
litterfall and fine root turnover) represents the mean above and belowground C 
sequestration rate over 18 years during the 1991–2003 and 2003–2009 growth peri-
ods. The actual stocking rate of cattle would probably be lower during pine establish-
ment and senescence. Also, as the trees mature, their crowns become larger and will 
create more shadow on the border of the strip, which may affect pasture growth at the 
edges of the alleys and thereby can reduce the stocking density due to lower pasture 
production. Higher stocking rates can also be maintained with grazing of goats, 
sheep, or horses, given their lower individual GHG emissions (Yang et al. 2003).

The stocking rate affects the C budget because of CH
4
 emissions by ruminants. 

Digestible C losses of 5% occur due to the CH
4
 emissions from enteric fermenta-

tion, which contributes between 16% and 23% of global CH
4
 emissions (Soussana 

et al. 2004). Well managed prairies, using better quality grasses that increase the 
digestive efficiency will reduce CH

4
 emissions because the food remains less time 

in the rumen, producing less CH
4
 (DeRamus et al. 2003). A silvopastoral system 

with low input sustainable practices, which minimize vegetative and soil distur-
bances, promote the presence of perennial vegetation, recover or recycle emissions, 
and will contribute to the preservation of C and N pools during decades or centuries 
(Lal 2005).

Land Area Under Silvopastoral Management

The results from this investigation and published reports permit the estimation of 
the total land area required under silvopastoral management so that cattle raising 
could become C neutral in the Chilean Patagonia. There are approximately 
260,000 cows in Patagonia, out of which 199,000 are found in the regions of 
Aysén (O. Teuber, 2010, personal communication) and 61,000 in Magallanes 
(INE 2007a). Using the same net C sequestration data, and considering that more 
than three million ha are either abandoned or degraded land resulting from severe 
forest fires in the last century, only 48,127 ha under silvopastoral systems with 
cattle would be needed in the Chilean Patagonia to offset all C losses from cattle-
based livestock systems and become C neutral, out of which 36,752 and 11,375 ha 
are in the Aysén and Magallanes Regions, respectively. Since the Aysén and 
Magallanes Regions (INE 2007b) cover an area of 108,494.4 and 38,400.8 km2, 
respectively, the total area needed would be only 0.33%. However, the land area 
required using a natural prairie approach would be a total of 167,783 ha, with 
128,125 ha in Aysen and 39,658 ha in Magallanes. That is 3.5 times more land 
area required as monoculture pasture systems, and represents 1.14% of the Chilean 
Patagonia. However, these estimated areas only consider silvopastoral systems 
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with cows; smaller areas would be needed if sheep only were grazed, but larger 
areas would be necessary if both cattle and sheep were included. In addition, it is 
worth mentioning that CH

4
, CO

2
, and N

2
O emissions contribute to 46%, 39%, and 

15%, respectively, to the GWP from the areas mentioned above. On the other 
hand, the use of fast growing tree species well adapted to Patagonian conditions, 
such as Populus trichocarpa Torr. & A. Gray (A. Sotomayor, 2009, personal com-
muniaction) could result in better short term C storage or greater C storage than 
pines at rotation age. In addition, poplar leaves may annually release more N to 
the soil than pine needles (Thevathasan and Gordon 1997) because of the different 
substrate quality and could enhance pasture growth. Based on this study, and 
knowing the numerous benefits of agroforestry for soil conservation (Gordon 
et al. 2009), it may be a policy option to be considered to introduce tree-based 
pasture systems in Patagonia replacing the monoculture pasture systems (prairie) 
that are currently acting as a C source.

Conclusions

In the Chilean Patagonia, the adoption of silvopasture appears to be a sustainable 
land use management practice that preserves and increases soil C pools, contributes 
to reduce atmospheric CO

2
, and permit to offset GHG emissions from animal graz-

ing and fertilizer applications, and thus could convert the entire region into effective 
C sinks rather than C sources, which they are now. Our results indicate that indi-
vidual trees in the silvopasture are using the site resources more efficiently and have 
sequestered almost 30% more C in total above- and belowground biomass when 
compared with trees in the plantation. Sustainable increase in tree density could 
enhance C sequestration and have an added benefit in terms of biomass production 
for bioenergy.

As the thinning operation resulted in higher C sequestration rates in the silvopas-
ture, any new establishment of silvopastoral systems in the region may follow the 
recommendations from this study in terms of C sequestration. We can expect sig-
nificant gains in SOC in the future resulting from remaining pine stumps and coarse-
root decomposition. The aboveground: belowground C pools ratio show the 
preponderance of C pools belowground and the key role played by volcanic soils in 
the capture of large amounts of C. Besides the higher stem density in the plantation, 
the synergistic effect resulting from the combination of trees and pasture led to more 
C being sequestered in the silvopasture soil.

The C fluxes suggest that the plantation can annually sequester only 40% more 
C than the silvopasture, in spite of twice as much tree density. In the silvopasture 
and plantation systems, the net C fluxes were positive, which indicate that these 
systems are true C “sinks”. A negative net C flux in the prairie system indicates that 
this system is a net C “source” to the atmosphere. Based on this study, the actual 
cattle stocking rate could be increased to five cows per hectare in the silvopasture 
and only two in the prairie in order to be “C-neutrally grazed”, provided pasture 
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production can support the new stocking density. On the other hand, only 481 km2 
(0.33% of total area) under silvopasture would be needed to offset all C losses from 
cattle-based livestock systems in the Chilean Patagonia and become C neutral. 
Given that large deforested areas are currently subject to soil erosion coupled with 
poor and inferior quality pasture production, the adoption of silvopasture over large 
tracts of grazing lands should not be a problem in Patagonia nor a threat to other 
types of land uses. As the prairie is acting as a C source, pine-based silvopastoral 
systems could contribute enormously towards Chilean strategies to mitigate climate 
change.
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Appendix

The following assumptions and calculations were used in order to build the models 
of carbon pools and fluxes within the pine-based silvopastoral system arranged in 
strip, the 18-year old Pinus ponderosa plantation, and the managed natural prairie:

  1. The silvopasture and plantation have a tree density of 400 and 800 stems ha−1, 
respectively. Pine strips in the silvopasture occupy 22% of the area available for 
pasture and have never been thinned. All trees were pruned to heights of 2.8 and 
4 m in 2006 and 2009, respectively.

  2. Using inventory data obtained since the establishment of the pine plantations, 
the mean above and belowground C sequestration rates were calculated for the 
1991–2003 period at the initial tree density, and then for the 2003–2009 periods 
after thinning to a density of 800 trees ha−1 in the Plantation and 400 trees ha−1 
in the silvopasture.

  3. Aboveground tree C pools include trunks, branches, twigs, needles and cones. 
Belowground C pools include thick roots superior to 5 mm diameter.

  4. It was assumed that cattle will consume most of the aboveground pasture bio-
mass produced during the year in the silvopasture and prairie (part of it return-
ing to the system as faeces, methane, nitrous oxide, and respiration) and that 
only belowground biomass C will be added to the soil C pool. The aboveground 
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grass biomass present in the plantation remains in the system as no grazing 
occurs therein. The C content of aboveground net primary productivity (ANPP) 
was determined after manually harvesting grazing material three times a year 
over a 2-year period. The C content of belowground net primary productivity 
and net annual C sequestration by pasture alone could then be calculated, con-
sidering a 40% addition to the recalcitrant soil C pool (Falk 1976).

  5. Knowing the stocking rates and the amount of faeces produced annually and C 
content, the cattle respiration (kg CO

2
 ha−1 year−1), methane emissions from 

enteric fermentation, and nitrous oxide emissions from dung and urine patches, 
as well as their CO

2
-equivalents (IPCC 2001) were calculated using data pub-

lished by Flessa et al. (2002), Yang et al. (2003), and Byrne et al. (2007). Carbon 
dioxide, methane, and nitrous oxide emissions from a single animal are esti-
mated to be 996, 56, and 1.29 kg head−1 year−1, respectively, and depend on the 
amount and kind of feed that is consumed. The reference weight per head unit 
is 500 kg. CO

2
-equivalents were calculated using the Global Warming Potentials 

(GWP), which determine the relative contribution of a given gas to the greenhouse 
effect. The GWP values represent how many times more deleterious than CO

2
 in 

a 100 year period are CH
4
 (21) and N

2
O (310) in terms of global warming. In addi-

tion, the number of cows per hectare in order to attain C neutrality was calculated 
as follows, using the net C sequestration values of 3.80 and 1.09 Mg C ha−1 year−1 
for the silvopasture and prairie. For the silvopasture, 3.80 = [(56*#cows/ 
1,000*21)/3.67) + (996*#cows/1,000/3.67) + (1.29*#cows/1,000*310)/3.67)]. 
For the Prairie, 1.09 = [(56*#cows/1,000*21)/3.67) + (996*#cows/1,000/3.67) + 
(1.29*#cows/1,000*310)/3.67)].

  6. The annual mass loss values of cattle faeces obtained after a 12 month litterbag 
decomposition experiment made possible the calculation of net C additions to 
soil C pools, considering that 2.2 and 2.5 years are required to get a maximum 
decomposition in the silvopasture and prairie, respectively. The net addition to 
soil C pool in each treatment represents therefore the sum of annual C incorpo-
rations over these periods. Hirata et al. (2009) reported similar results, where 
cattle dung reached an average decomposition of 79.1% after 2.2 years.

  7. Annual litterfall and needle decomposition in the plantation and the silvopas-
ture were obtained from field measurements over a 2-year period to illustrate 
the importance of annual C inputs and net additions to soil C pools. It was 
assumed that annual fine root C turnover in pines is 30% of litterfall (Abohassan 
2004).

  8. Since time constraints did not permit to undertake a long term experiment for 
the decomposition of the ponderosa pine needles, a maximum mass loss of 
84.5% for Scots pine needles in Scandinavia was assumed to be representative 
of the situation, considering the similar climatic conditions encountered and 
values of initial N and lignin contents found in green litter (Berg and Laskowski 
2006; Dube 2010). Theoretically, the C contribution to soil from litterfall and 
fine root turnover for the last 18 years was 25 and 32 Mg C ha−1 in silvopasture 
and plantation, respectively. However, an average of 14.2% in the silvopasture 
and 14.5% in the plantation of the C added annually via litterfall and fine roots 
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was released back into the atmosphere through microbial decomposition. Based 
on the results of the decomposition experiment, approximately 6 years 
(84.5%/14.2% year−1 in the silvopasture and 84.5%/14.5% year−1 in the planta-
tion) would be required to obtain maximum needle decomposition. This repre-
sents 0.20 Mg C ha−1 year−1 (25 Mg C ha−1/18 years * 14.2% year−1) in the 
silvopasture and 0.26 Mg C ha−1 year−1 (32 Mg C ha−1/ 18 years * 14.5% year−1) 
in the plantation that are lost due to decomposition. Considering a maximum 
mass loss after a period of 6 years, the amount of C incorporated into the stable 
soil C pools will be 0.04 Mg C ha−1 year−1 (25 Mg C ha−1/18 years * 15.5%/6 
years) in the silvopasture and 0.05 (32 Mg C ha−1/18 years * 15.5%/6 years) in 
the plantation. However, these values represent what is lost and gained from the 
annual litterfall, and do not consider accumulated litterfalls from the previous 
years that are gradually decomposing and also being added to the soil C pool. 
Taking this process into account, the sum of annual losses as decomposition 
during the 6 year period in the silvopasture and plantation reached 1.2 and 1.6 
Mg C ha−1 year−1, respectively, whereas the net annual additions to stable soil C 
pools were 0.24 and 0.29 Mg C ha−1 year−1 for the silvopasture and plantation, 
respectively.

  9. With respect to decomposition of necromass and coarse woody debris (CWD), 
the annual mass loss was determined using published k values (year−1) for 
decomposition of dead branches of Pinus ponderosa (Hart et al. 1992; Yin 1999; 
Hall et al. 2006) and boles/stumps of N. pumilio (Frangi et al. 1997). Knowing 
the dry weight of dead branches after 2 years of decomposition and CWD, and 
assuming a 95% loss of initial weights, it was possible to calculate their mass 
losses and net addition to soil C pools. It should be noted that decomposition of 
the duff needle layer is not considered here as it has already been accounted for 
in the calculation of annual litterfall decomposition.

 10. Soil C sequestration for the upper 0–40 cm layer was determined using weighted 
averages of C contents at three measured depths and a bulk density of 0.9 g cm−3 
(Dube et al. 2009). In the silvopastoral system, an average value was calculated 
from the C contents obtained within the tree strips and at 2.5 m intervals on 
either side of strips (up to 10.5 m, corresponding to the middle of the 21 m wide 
pasture strip).

 11. Soil respiration values refer to total respiration, including tree root, mycorrhizae 
and microbial respiration, and annual decomposition losses of needles, fine 
roots, cattle faeces, necromass, and coarse woody debris. Annual soil respira-
tion for the three ecosystems was calculated from the monthly respiration rates 
presented in this study. For the months that soil respiration was not measured, 
estimates were done as follows: A regression between soil respiration and air 
temperature (+5 cm) was adjusted for every treatment (R² = 0.94), using the 
values obtained in the field. Knowing the mean monthly superficial air tempera-
tures, these equations were then used to estimate monthly soil respiration and 
check the values calculated initially, the differences being less than 5%. Within 
the silvopasture, it was assumed that soil respiration in the tree strip accounts 
for 22% from the spatial area, while respiration from 1 and 7.5 m from the tree 
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strip accounts for 78%. Since respiration chambers were installed within the 
pine strips, at 1 m and at 7.5 m from the strips, tree roots growing into the grass 
band could be taken into consideration in the calculations.

 12. In order to determine the annual amount of leaching C, it was assumed that 
24% of the annual rainfall leaches to the ground water (Gisi 1997; Peichl et al. 
2006). Annual rainfall at the research site is 1,206 mm out of which 290 mm 
ha−1 year−1 is lost as leaching. The mean annual total C concentrations of 
leached soil solution from the land uses were then used to estimate the annual 
leached C losses in conjunction with total annual leaching losses. As above, C 
leaching within the tree strip was assumed to account for 22% of the spatial 
area, whereas leaching from 1 and 7.5 m from the tree strip account for 78% of 
the area.

 13. The annual atmospheric C deposition to the systems was determined as follows: 
knowing that the annual rainfall is 1,206 mm year−1, the volume occupied by 
this amount over 1 ha was 1.2 × 104 m3. Since the density of water is 1 g cm−3, 
1% C of 1 l leaching soil solution is equivalent to 10 g C. Therefore, 0.12 Mg C 
ha−1 year−1 represents the amount of atmospheric deposition.

 14. Since approximately 1.25% of N fertilizer applied to the soil is lost in the form 
of N

2
O emissions (IPCC 1997), and knowing the amount of N fertilizer applied 

to the pasture every 3 years, annual emissions of N
2
O and CO

2
-equivalent were 

estimated.
 15. Carbon storage in ecosystems pools was calculated using the following 

equation:

 pools agt bgt agg soilC C C C C ,= + + +  

  where C
pools

 = total carbon stored in ecosystem pools, C
agt

 = aboveground tree 
carbon, C

bgt
 = belowground tree carbon, C

agg
 = aboveground grass carbon in the 

Ponderosa pine plantation and C
soil

 = soil organic carbon pool.
 16. Positive or negative carbon flux into or out of the ecosystems was calculated 

using the following equation:

 flux TrU GrU AtD FecS CwdS SRes Lch Fert AnCC C C C C C C C C C= + + + + - - - -  

where C
flux

 = net carbon flux in the ecosystem, C
TrU

 = carbon input via total tree 
uptake, C

GrU
 = carbon input via total grass uptake, C

AtD
 = carbon input through 

atmospheric depositions (rain and snow), C
FecS

 = net addition to soil carbon pool 
via faeces input, C

CwdS
 = net addition to soil carbon pool via coarse woody 

debris and necromass decomposition, C
SRes

 = carbon output via total soil respi-
ration, C

Lch
 = carbon leachate output from the soil solution, C

Fert
 = volatile car-

bon-equivalent output from fertilizer application, and C
AnC

 = carbon output 
through pasture consumption by animals (divided between cattle fattening, fae-
ces production and GHG emissions). Therefore, losses as animal respiration, 
CH

4
 emissions from enteric fermentation and N

2
O from faeces have already 

been accounted for in cattle consumption.
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Abstract Landscape approaches to carbon (C) accounting in agriculture, forest, 
and other land uses are being promoted as a win-win option for integrating climate 
change mitigation with sustainable rural development. However, limited data on the 
C sequestration potential of agroforestry systems in the semiarid tropics imply that 
subsistent farmers may not fully benefit from this opportunity. This chapter quanti-
fies C stocks in biomass and soils in semiarid Morogoro, Tanzania to assess the 
potential of rotational woodlot systems to sequester C in the soil and offset carbon 
dioxide (CO

2
) emissions. Carbon levels in native vegetation fallows and forests 

were used as a reference to evaluate the efficacy of this system to minimize forest 
degradation and balance CO

2
 emissions. After a 5 year rotation, wood yield 

(23–51 Mg C ha–1) was sufficient to meet household demand for fuelwood. Carbon 
stocks in the highly productive fallows of Acacia crassicarpa A. Cunn. ex Benth., 
Acacia leptocarpa A. Cunn. ex Benth., and Acacia mangium Willd. (18–26 Mg ha–1) 
were similar to those in the Miombo forest reserves. Based on C accumulation rates, 
it would take 4–9 years for these fallows to recover C lost through forest clearance 
for agricultural expansion, compared to two or three decades for re-growing miombo 
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woodlands. Tree fallows also enriched the soil organic C (16–26 Mg ha–1), in some 
cases (e.g., A. mangium) close to the reported value for miombo forest soils 
(28 Mg C ha–1). Overall, this study demonstrates the significant contributions of 
rotational woodlot systems to reduce forest degradation and offset CO

2
 emissions 

through on-farm wood supply. However, policies and programs that consider com-
prehensive approaches to avoid deforestation are needed to take full advantage of 
this system for climate change mitigation and adaptation.

Keywords  Avoided  deforestation  •  Carbon  sequestration  •  Tree  fallows   
• Woodfuel

Introduction

Deforestation and other land use changes in developing countries are responsible 
for ~74% of greenhouse gas (GHG) emissions (Funder 2009). And specifically for 
Tanzania, deforestation accounts for ~87% of total GHG emissions (Makundi 2001). 
In addition, limited economic opportunities for forest dependent people and small 
scale farmers in the developing countries encourage forest degradation (i.e., loss of 
forest biomass without noticeable changes in the forest cover). Both deforestation 
and degradation of forests raise concerns about accelerated GHG emissions in the 
tropics and call for measures to meet the needs of local communities in an environ-
ment friendly and sustainable manner (Mountinho et al. 2005; Swallow et al. 2007). 
This issue has prompted debates in the post-Kyoto climate change agreements to 
include mechanisms for providing financial incentives to reduce deforestation and 
degradation of tropical forests through an international carbon (C) market 
(Mountinho et al. 2005; Samek et al. 2011). One such mechanism being negotiated 
is the United Nation’s collaborative programme on Reducing Emissions from 
Deforestation and Forest Degradation in Developing Countries (UN-REDD 
Programme), which allows countries to claim compensation for avoided deforesta-
tion associated with implementing forest conservation programs (Mountinho et al. 
2005). However, accounting exclusively for deforestation and forest degradation in 
developing nations may not effectively reduce carbon dioxide (CO

2
) emissions as 

agricultural management is also a major source of GHG emissions (van Noordwijk 
et al. 2008). Thus, comprehensive C trading schemes that promote emission reduc-
tions in the Agriculture, Forestry and Other Land Uses (AFOLU) sectors are being 
developed to achieve system or area based approaches for climate change mitigation 
and adaptation (Negra and Ashton 2009). It is anticipated that the presently negoti-
ated REDD and AFOLU initiatives will fund sustainable rural development and 
enhance natural resource conservation by devolving revenues from C credits to the 
local communities (Funder 2009).

Tanzania, one of pilot countries in the UN-REDD programme, is developing 
programs and policies to decrease deforestation rates, which are estimated at 
91,000 ha year–1 (FAO 2007). Participatory forest management programs initiated in 



131Carbon Sequestration Potential of Planted Tree Fallows

the mid-1990s are promoted as a strategy to involve local communities to benefit 
from the REDD scheme (Zahabu 2008; URT 2009). While these programs have 
been successful over the years, it should be noted that current woodfuel extraction 
rates from unprotected forests in public lands in the country (47% of total forested 
land) are not sustainable (Luoga et al. 2002; Mwampamba 2007). A similar trend is 
also noted in other sub-Saharan African countries. It is estimated that ongoing forest 
degradation in eastern Africa, as a result of shifting cultivation and unsustainable 
extraction of wood for firewood and charcoal, could lead to more CO

2
 emissions 

than all previously recorded deforestation (Skutsch et al. 2008).
Agroforestry has shown a high potential to reduce soil and forest degradation 

through rapid replenishment of soil fertility and provision of off-forest tree resources, 
especially fuelwood. Through implementation of agroforestry practices, agricultural 
expansion can be minimized and harvesting pressures on native forests reduced 
(Kimaro et al. 2007; Jama et al. 2008), simultaneously sequestering atmospheric CO

2
 

(Isaac et al. 2005; Verchot et al. 2007). Agroforestry thus contribute to climate change 
mitigation in developing countries and diversifies income resources, particularly 
when mechanisms for accounting and compensating for C sequestered in agrofor-
estry become widely available to the small-scale farmers. Moreover, on-farm wood 
production via agroforestry can also reduce the risk of leakage by providing alterna-
tive fuelwood sources. Under the clean development mechanisms (CDM), leakage 
may occur when net CO

2
 emissions is noted outside the CDM-C project and is 

attributable to the implementation of the project (van Noordwijk et al. 2008). In the 
context of forest dependent communities in developing countries, this phenomenon 
could be a result of inadequate provision of alternative sources of forest products, 
especially woodfuel.

Early studies promoting agroforestry as a C sequestration strategy focused on C 
rich multistrata agroforestry systems (AFS) in the humid tropical forest margins 
(Palm et al. 2004). There is, however, scarcity of information on the C sequestration 
potential of dry lands (Negra and Ashton 2009), and in particular about AFS in the 
semiarid Africa (e.g., Takimoto et al. 2008; Kaonga and Bayliss-Smith 2009). 
Estimating C sequestration potential of AFS in the dry lands is crucial for C account-
ing purposes. Due to poor vegetation cover and inherently low soil C levels, these 
areas have low C stocks (Lal 2003). However, they seem to possess an enormous 
potential to sequester C when converted to agroforestry land use. Moreover, the 
extent to which planted tree fallow systems, such as rotational woodlots, reduce 
harvesting pressure of the native forests in semiarid zones and thereby offset CO

2
 

emissions has been minimally investigated.
The rotational woodlot system consists of three interrelated management phases: 

a tree-crop intercropping phase aimed at generating intermediate crop products 
while establishing the woodlot (establishment phase); a tree alone phase to buildup 
wood biomass and provide secondary benefits including dry season fodder, bee-
keeping, and soil nutrient replenishment (tree fallow phase); and a final post fallow 
phase characterized by wood harvesting and sequential cropping (Kimaro et al. 
2007). Unlike other tree fallows established at high plant density (10,000 stems per 
ha; Kaonga and Bayliss-Smith 2009) to optimize foliage biomass for soil nutrient 
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replenishment, tree density in rotational woodlots is comparatively low (625–1,111 
stems per ha). As such, this system has shown promise to supply fuelwood and 
increase crop production in semiarid areas and may considerably reduce degradation 
and over utilization of dry forests (Ramadhani et al. 2002; Nyadzi et al. 2003; 
Kimaro et al. 2007). This chapter quantifies C stocks in biomass and soils in semi-
arid Morogoro, Tanzania in order to assess the potential of rotational woodlot systems 
to sequester C in the soil and offset CO

2
 emissions through on-farm wood supply. 

Carbon levels in native vegetation fallows and forests (Miombo woodland) were 
used as references to evaluate the efficacy of this system to minimize forest degra-
dation and offset CO

2
 emissions. Finally, policy implications for C management 

through AFS are discussed to give recommendations for enhancing the contribution 
of these systems to climate change mitigation and adaptation in the country.

Methods

Study Site

This research was carried out at Mkundi village (6o 40¢ S, 37o 39¢ E), Morogoro, 
Tanzania located in a semiarid zone with elevation of about 475 m above sea 
level, with a mean annual precipitation and temperature of 800 mm and 24oC, 
respectively. The soils are classified as Regosol (FAO Classification System) or 
Entisol (USDA system) and have inherently low fertility for crop production. The 
natural vegetation at the study site is degraded miombo woodland dominated by 
scattered tree species of Sclerocarya birrea (A. Rich.) Hochst., Dalbergia melanoxylon 
(Guill. and Perr.), Balanites aegyaptiaca (L.) Del., Dichrostachys cinerea (L.) Wight 
and Arn., Acacia spp., and Albizia spp.

Experimental Design and Management

The rotational woodlot experiment was established in March 1999 in a randomized 
complete block design with three replications. The experiment evaluated wood sup-
ply, soil fertility replenishment, and crop productivity after 5 year fallows of Acacia 
auriculiformis A. Cunn. ex Benth., Acacia crassicarpa A. Cunn. ex Benth., Acacia 
julifera Beth., Acacia leptocarpa A. Cunn. ex Benth., Acacia mangium Willd., 
Acacia nilotica (L.) Del., Acacia polyacantha Willd., Gliricidia sepium (Jacq.) 
Kunth. ex Walp., and Leucaena diversifolia (Schldl.). Natural fallow and continu-
ous maize (Zea mays L.) cropping systems were included as controls. Details of the 
experimental establishment and management as well as assessment of soil fertility 
and wood and crop yields can be found in Kimaro et al. (2007, 2008). This paper 
focuses on C stocks in biomass and soils to estimate C sequestration potential of the 
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tested tree fallows. Soil composite samples were collected at 0–15 cm depth from 
five randomly selected points in each plot. The soil samples were air dried, sieved 
through a 2 mm sieve and ground to a fine powder for organic C determination by 
Walkley and Black method (Anderson and Ingram 1993).

Although some controversy exists on accurate percent C conversions, we esti-
mated wood C at 50% of oven dry weight of stem and branches of sampled trees. 
Resultant values were extrapolated to a per hectare basis. Percent soil organic C was 
converted to Mg ha–1 based on bulk density and mass of the soil within the top 
15 cm depth (Kimaro et al. 2007). Annual wood demand and area of forest cleared 
annually to supply wood for fuelwood (6,960 m3 year–1 and 417 ha year–1) and char-
coal (27, 896 m3 year–1 and 1,671 ha year–1) at Kitulangalo area, Morogoro (Luoga 
et al. 2000, 2002) and for tobacco curing (4,551 Mg year–1 and 8,675 ha) in Tabora 
district (Ramadhani et al. 2002) were estimated based on published information. 
These two sites were chosen because experimental station and farmer’s field trials 
involving the rotational woodlot system conducted for over a decade have shown 
high productivity and adoption potential (Ramadhani et al. 2002; Nyadzi et al. 2003; 
Kimaro et al. 2007, 2008). Total area required to produce wood to meet this demand 
was estimated based on biomass yield and wood basic density of the tested tree spe-
cies (Table 1). The area was then scaled down to a household level to assess land 
availability for the rotational woodlot system. This approach employed secondary 
data on the population size (4,640 people) at Kitulangalo area (Luoga et al. 2000) 
and percentage of small scale tobacco farmers (60% of the population) in Tabora 
(Ramadhani et al. 2002). Basic density of tree species was used to convert biomass 
to volume since this was the unit used to report productivity and extraction rates of 
wood in the native forests (Luoga et al. 2002).

Statistical Analysis

A mixed model procedure in statistical analysis system (SAS Institute 2000) was 
used to run a one way analysis of variance (ANOVA) after confirming normality and 

Table 1 Wood basic density of tree species in planted tree fallows and natural 
forests in Tanzania and Malawi

Tree species Basic density (kg m–3) Source

Acacia crassicarpa 584 Luhende et al. (2006)
Acacia mangium 570 Ali et al. (1997)
Acacia polyacantha 705 Wickens et al. (1995)
Gliricidia sepium 470 Ngulube (1994)
Acacia nilotica 700 Malimbwi et al. (1994)
Acacia auriculiformis 617 Ali et al. (1997)
Acacia leptocarpa 693 Luhende et al. (2006)
Acacia julifera 627 Luhende et al. (2006)
Leucaeca diversifolia 450 Orwa et al. (2009)
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constant variance of residuals for tree biomass yield, wood C, and soil organic C 
using graphical analysis. Tree species was designated as a fixed effects variable 
while block and block x species interaction were designated as random effects vari-
ables in the model. Following the ANOVA, significant treatment means were ranked 
according to the least significance difference (LSD) at a = 5%.

Results and Discussion

Wood Biomass

After a 5 year fallow period, wood yield (23.2–51.0 Mg ha–1) differed significantly 
among tree species (Table 2). High productivity of the Australian acacias, especially 
A. crassicarpa in semiarid Tanzania has been attributed to the combined effects of 
a high water table at Tabora (Kwesiga et al. 2003) and tolerance to low soil fertility 
(efficient nutrient acquisition and utilization; Doran et al. 1997). These species form 
symbiotic associations with mycorrhizae and rhizobia that enhance their access to 
immobile soil nutrients including P and atmospheric N

2
 (Kwesiga et al. 2003), con-

tributing to efficient use of nutrients for biomass production (Kimaro et al. 2007).
Wood is mainly used as an energy source (fuelwood and charcoal) for domestic 

and small scale industrial operations such as tobacco curing, smoking fish, and brick 
burning. Often these activities can lead to substantial loss of forest cover (Luoga 
et al. 2002; Zahabu 2008). For example, approximately 70% of deforestation in 
Tanzania is related to woodfuel extraction, either through direct removal of wood (43%) 

Table 2 Biomass and carbon accumulation in wood of tree species under 5 year-old rotational 
woodlot systems in semiarid Morogoro, Tanzania

Species

Biomassa Carbon

(Mg ha–1) (Mg ha–1 year–1) (Mg ha–1) (Mg ha–1 year–1)

Acacia auriculiformis 23.2eb 4.64e 11.6e 2.32e
Acacia crassicarpa 51.0a 10.2a 25.5a 5.10a
Acacia julifera 30.8cd 6.16cd 15.4cd 3.08cd
Acacia leptocarpa 38.3b 7.66b 19.2b 3.83b
Acacia mangium 37.7b 7.54b 18.9b 3.77b
Acacia nilotica 23.2e 4.64e 11.6e 2.32e
Acacia polyacantha 36.0cb 7.20cb 18.0cb 3.60cb
Gliricidia sepium 29.1ed 5.82ed 14.5ed 2.91ed
Leucaena diversifolia 33.7cbd 6.74cbd 16.8cbd 3.37cbd
LSDc 6.52 1.30 3.25 0.65
Pr > F <0.0001 <0.0001 <0.0001 <0.0001
aKimaro et al. (2007, 2008)
bMeans within a column marked by the same letter are not statistically different at p < 0.05 
according to least significant difference (n = 3)
cLeast significance difference
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or through conversion (27%) of forests to agriculture where harvested wood is used 
as fuel (Makundi 2001). Wood extraction for agro-processing operations such as 
tobacco curing contributes 4–26% of deforestation in eastern and southern Africa 
(Sileshi et al. 2007). Our study, however, suggests that such high deforestation rates 
in Tanzania and other African countries could be reduced considerably through on 
farm wood supply using the rotational woodlot system (Table 2). Depending on tree 
species, wood from 1 ha of the rotational woodlot system was sufficient to satisfy 
fuelwood demand of a six member family for 7–16 years (Kimaro et al. 2007), 
assuming a household consumption rate of 10 kg week–1 (Biran et al. 2004). This 
demonstrates the high potential of planted tree fallows to reduce harvesting pressure 
on native forests.

Often, land availability is a limiting factor for widespread adoption of improved 
fallow technologies for both food and wood production. We estimated the land 
requirements for the rotational woodlot system to supply wood in order to meet the 
demand for fuelwood and charcoal at Kitulangalo area, Morogoro based on pub-
lished annual consumption rates (Luoga et al. 2000, 2002). This analysis revealed 
that the 2,088 ha of forest lands cleared annually at Kitulaghalo could be avoided if 
each household allocate about 0.43–1.14 ha of farmland to rotational woodlot 
culture (Table 3). Similar analysis for rotational woodlot systems in Tabora district, 
western Tanzania indicated that 0.34–0.57 ha of land per household would be suf-
ficient to produce wood to meet the demand for tobacco curing (Table 3), saving 
about 8,675 ha of forests annually (Ramadhani et al. 2002). This amount of farm-
land is comparable to the area (0.5–0.8 ha) under rotational woodlot culture in farm-
ers’ fields in the district (Ramadhani et al. 2002). Evidently, the rotational woodlot 
system holds high promise to satisfy domestic and commercial demands of wood 

Table 3 Estimated species-wise holding size required to produce wood for firewood and charcoal 
supply in Morogoro and for tobacco curing in Tabora, Tanzania

Tree species

Estimated farm size per household (ha)

Fuelwooda Charcoala Tobaccoa

Acacia auriculiformis 0.20 0.80 NDb

Acacia crassicarpa 0.09 0.34 0.34
Acacia julifera 0.15 0.61 0.39
Acacia leptocarpa 0.14 0.54 0.31
Acacia mangium 0.11 0.45 ND
Acacia nilotica 0.23 0.91 ND
Acacia polyacantha 0.15 0.59 ND
Gliricidia sepium 0.14 0.57 ND
Leucaena diversifolia 0.11 0.45 0.36
aArea estimated based on wood yield (Nyadzi et al. 2003; Kimaro et al. 2007, 2008) and volume or 
biomass of wood extracted annually from native forests and the population size (Luoga et al. 2000; 
Ramadhani et al. 2002). Where consumption rate was expressed in volume, wood basic density of 
the tested tree species (Table 1) was used to express biomass into volume
bND Not determined because these species were not tested in Tabora
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since charcoal business in Kitulangalo (Luoga et al. 2000) and tobacco production 
in Tabora (Ramadhani et al. 2002) are the main economic activities of the residents 
there. Clearly, utilizing wood from this system can minimize degradation of native 
forests, especially in rural areas where wood is unsustainably extracted for energy 
supply (Luoga et al. 2002; Mwampamba 2007).

Wood Carbon

Species difference in wood C sequestration potential were also profound (Table 2). 
Carbon sequestered in wood of A. crassicarpa and A. leptocarpa (20.5–25.5 Mg C ha–1), 
and A. mangium and A. polyacantha (18.0 and 18.9 Mg C ha–1) were comparable to 
the wood C (19 Mg C ha–1) in protected miombo forests (Williams et al. 2008; 
Zahabu 2008). Wood C accumulation rates also differed among tree fallows 
(2.3–5.1 Mg C ha–1 year–1; Table 2) but were higher than the annual C increment 
(1.7–2.8 Mg C ha–1 year–1) in the protected miombo woodlands of Morogoro (Zahabu 
2008). Carbon sequestration rates reported in this study (Table 2) fall within the 
range of values (1.50–6.55 Mg C ha–1 year–1) reported for tropical AFS (Nair et al. 
2009). Based on the sequestration rates of tested species, it will take approximately 
4–9 years for the tree fallows to recover wood C lost by converting native miombo 
forests containing 20.9 Mg C ha–1 (Zahabu 2008; Williams et al. 2008) to agriculture. 
This period is considerably shorter than the two to three decades required for re-
growing miombo woodlands after cultivation (Williams et al. 2008), likely due to 
high productivity of these managed systems (4.6–10.2 Mg ha–1 year–1; Table 2) com-
pared to 0.04–2.91 ha–1 year–1 reported for miombo forests (Kityo 2004). Overall, 
these results demonstrate the C sequestration potential of woodlot AFS. Although C 
in wood biomass can be released after fuelwood harvesting, it offsets CO

2
 emissions 

from clearing local forests for woodfuel supply or from using fossil fuels. As noted 
in the previous section, on farm wood supply through rotational woodlot systems 
provides an alternative source of wood to forest dependent communities. In this 
way, planted tree fallows may help reduce forest degradation and address the leakage 
problem (the possibility of increased deforestation or CO

2
 emissions) in areas 

outside forest based C sequestration projects.

Soil Organic Carbon

After a 5 year fallow period, organic C (21.6–25.6 Mg C ha–1) in the top 0–15 cm 
soil depth under A. nilotica, A. polyacantha, and A. mangium was significantly 
higher than the organic C (13 Mg C ha–1) in the continuously cropped soils (Table 4). 
These fallows also had more top soil C than that for the 0–10 cm depth in 6 year 
fallowed miombo soils (14.1 Mg C ha–1), but were close to that of miombo wood-
land reserves (27.5 Mg C ha–1; Walker and Desanker 2004). This rapid replenishment 
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of soil organic C reflects high organic matter addition through faster litter and root 
turnover processes during the fallow period, presumably due to the fast growth and 
intensive management of planted tree fallows. These results indicate that improved 
fallows can enhance soil C sequestration, especially in the degraded dry miombo 
soils where the buildup of soil C is very slow due combined effects of drought, fire, 
and/or termite activity (Williams et al. 2008).

The labile fraction of soil C under the rotational woodlot system, however, may 
be lost after wood harvesting for crop production, due to cultivation. When soils are 
disturbed during tree clearing and site preparation, faster rates of litter decomposi-
tion, and breakdown of soil organic matter may occur in the top soil. However, it has 
been shown that the stable fraction of soil organic matter associated with silt and 
clay is generally unaffected during the first 3 years, implying minimal soil distur-
bance by hand hoe cultivation (Solomon et al. 2000). Hence the rotational woodlot 
system may not adversely affect soil C pools because the recommended length of 
the post fallow cropping phase of this system is 3 years (Nyadzi et al. 2003; Kimaro 
et al. 2007). Long term studies examining changes of soil organic C over one rota-
tion cycle would be appropriate to verify this premise.

Management and Policy Implications for Agroforestry  
Based C Sequestration

Both energy and forest policies in Tanzania recognize woodfuel as the main source 
of biomass fuel (URT 1992, 1998). However, the energy policy categorizes wood-
fuel as a non-renewable energy source because of unsustainable supply from local 
forests (URT 1992). As indicated earlier, on farm wood supply through agroforestry 
can sustainably produce wood for both domestic and small scale industrial operations 

Table 4 Soil organic carbon 
(0–15 cm soil depth) under 
planted tree fallows in 
Morogoro, Tanzania

Tree species Soil organic C (Mg ha–1)

Acacia crassicarpa 15.8ca

Acacia mangium 25.6a
Acacia polyacantha 21.6ba
Gliricidia sepium 18.8bc
Acacia nilotica 22.7ba
Natural grass fallow 17.8bc
Continuous cropping 13.0c
LSDb 5.15
Probability 0.0078
aMeans within a column followed by the same letter 
are not statistically different at p < 0.05 according to 
Least significance difference (n = 3)
bLeast significance difference
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in the country. However, the main limitations for fully utilizing this potential are 
limited labor and land availability. Many village afforestation programs that aimed 
at establishing woodlot plantations for fuelwood supply in Tanzania in the early 
1970s, have failed on account of these constraints. Tree planting, weeding, and other 
management activities under this program were often neglected during peak crop-
ping seasons because household labor was directed towards food crop production 
(Monela and Kihiyo 1999). The rotational woodlot system, however, addresses 
these problems as this system integrates wood and food crops in addition to provid-
ing environmental benefits such as C sequestration and making the system socially 
adoptable, economically feasible, and environment friendly. Cost benefit analyses 
revealed higher returns to labor ($ US 388/ha) and land ($US 2.67/workday) of up 
to six times in this system compared to the maize – natural fallow system (Franzel 
2004). Similar analysis comparing the benefits of rotational woodlots and emerging 
small scale Jatropha curcas L. plantations in terms of bioenergy supply in the region 
also found higher returns as well as lower fuel production costs for the woodlot 
system (Wiskerke et al. 2010). Apparently, the high demand of wood for tobacco 
curing and scarcity of fuelwood due to extensive grazing and clearing of woodlands 
in western Tanzania could be the main reasons for this high profitability and hence 
adoption of the rotational woodlot system (Ramadhani et al. 2002).

The success of the rotational system can be partly linked to the tradition of estab-
lishing dry season grazing areas or fodder reserves known as Ngitili (Kamwenda 
2002). Ngitili is a traditional silvopastoral system in which farmers in western 
Tanzania set aside an area of standing vegetation (grasses, trees, shrubs, and forbs) 
at the beginning of the rainy season for grazing during the dry season when pasture 
is depleted. Management of Ngitili is governed by customary rules and regulations 
set by a traditional assembly (Dangashida) and implemented by the village guards 
(Sungusungu) (Kamwenda 2002). In western Tanzania, tree fallow phase of the 
rotational woodlot system can also be managed as Ngitili to provide dry season 
grazing areas (Nyadzi et al. 2003), making the system part of the culture of livestock 
keeping communities in this region. Value additions through schemes of payment 
for ecosystem services such as REDD could promote adoption of rotational woodlot 
practices even in other semiarid areas that may not meet the socioeconomic condi-
tions of western Tanzania. However, both REDD framework (URT 2009) and the 
agroforestry strategy (NASCO 2006) do not take full advantages of rotational wood-
lots for C sequestration in the country. This may be attributable to the limited 
research on the role of agroforestry in climate change mitigation and adaptation.

It is well known that tree based systems contribute to reductions in atmospheric 
CO

2
 and offset CO

2
 emissions through three main mechanisms, namely: C seques-

tration, C conservation, C substitution (Nair et al. 2009). This chapter illustrates that 
avoided deforestation through on farm wood supply can be a promising option for 
the conservation of C in biomass and soils in existing native forests, which are the 
main source of woodfuels in the developing countries. Clearing ~2,000–8,000 ha per 
year of native forests and woodlands in semiarid Tanzania could be avoided by adopt-
ing rotational woodlot system for wood supply alone, representing a substantial 
contribution to the country’s efforts to reduce harvesting pressure on native forests. 
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Considering that woodfuel supply accounts for ~90% of domestic energy in Tanzania 
(Mwampamba 2007), this system holds considerable promise and provide a 
win-win alternative for meeting wood demand and enhancing environmental secu-
rity. However, appropriate policy and programs to increase adoption of rotational 
woodlot systems and participation of small farmers in C trading schemes (e.g. 
REDD and AFOLU) aimed at mitigating the impacts of climate change by promot-
ing sustainable forest and agricultural management practices to conserve tropical 
forests, are imperative.

It should be noted that forests and woodlands in most developing countries, espe-
cially in semiarid areas, are utilized heavily for woodfuel extraction and agricultural 
expansion (Tole 1998; Luoga et al. 2002). Hence implementing policy and pro-
grams, such as REDD, to conserve or protect native forests as a strategy to reduce 
atmospheric CO

2
 emission can limit access to forest resources by local communities 

if no appropriate mechanisms are in place to provide meaningful alternatives. This 
in turn may adversely affect success of these initiatives either through failure of the 
forest dependent communities to comply with the regulations or by displacing 
deforestation and forest degradation activities to another area (leakage) in order to 
satisfy the woodfuel demand. One option to address these problems would be to 
promote AFS, such as rotational woodlots, which have the potential to supply wood 
for domestic use and small scale industrial operations like tobacco curing. As noted 
above, agroforestry is still not considered as a reliable source of woodfuel that can 
reduce harvesting pressure on native forests in the country; hence neglected in the 
current REDD programs. Yet the rotational woodlot system can address most of the 
drivers of deforestation and forest degradation, which are targeted by REDD initia-
tives (Table 5). This oversight underscores the need for further studies to examine 
the role of agroforestry in climate change mitigation and adaptation, and to develop 

Table 5 Drivers of deforestation and forest degradation in Tanzaniaa

Driver Deforestation Forest degradation

Shifting cultivationb √
Commercial farming e.g. biofuel, tobacco, sisal and teab √ √
Poor (lack) of land use plan √ √
Forest fires √ √
Over exploitation of forestsb √ √
Over grazingb √ √
Mining e.g. minerals, salts and sand √ √
Infrastructure development e.g. road and power lines √
Energy for domestic and industrial useb √ √
Refugees – civil wars √ √
Natural disasters including drought and floods √ √
Weak law enforcement √ √
Expansion of settlements √ √
aAdapted from URT (2009)
bCauses of deforestation and degradation of forest that can be addressed by adopting the rotational 
woodlot system



140 A.A. Kimaro et al.

appropriate mechanisms for accounting the C sequestered in AFS and other land 
uses. Current research to institutionalize Ngitili as community based forest manage-
ment approaches for C sequestration under REDD programs in Tanzania is an 
attempt to fill this knowledge gap (TNRF 2010). This may provide a rationale for 
including rotational woodlot and other similar practices in the future.

Conclusions

Agroforestry systems utilizing fast growing tree species can considerably reduce 
forest degradation and rapidly (4–9 years) sequester atmospheric CO

2
 at levels com-

parable to the natural miombo forest reserves in semiarid lands. Carbon accumu-
lated in tree biomass and soils differed significantly among the tested fallows and 
the potentials of certain species (e.g., A. crassicarpa, A. leptocarpa, A. mangium) 
were comparable to that of the native forests. Although wood C can be released during 
combustion of harvested fuelwood, it represents amounts that offset increased CO

2
 

emissions from clearing local forests for wood supply or from using fossil fuels. 
Considering high dependency on woodfuel for domestic and commercial use by 
rural communities, this system holds promise to minimize degradation and CO

2
 

emissions. Additionally, the rotational woodlot system may not adversely affect soil 
organic C because stable fractions of soil organic matter are generally unaffected by 
cultivation and the short (1–3 years) post fallow cropping period recommended for 
this system. However, such high potential may be undermined in the absence of 
comprehensive mechanisms and policies to compensate for the avoided deforesta-
tion as well as a lack of mechanisms to limit free access to commercially extracted 
woodfuel from unprotected forests. Current efforts to formalize Ngitili, a traditional 
silvopastoral systems, as a community-based approach to sequester C under REDD 
programs in Tanzania will likely increase recognition of C sequestration potential of 
semiarid AFS in the tropics.
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Abstract The Brazilian savanna, known as the Cerrado, extending over 200 million 
ha, is the largest neotropical savanna in the Americas. With its ongoing conversion 
to intensive agriculture since the 1960s, of which cultivated pastures for beef cattle 
production is a major form, this unique ecosystem is now considered threatened. 
Given the recognized role of trees in carbon (C) sequestration and greenhouse gas 
(GHG) mitigation, the silvopastoral system of tree plantation development on pas-
ture lands is considered to be particularly relevant to this region. For the past two 
decades, eucalyptus-based silvopastoral systems have been established in the 
Cerrado region by growing agricultural crops (rice and soybean) in the first 2 years 
followed by Brachiaria forage and beef-cattle grazing from the third year of planta-
tion establishment. Recent studies in a variety of situations indicate that agrofor-
estry systems store higher amounts of C compared to single species cropping and 
grazing systems, both aboveground and belowground. The Brazilian savannas that 
have characteristically low aboveground C reserves hold considerable stocks of soil 
organic C, probably as a consequence of previous land use, the history of which is 
unknown. Most of this C is in a biodegradable form and is likely to be lost to the 
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atmosphere when the soil is disturbed during land conversion to agriculture and 
pasture. Adoption of sustainable land use systems such as silvopasture could reduce 
this potential hazard. Given the role of the Cerrado in the global C cycle and cli-
matic change, these issues deserve well coordinated investigations.

Keywords Ecosystem degradation • Eucalyptus • Grasslands • GHG mitigation  
• Oxisols • Ruminants

Introduction

Silvopasture refers to the agroforestry practice of integrating trees in animal produc-
tion systems. Broadly, there are two major forms of silvopasture: grazing and tree 
fodder systems. In grazing systems, cattle are allowed to graze on pasture under 
widely spaced or scattered trees, whereas in the tree fodder systems, the animals are 
stall-fed with fodder from trees or shrubs grown in blocks on farms (Nair 1993; Nair 
et al. 2008). The grazing system of silvopasture has recently gained prominence as 
an ecologically sustainable and environmentally desirable approach to managing 
degraded pasture lands in the industrialized countries (Mosquera-Losada et al. 2005; 
Garrett 2009). With the recent emphasis on the environmental impact of land use 
systems, the role of silvopasture and other agroforestry practices in mitigating cli-
mate change through carbon (C) sequestration has been a major area of research 
focus (Nair et al. 2010).

The silvopastoral system of tree plantation development on pasture lands and its 
role in C sequestration and greenhouse gas (GHG) mitigation are particularly rele-
vant to Brazil, where land use changes in forestry and agricultural sectors are 
reported to be responsible for more than two-thirds of the GHG emissions 
(Comunicação Nacional 2004). For example, most of the agricultural areas in the 
vast Brazilian savanna, known as the Cerrado, are grasslands, of which at least 60% 
are in some stage of degradation (IBGE 2006). This paper presents an overview of 
the status of silvopasture in Brazil, and a summary of some recent studies on C 
sequestration in silvopastoral systems in Florida (USA), Minas Gerais (Brazil), and 
northwestern and Central Spain. With that background, we will present some 
perspectives on the GHG – primarily C dioxide (CO

2
) – mitigation potential of sil-

vopasture systems in the Brazilian Cerrado, and relate them to other similar 
ecosystems elsewhere.

Silvopasture in the Brazilian Savanna (Cerrado)

Brazil has a cattle population of 200 million on 100 million ha of cultivated pastures 
(IBGE 2006). Of these, beef production involves 180 million head, producing 8.0 
Tg of meat per year. Growing national and international markets for meat and 
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demand for better quality of meat necessitate important changes to a production 
system that relies largely on pasture, the production capacity of which has been 
depleted following years of exploitation. In the Cerrado region of Brazil, cultivated 
pastures cover about 49 million ha, supporting a herd of 40 million head represent-
ing more than 35% of the total Brazilian beef production. Thus, the region accounts 
for 35–40% of the beef cattle industry both in area and production.

The Cerrado

Savannas are a major component of the world’s vegetation, covering one-sixth of 
the land surface, and accounting for 30% of the primary production of all terrestrial 
vegetation (Grace et al. 2006). In South America the savanna, mostly distributed in 
Brazil, Colombia, Venezuela, and Bolivia, feeds three of the major water basins: the 
Amazon, Paraguay, and São Francisco Rivers (Cochrane et al. 1985). The Brazilian 
savanna, called the Cerrado (Fig. 1), occurs manly in central Brazil in the states of 
Mato Grosso, Mato Grosso do Sul, Tocantins, Goias, and western parts of Minas 
Gerais, and extends over 200 million ha (Batlle-Bayer et al. 2010). The Cerrado is 
a wet savanna and it consists of a gradient of physiognomies, from grassland (called 
“campo limpo”) to a sclerophylous forest (Cerradão), with over 10,000 species of 
plants, of which 45% are unique to the Cerrado.

The Cerrado region’s typical climate is hot, semi-humid, with pronounced sea-
sonality marked by a dry winter season from May through October. The annual 
rainfall ranges from 1,200 to 2,000 mm, 80–90% of which occurs during the sum-
mer (known, rightly, as the rainy) season between October and April. The mean 
annual temperature varies from 22°C in the south to 27°C in the north of the region 
(Bustamante et al. 2006). The soils are generally very old, deep, and inherently poor 
in nutrients such as phosphorus and calcium. They have high levels of aluminum 
and low levels of organic matter and pH. Oxisols and Entisols represent approxi-
mately 46% and 15% of the area, respectively (Reatto et al. 1998). Due to their low 
nutrient status and high acidity and aluminum concentration, soil organic matter 
(SOM) plays a particularly important role in the physical, chemical, and biological 
processes related to nutrient cycling, soil aggregation, and plant-water availability 
in the Cerrado (Resck 1998). The Cerrado trees have characteristic twisted trunks 
covered by a thick bark, and leaves, which are usually broad and rigid. Many herba-
ceous plants have extensive roots to store water and nutrients. The plant’s thick bark 
and roots serve as adaptations for the periodic fires that sweep the Cerrado land-
scape. The adaptations protect the plants from destruction and make them capable 
of sprouting again after the fire.

The Cerrado region has been the focus of intense agricultural expansion since the 
1960s, and a large area of native vegetation has been replaced by agriculture, culti-
vated pastures, and planted forests.1 Satellite images showed that in 2002, 55% of 

1 EMBRAPA CERRADO (1999).
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the Cerrado had already been transformed (Machado et al. 2004). During the period 
from 1975 to 1995, the area under crop cultivation in the Cerrado increased from 6.9 
to 8.2 million ha (Bustamante et al. 2006). The major crops are soybean (Glycine 
max L. Merr), maize (Zea mays L.), rice (Oryza sativa L.), and beans (Phaseolus 
vulgaris L.). Soybean is the most important crop and it had its “boom” in the 1980s 
propelled by growing international demand for it. Cultivated pastures account for 
the largest agricultural expansion, mostly with the introduction of the African grass 
of the genus Brachiaria. Estimate of the pasture area in the Cerrado ranges from 35 
to 50 million ha (Sano et al. 2000). Most of these cultivated pastures have, however, 

Fig. 1 Distribution of Cerrado vegetation in Brazil (letters are state abbreviations). Those referred 
to in connection with geographical patterns are: DF Federal District; GO Goiás; MA Maranhão; 
MG Minas Gerais; MS Mato Grosso do Sul; MT Mato Grosso; PA Pará; TO Tocantins
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experienced some degree of degradation; they have lost, to some extent, their capacity 
to produce biomass due to deterioration of soil chemical, physical, and biological 
conditions.

Various types of landholdings and producers can be found in the Cerrado biome, 
ranging from large farms with areas of more than 20,000 ha and a variety of crop 
fields or cattle, to a large number of “small” farms with areas less than 100 ha. 
Planted forests are a relatively new land use system in this area that has gained 
popularity within the last decade; pasture lands are now being rapidly converted by 
interplanting with fast growing tree species. Large tracts of the Cerrado have also 
been planted to fast growing trees, especially eucalyptus hybrids (Eucalyptus spp.) 
and pines (Pinus spp.), which account for roughly two-thirds and one-third, respec-
tively, of the approximately 5.5 million ha of planted forests in Brazil (ABRAF 
2008). Most of these plantations have been planted over the small farmlands that 
used to raise cattle. This new development, motivated primarily by its monetary 
advantages, has brought up two major issues: the introduction of non-native tree 
species in the biome, and the decline – if not elimination – of the traditional activity 
of cattle rearing. Integrating cattle and trees as in silvopastoral systems offer the 
advantages of monetary benefits from planted forests and at the same time supports 
cattle rearing. There might be unexplored advantages via C sequestration too.

Silvopastoral Systems in the Cerrado

Silvopastoral systems were first established in the Cerrado region of Minas Gerais 
State about 20 years ago and the area under the practice has been increasing steadily 
since then. Accurate data on the spread of the system are not available; however, the 
current area under the practice is estimated to be about 14,000 ha (based on the 
authors’ personal contact with local farms). Other areas of the Cerrado have also 
been cultivated with silvopastoral systems, mainly in the state of Mato Grosso do 
Sul. It is perceived (Dubé et al. 2000) that the establishment of silvopastoral systems 
can reduce the cost of establishment of the whole (beef + timber) system; further-
more, the additional income derived from the crops would be an economic incentive 
to tree plantation owners during the early years of plantation establishment.

The silvopastoral systems in the Cerrado are established by cultivating one or 
two annual crops in rows in between the widely-spaced tree rows. Crops such as rice 
and soybean are cultivated in the first and second year, respectively, after establish-
ing eucalyptus (Fig. 2), the most common tree used in the system. It is planted at 
the spacing of 10 × 4 m or 8 × 4 m. Tree rows are aligned, as much as possible, in the 
east-west orientation in order to allow highest extent of light penetration to the 
understory grass between trees. Most planters limit the soil preparation for silvopas-
toral establishment to the minimum, mainly spot application of herbicides to kill 
weeds or any undesirable plant in the rows where the trees will be planted. This 
minimum soil preparation is important to avoid soil disturbance and oxidation of 
SOM. Soil moisture availability and mild temperature under trees create better 
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condition for mineralization of nitrogen (N) which contributes to improving and 
extending the forage quality in the dry season. In the third year, seeds of the grass 
Brachiaria brizantha (Hochst. Ex A. Rich.) Stapf, are sown to constitute the under-
story (Fig. 3). Sixty days after sowing the grass seeds, beef cattle are stocked in the 
area for grazing (Fig. 4).

In spite of the steady increase in the area under silvopasture in Brazil, information 
about beef cattle production under these systems is relatively scanty. A pioneering 

Fig. 2 During the early years of silvopastoral system establishment, agricultural crops are grown 
in between tree rows: (a) first year – rice planted after establishing eucalyptus; (b) second year – 
soybean planted after the rice was harvested. The pasture will be established in the third year after 
soybean harvest. Fazenda Riacho, Paracatu, Minas Gerais, Brazil

Fig. 3 A silvopastoral system of Eucalyptus spp. with Brachiaria brizantha (Hochst. Ex A. Rich.) 
Stapf, as the understory in Fazenda Riacho, Paracatu, Minas Gerais, Brazil. Note that the plants 
maintain their green color even in the peak dry season when the photo was taken
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example of the system, which contributed to studies and popularization of this 
technology, is the “Fazenda Riacho” (Riacho Farm), an agroforestry unit of the 
Votorantim Siderurgia group, located in the Cerrado region of Minas Gerais. 
Bernardino et al. (2011) studying the beef cattle performance in the silvopastoral 
system in this farm reported that fertilizing the understory grass (B. brizantha) with 
N and potassium (K) resulted in increase in higher grass dry matter production and 
higher meat production per ha; on average, the increase in the animal live weight 
gain (LWG) was directly proportional to the fertilizer rates used. Fertilization with 
N and K is considered important in the establishment and management of silvopas-
toral system in the Brazilian Cerrado (Andrade et al. 2001; Bernardino 2008). Other 
studies are currently under way to evaluate the effects of doses and sources of N on 
the productivity of the understory in silvopastoral systems.

An alternative to the use of inorganic fertilizers is the introduction of forage 
legumes to constitute part of the understory in silvopastoral systems. Legumes can 
add N to the system and thus reduce the cost of N input as well as the environmental 
hazard associated with fertilizer N. They can also enhance the forage quality, result-
ing in better cattle performance. Paciullo et al. (2004, personal communication)2 
evaluated the weight gain of dairy heifer grazing a silvopastoral system with three 

Fig. 4 Beef cattle in the silvopastoral system of eucalyptus and Brachiaria brizantha (Hochst. Ex 
A. Rich.) Stapf, in Fazenda Riacho, Paracatu, Minas Gerais, Brazil

2 Paciullo DSP, Aroeira LJM, Viana AF, Malaquias JD, Rodrigues NM, Carvalho CAB, Costa FJN, 
and Verneque RS (2004) Desempenho de novilhas mestiças Europeu x Zebu, mantidas em siste-
mas silvipastoril ou em monocultura de Braquiária. In: Reunião Anual da Sociedade Brasileira de 
Zootecnia, Campo Grande, SBZ, CD-ROM.
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different tree species and an understory of Brachiaria decumbens Stapf. and 
Stylosanthes guianensis (Aubl.) Sw. and a pasture with the same grass species. They 
reported that, while no differences were found between silvopastoral system and 
grassland in the rainy season, a 40% gain in the heifer weight was noticed under 
silvopasture in the dry season. Alvim et al. (2005) also found a better weight gain in 
the dry season for heifers grazing in the understory of a silvopastoral system when 
compared to B. decumbens pasture.

Several studies have indicated the potential of silvopastoral system in beef-cattle 
production in the state of Rio Grande do Sul. Silva (1998) evaluated the effect of 
two densities of Eucalyptus saligna Sm. plantations, spaced 2 × 3 m and 2 × 6 m 
(1,666 and 833 trees ha–1) and three forage offers (6.0, 9.6, and 13.0%) on the beef 
cattle performance, and found that the highest LWG per ha 215 kg, in the medium 
(9.6%) forage offer and lowest tree density (833 trees ha–1). Furthermore, Silva et al. 
(2001) studied the animal performance, stocking rate, and the residual forage in a 
silvopastoral system with acacia negra (Acacia mearnsii De Wild.) spaced 2 × 3 m 
and 2 × 5 m and two understory species (B. brizantha cv. Marandu and Panicum 
maximum Jacq. cv. Gatton). The best results for LWG, animal gain per ha, and 
stocking rate were obtained with lower tree density, for both understory species. 
Lucas (2004) studying a silvopastoral system with acacia negra at a stand density of 
500 trees ha–1 and understory of P. maximum cv. Gatton, established for 8 years and 
grazed during 445 days, found a total LWG of 747 kg ha–1 (average of 1.8 kg–1 ha–1 
grazing day–1). These results show a high contrast with the average LWG productiv-
ity of 50 kg–1 ha–1 year–1 of the traditional extensive grazing based on native pasture 
in Rio Grande do Sul State.

Research Results on Carbon Sequestration  
in Silvopastoral Systems

During the past few years, the University of Florida (UF) Center for Subtropical 
Agroforestry (CSTAF) has been involved in soil C sequestration studies under a 
range of agroforestry systems and related land use systems (Nair et al. 2010). The 
overall objectives were to quantify soil organic matter (SOC) accumulation and 
sequestration in different types of agroforestry systems in a variety of ecological 
and geographical conditions, determine C storage in different soil fractions up to at 
least 1-m depth, and quantify, wherever possible, C contribution by C

3
 and C

4
 

plants (~ trees and herbaceous plants) using natural C isotopic differences between 
the two groups. The studies included silvopastoral systems in three countries, 
under different agroecological conditions (Table 1). Detailed descriptions of 
 climate and soil conditions, land use systems, and their management are reported 
in specific papers published from each study. Briefly, the Florida sites included a 
silvopasture with slash pine (Pinus elliottii Engelm.) and adjacent treeless bahia-
grass pasture (Paspalum notatum Flüggé). In Spain, two silvopastoral systems 
were studied: a simulated silvopasture with pine (Pinus radiata D. Don) or birch 
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(Betula pendula Roth) with Dactylis spp./Trifolium spp. in between, with an adja-
cent treeless pasture on Inceptisols in northwestern Spain; and a traditional dehesa 
silvopastoral system with cork oak trees (Quercus suber L.) on Alfisols in central 
Spain. In the dehesa system, total C stock was determined near (2 m) and away 
(15 m) from the tree. The study sites in Minas Gerais, Brazil, included a eucalyptus 
silvopasture system (Eucalyptus spp. with understory of Brachiaria spp. as fodder 
grass) compared with a pasture system and an adjacent forest stand. The soil orders 
of the study sites included Spodosols and Ultisols (both in Florida, USA), 
Inceptisols (northwestern Spain), Alfisols (central Spain), and Oxisols (Minas 
Gerais, Brazil). At each location, soils were sampled to at least 1-m depth from 
four to six layers (sampling depths) according to replicated experimental design 
procedures. All soil samples from the different sites were fractionated into three 
different aggregate-size fractions [macro (2,000–250 mm), micro (250–53 mm), and 
silt- and clay- sized fractions (<53 mm)], and the C content in each fraction was 
determined by dry combustion using an automated C analyzer (Thermo Finnegan 
Flash EA 1112 NC; Thermo Fisher Scientific Inc. Waltham, MA, USA).

The total SOC varied considerably within the different systems to a meter depth 
suggesting differences in C sequestration potential that reflects climatic conditions, 
soil types, and the plant species (Fig. 5). The highest SOC stock to a meter depth 
was in the Oxisols of Brazil (~ 400 Mg ha–1: Tonucci et al. 2011) and the lowest 
SOC was in the sparsely tree-dominated locations of the dehesa system in central 
Spain (Mean: 31 Mg ha–1; Howlett 2009).

Table 1 Site- and system details of the University of Florida, Center for Subtropical Agroforestry, 
research sites for carbon sequestration studies under silvopastoral systems

Location; 
coordinates

Climate (m.a.p, mm; 
mean temp. range, °C) Silvopasture system Land uses

Age (# years since 
establishment)

Florida, USA; 
28° to 29° N; 
81° to 83° W

Humid subtropical; 
1330; −3 to 28

Slash pine (Pinus 
elliottii 
Engelm.) + bahia-
grass (Paspalum 
notatum Flüggé)

Pasture 50
Silvopasture 12
Pasture 55
Silvopasture 14

Central Spain; 39o 
59¢ N; 6o 6¢ W

Subhumid mediter-
ranean; 600; 
8–26

Dehesa: Cork oak 
(Quercus suber 
L.) silvopasture

Cork oak 80

Northwestern 
Spain; 43o 9¢ 
N; 7° 30¢ W

Humid Atlantic; 
1200; 5.8–18

Eur. birch (Betula 
pendula Roth.) 
with orchard 
grass, Dactylis 
glomerata L.

Pasture
Silvopasture 15

Minas Gerais, 
Brazil; 17o 36¢ 
S; 46o 42¢ W

Cerrado: Subhumid 
tropical; 1350; 
20–30

Eucalyptus spp. with 
understory of 
Brachiaria spp. 
(fodder grass)

Forest
Silvopasture 14
Pasture

Source: Nair et al. (2010)
m.a.p mean annual precipitation
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In the Florida study, silvopastures had greater amounts of SOC stored within a 
meter soil profile compared to adjacent treeless pastures (Fig. 6). Using stable C 
isotope signatures, Haile et al. (2010) showed that C in the deeper soil profile was 
derived from the tree component, i.e. the slash pine of the silvopastoral system. 
Further, the relatively stable C fraction (<53 mm) was found to be derived from the 
tree component (Haile et al. 2010). In the study in central and northwestern Spain, 
the traditional dehesa (cork oak) silvopastoral system with sparse tree density had 
lower SOC in the whole soil compared to the managed silvopasture system with 

Systems; age (# years since AF system installation)  Location  Soil Order

1  Pine + pasture vs. treeless pasture; 30 y Florida, USA  Ultisols

2 Pasture under birch trees vs. treeless pasture; 15 y Northern Spain  Inceptisols  

3 Under tree vs. away from trees (Dehesa); 80 y  Central Spain Alfisols  

4 Segou, Mali  Alfisols  

5 MG, Brazil  Oxisols  
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ΔAF (%) = [(AF−Non-AF)/Non-AF]* 100

Under trees vs. away from trees; Parkland system; >50 y  

Brachiaria + Eucalyptus vs. Treeless forage stand; 30 y  

Fig. 5 Changes in soil C stock under different agroforestry (Silvopasture) vs. non-AF systems. 
DAF (%) = [(AF − Non-AF) / Non-AF]* 100 (Adapted from Nair et al. 2010)
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higher tree density (Fig. 7). Within the dehesa system of central Spain, the soil near 
the tree, compared to that away from the tree, stored more C. In pasture system in 
Minas Gerais, the AFS (eucalyptus-based silvopasture) had the highest SOC con-
tent in the macro-sized- and silt + clay- sized fractions compared with the forest- and 
pasture soils (Fig. 8).

In addition to the above (silvopastoral) studies, similar studies were conducted in 
three other countries: in the homegardens in Kerala, India (Saha et al. 2009, 2010); 
parkland- and other systems in Mali, West Africa (Takimoto et al. 2008, 2009); and 
shaded cacao systems in comparison with adjacent natural forest in southeast Bahia, 
Brazil (Gama-Rodrigues et al. 2010). The results from these multi-location (five-
country) studies showed that:

 1. The amount of C stored in soils depends on soil qualities, especially silt + clay 
content

 2. Tree-based systems, compared to treeless systems, store more C in deeper soil 
layers under comparable conditions

 3. Higher SOC content is associated with higher species richness and tree density
 4. Soil near the tree, compared to away from the tree, stores more C
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from Haile et al. 2010)



156 P.K.R. Nair et al.

Furthermore, C
3
 plants (trees) were found to contribute to more stable C in the 

soil than C
4
 plants (grasses) in deeper soil profiles in Florida soils (Spodosols and 

Ultisols); but this was not the case in the Cerrado soils (Oxisols).
In spite of the limitations of the separate studies upon which this analysis is 

based, the results show the intrinsic differences and enormous variations in soil C 
stock among different soils orders and land use systems. Although the studies at the 
different locations were not designed specifically to compare C stock across soil 
orders under similar ecological and management conditions, a general trend of 
higher C stock in soils containing higher amounts of clay and silt was evident. 
Among the agroforestry and other systems studied, the differences in C stock are up 
to more than 100-fold. While much of these differences can be attributed to the type 
of land use systems and ecological regions, there are clear differences among land 
use systems within the same ecological regions and soil orders. In general, tree-
based agricultural systems, compared to treeless systems, store more C. Furthermore, 
land use history of the site seems to have a major and overriding role in determining 
the amount of C stored in the soils, such that the previous land use history of a site 
has the most effect than any other factor in determining the C content in that soil.

Fig. 7 Soil carbon stock  
(g kg−1) in various soil 
layers to 1-m depth, near 
and away from trees in the 
cork-oak dehesa 
(silvopasture) system on 
Alfisols in central Spain, 
and under birch and pine 
tree silvopasture compared 
with an adjacent pasture on 
Inceptisols in northwestern 
Spain (Adapted from 
Howlett 2009)



157Silvopasture and Carbon Sequestration with Special Reference...

In summary, available results indicate that AFS store higher amounts of C, 
compared to single species cropping and grazing systems, in both aboveground and 
belowground compartments of the system. The C sequestration potential of AFS 
seems especially significant in the soil, particularly in soil depths below 50 cm (Nair 
et al. 2010). The extent of C sequestration will, obviously, depend on a number of 
site-specific factors as well as system management.

Some Perspectives on Silvopasture and Carbon Sequestration  
in the Cerrado

Grasslands that cover nearly three billion hectare globally, with roughly two-thirds 
in the tropics and one-third in the temperate region, constitute a major ecosystem of 
the world. Being semiarid lands, they are resource limited, especially in N and 
water. Silvopastoralism is a major land use system in the savannas, with extensive 
grazing under dispersed stands of indigenous trees in the vast African savanna.
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Disastrous consequences of human efforts to modify these fragile ecosystems 
have been exemplified by the recent experiences from intensive cattle production 
supported by planted pasture in the Cerrado. During the past few decades, the 
Cerrado ecosystem has undergone extensive degradation because of conversion to 
agriculture, and this process continues unabated. The increasing demand for dairy 
products and beef for export markets has led to conversion of large areas of native 
land to cattle pasture in the Cerrado. From the 1970s, the native savanna grasslands 
were replaced by cultivated pastures, mostly Brachiaria species. Best pasture man-
agement practices are aimed at maintaining productivity and full soil cover by 
adjusting stocking rates to avoid overgrazing and application of fertilizer and lime 
as required. In general, however, after a few years of pasture establishment, stocking 
rates are increased without paying adequate attention to pasture management includ-
ing fertilization, leading to a rapid nutrient-depletion and pasture degradation. As a 
result, the pastures become degraded within 3–4 years to the extent of being unable 
to support even average stocking rates. More than 60% of the pastures in the Cerrado 
are degraded (Batlle-Bayer et al. 2010), and the Cerrado is now regarded as a threat-
ened biome (Cardoso da Silva and Bates 2002; Boddey et al. 2004): an unfortunate 
but revealing example of an ecological disaster caused by human intervention.

Although liming and fertilization have been recommended for reclaiming the 
degraded pastures (de Oliveira et al. 2004), the high cost of production and transport, 
and the high environmental cost associated with these practices make them unattract-
ive options. Introduction of N-fixing legumes in association with improved grasses, 
and integrated crop-livestock-management systems have been proposed for sustaining 
grassland productivity in the Cerrado region, but have not yet been widely adopted, 
partly because the legume + grass mixture of understory could not be sustained for 
long. Worldwide, improved grassland management (e.g., application of fertilizers, 
adapted stocking rates, introduction of legumes and irrigation) is reported to have the 
potential to lead to a significant soil C sink (Conant et al. 2001). However, such results 
have to be viewed with caution, because many of them have used the degraded pasture 
system as ‘baseline’ for the comparison and not the native Cerrado ecosystem.

The Brazilian savannas have small aboveground C reserves compared to forest 
biomes; but their soils hold considerable stocks of organic C. Bustamante et al. 
(2006) estimated that soils of the Cerrado region contained an average stock of 117 
(range: 100–174) Mg C ha–1 (for native Cerrados). In a review of changes in organic 
C stocks upon land use conversion in the Cerrado, Battle-Bayer (2010) cited reports 
of SOC stocks ranging from 123 to 209 Mg C ha–1 from different locations in the 
Cerrado. Our own studies (Tonucci et al. 2011) have shown much higher stock of C 
in the Cerrado soils (Table 2, Fig. 8). It has also been suggested that the land use 
history of the site could have a major influence on C stock and distribution of C in 
different size-fractions under in different land use systems. The Cerrado has only 
recently (four decades) been opened up for conversion to agricultural/livestock/for-
estry purposes. Unfortunately no information could be obtained about the previous 
site history dating back to 200 years or more. A preliminary evaluation using 14C 
dating technique in soils of the forest, pasture and silvopasture sites used in the 
study sites of Tonucci et al. (2011) suggested the possibility that the Cerrado region 
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had previously been under a “high-C-storing” system for a long time (Tonucci et al., 
personal communication: September 2010). The d14C values for various soil depth 
classes under different land use systems studied by Tonucci et al. (unpublished data) 
suggest that the organic matter in the surface soil of these systems was of recent 
addition whereas the C in the lower soil layers had been stored for much longer time 
periods. These results, although preliminary, suggest that the Cerrado soils stock high 
amounts of C derived possibly from previous land use, the details of which are 
unknown. The bottom line is that the Cerrado biome has a high stock of C in soil, 
probably as a consequence of previous land use; most of this C is in a biodegradable 
form, and could be lost to the atmosphere with soil disturbance. Adoption of sustain-
able land use systems such as silvopasture could reduce this potential hazard. These 
concerns call for well coordinated and detailed investigations on this important issue.

Conclusions

Our studies, though limited, suggest that if sustainable silvopastoral systems could 
be developed as alternatives to conversion of forest lands to support animal produc-
tion, the high levels of C footprint of animal production in developing countries 
could be reduced considerably. Between the two forms of savanna conversions – to 
produce grass and grain – the former, however, is a lesser evil environmentally, and 
grass-fed beef, which is far more efficient in overall energy use than grain-fed beef, 
would leave a lesser C footprint than intensive grain production systems including 
the grain-based beef. Thus, shifting from input-intensive pasture- and grain produc-
tion to environment-friendly silvopastoral systems could reduce GHG emission, 
promote C sequestration in soils, and enhance the soil’s resilience by increasing the 
SOC pool.

Although the Cerrado is a unique ecosystem, many of these projections and per-
spectives could be applicable to other savanna regions too. The extent to which 
these results are applicable in the savannas of other continents such as Africa and 
Asia is unclear, because of not only the differences in soils and other ecological 
conditions, but also the vast differences in management systems. In most parts of 
the African and Asian savannas, silvopastoralism consists mostly of extensive ani-
mal grazing in open lands with scattered trees with practically no land use intensifi-
cation involving fertilizers and such external inputs, unlike in the fertilized and 
management-intensive silvopasture in the Cerrado. Nevertheless, results from the 
extensive dehesa silvopasture system of Spain as well as other studies from the 
Parklands (extensive, open grazing) system in Mali, West Africa, indicate the posi-
tive role of trees in SOC build-up. Given that globally the savanna ecosystem covers 
a sixth of the total land area and account for a third of total plant production, the role 
of savanna silvopastoral systems in global C sequestration and climate change miti-
gation deserve serious investigation. With the increased awareness of the role of 
savannas, the Cerrado in particular, in the global C cycle and climate change, the 
international community has a stake in such efforts.
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Abstract This study was undertaken to assess the standing biomass and carbon 
(C) accumulation in the smallholder farming systems of Claveria, the Philippines. 
Nineteen land use types were identified and the age and standing biomass assessed 
by field measurements and the use of allometric equations. Aboveground C stock 
varied from 2.9 to 234 Mg ha–1. The highest stock was observed in the preserved 
forest followed by homegardens whereas the lowest was observed in the grasslands. 
In general, C accumulation in aboveground biomass decreased with increasing tree 
diversity. The highest rate of C accumulation was found in mango (Mangifera indica L.) 
plantation (17.9 Mg ha–1 year–1) followed by banana (Musa spp.) + fruit trees 
(13.6 Mg ha–1 year–1). Low (<1 Mg ha–1 year–1) rates of C accumulation were observed 
in coconut (Cocos nucifera L.) plantations, coconut + banana, bush fallow, and 
grasslands. Agroforestry systems like homegardens and corn (Zea mays L.) + timber 
and fruit trees can have both high rates of C accumulation and high tree diversity, 
implying the synergy between C accumulation and maintenance of tree diversity.

Keywords  Carbon stock • Carbon accumulation • Homegardens • Tree diversity

Introduction

Land use and land use changes affect the exchange of greenhouse gases between 
terrestrial ecosystems and the atmosphere. Forest clearing by burning and conver-
sion to agriculture and pasture causes large carbon (C) fluxes into the atmosphere 
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(Nabuurs et al. 2007). Carbon dioxide (CO
2
) emissions from land use and land use 

changes, predominantly from forested areas, account for 33% of global CO
2
 emis-

sions between 1850 and 1998 (Bolin and Sukumar 2000).
The establishment of Clean Development Mechanisms (CDM) as one of the 

instruments in the Kyoto Protocol to control emissions of greenhouse gases 
(UNFCCC 1998) has led to an increased interest in reducing CO

2
 in the atmosphere 

through forest based C sequestration (CS) projects. The most significant increases 
in CO

2
 sequestration can be achieved by moving from lower biomass land use 

systems such as grasslands, agricultural fallows, and permanent shrub lands to 
forest based land use systems such as natural forests, forest plantations, and agro-
forestry (Roshetko et al. 2002). Potential mechanisms to reduce C losses and 
increase C sinks include forest management by protecting and conserving the C 
pools of the existing forests (Brown 1996). Forests sequester more than 92% of the 
world’s C and between 20 and 100 times more C per hectare than agricultural lands 
(Andrasko 1990). Slowing deforestation, augmenting afforestation, and intensifying 
silviculture can significantly contribute to the conservation or sequestration of 
significant quantities of terrestrial C (Dixon et al. 1993). Alternative forest manage-
ment systems such as fuelwood plantations and woodlots may also have the poten-
tial to sequester C (Brown et al. 1993; Kimaro et al. 2011; Quinkenstein et al. 2011) 
and agroforestry is particularly relevant in this respect. Benefits that agroforestry 
systems provide in addition to C sequestration are increased food production, 
improved nutritional quality of food, fodder, improved soil fertility, timber, and 
build the asset base on the farm (World Agroforestry Centre 2010a). Nair et al. 
(2009) showed that the estimates of C sequestration potential in agroforestry systems 
are highly variable ranging from 0.29 to 15.21 Mg ha–1 year–1. The objective of this 
paper is to assess the aboveground C stock and the annual rate of C accumulation 
in the smallholder land use systems of Claveria, the Philippines and to study the 
relationship between tree diversity, C stock, and C accumulation rates. This infor-
mation is important in order to identify land use systems that can both contribute to 
C sequestration and at the same time preserve species richness. The smallholder 
agroforestry systems of Claveria could provide an attractive environment for C 
investment through CDM projects.

Materials and Methods

Study Area

The study was conducted in the southwestern part of Claveria located in the prov-
ince of Misamis Oriental in the northern part of the Mindanao region, the Philippines 
(8°38¢ N; 124°55¢ E; 300–800 m altitude; Fig. 1). It was selected as a representative 
area where considerable forest and grasslands areas have been converted into 
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agroforestry. In 1949, grasslands (59%) and forests (14%) were the dominant land 
uses and cultivated land occupied 9% of the area. From 1949 to 1967, however, 
settlements by small farmers accelerated. Consequently, cultivated area doubled to 
20% and grasslands decreased to less than 50%, while the forested areas remained 
unchanged. Between 1967 and 1988, croplands doubled again to 41% of the total 
land area. Perennial croplands (mainly coffee, Coffea spp.) covered 4% of the land 
in 1967, but increased to 30% by 1988. Only 1% of the area remained forested in 
1988 and the grasslands were reduced to 18% (Garrity and Augustin 1995). The 
study site in Claveria also represents one of the research sites of the World 
Agroforestry Centre (ICRAF). It has been the site of intensive work on sustainable 

Fig. 1 Location map of the study area (inset: Map of the Philippines) (Source: Stark 2000)
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upland farming systems since 1984. Soils are generally acidic (pH 3.9–5.2), deep 
(>1 m) weathered oxisols, derived from volcanic parent material. They are classi-
fied as fine, mixed,  isohyperthermic Ultic Haplorthox ranging from clays to silty 
clay loams with rapid drainage (Magbanua and Garrity 1988). Average rainfall at 
lower elevations is around 2,000 mm year–1, mostly received during the period 
between June and December. On an average, rainfall exceeds 200 mm month–1 for 
7 months a year. Annual rainfall and the length of rainy seasons increase signifi-
cantly with elevation. A serious mid season drought in August is also common 
(Garrity and Augustin 1995).

Agricultural/Cultivation Practices

The main crops in Claveria are corn (Zea mays L.), upland rice (Oryza sativa L.) 
and cassava (Manihot esculenta Crantz). Corn is the dominant crop and is cultivated 
twice annually without crop rotation and with little use of inorganic fertilizers. 
Upland rice and cassava are commonly planted on irrigated lands and on more 
acidic soils where corn is not well adapted (Magcale-Macandog et al. 2010). The 
average farm size is presently 3.0 ha and farmers commonly cultivate two or more 
land parcels (Magbanua and Garrity 1988). Private ownership is the dominant land 
tenure arrangement among the large farmers (>3.0 ha), but tenancy and lease hold-
ing are predominant among the small farmers (Garrity and Augustin 1995). Farmers 
practicing different forms of agroforestry have been found to have higher incomes 
than those practicing continuous corn monocropping and vegetable production 
(Magcale-Macandog et al. 2010).

Sampling of Land Use Systems

Field visits were conducted to identify the land use systems in the study area. In 
addition, a workshop was conducted in which the land care facilitators at the World 
Agroforestry Centre identified the prominent land use types in this area. Land use 
systems varied from systems with high tree diversity to those with low tree diver-
sity; the salient attributes of which are described in Table 1. Major products included 
timber, fruits, cereals, and fodder. Within land use system variations in species com-
position and age of trees were profound.

Aboveground biomass was measured in 19 land use systems (Table 1) in order to 
assess the C stock and the rate of C accumulation in the identified land use systems. 
The term C accumulation used in this paper should not be equated with C sequestra-
tion as the latter depends on the amount of recalcitrant C remaining at the end of tree 
rotation and the final use of the tree products in addition to accumulation of C in 
aboveground biomass (Montagnini and Nair 2004).



Table 1 Salient attributes of the land use systems of Claveria, the Philippines

Land use-system Average age (year) Average no. of tree sp./plot

Preserved foresta >100 20
Natural forestb >100 22.8
Multistrata agroforestc 38.8 28.5
Homegardend 21 12.7
Coffee plantatione 30 2.3
Coconut plantationf 21.7 2.8
Woodlote 10.5 1.5
Mango plantatione 7.8 1.5
Banana plantatione 1.5 1
Fallow with indigenous and fruit treesg 15 3.5
Corn coffeeh 30 1
Corn + timber and fruit treesh 9.3 8.3
Corn + timber treesh 8.3 1.7
Corn + mangoh 6 2
Corn + bananah 1.5 1.7
Corn monocroppingh 1 1
Coconu + bananah 21.7 2
Banana + fruit treesi 4.7 2
Grasslandj 50 1
Bush fallowk 25 n/a
aLocated in the neighboring municipality (Initao), a fenced and strictly guarded forest, which 
excludes the local people. Common trees are Aglaia spp., Dehaasia triandra Merr., Euphoria 
didyma Blanco., Litchi philippinensis (Radlk.) Leenh., Mallotussp., Microdesmis casearifolia 
Planch., Millettia brachycarpa Merr., Pterospermum sp. and Ziziphus spp.
bMature forests of more than 100 years age consisting of indigenous tree species such as Bixa orel-
lana L., Shorea negrosensis Foxw., Lithocarpus llanosii (A.DC.) Rehder, Cinnamomum mercadoi 
Vidal, Euphoria didyma Blanco., Pentacme contorta Merr. et Rolfe, Musa textilis Nee., Litsea 
segregata Elmer, Headaphne sp., Syzygium brevistylum, Aglaia alternifolia, Ziziphus hutchinsonii, 
and Podocarpus brevifolius (Stapf) Foxw. Illegal logging is practiced in the area
cComplex agroforestry system with no particular arrangement in the distribution of tree species. It 
resembles the natural forest and is mostly situated along the creeks. It is a species-rich system 
composed of indigenous trees, timber trees, fruit trees, coconut trees, coffee, and banana scattered 
in the area. Most common indigenous trees: Artocarpus ovata Blanco, Cassia spectabilis DC., 
Sandoricum koetjape Merr., Sandoricum vidalli Merr., Artocarpus blancoi (Elmer) Merr., 
Artocarpus odoratissimus Blanco, Bixa orellana L., Litsea philippinensis Merr., Pterocarpus indi-
cus Willd., Artocarpus rubrovenia Warb., Bactris gasipaes H.B.K., and Shorea almon Foxw
dA common tree based system usually located near the households. It is composed of a variety of 
fruit trees (e.g. Artocarpus heterophyllus Lam., Garcinia mangostana L., Lansium domesticum 
Corr., Mangifera indica L., Annona muricata L., Theobroma cacao L.), timber trees, coconut, 
banana and coffee, mainly grown for home consumption and some commercial production
eConsists of single species planted in rows. The woodlots consist of timber trees such as Gmelina 
arborea Roxb., Eucalyptus deglupta Blume, and Acacia mangium Willd.
fCoconut is the most widespread tree in the study area. In a coconut plantation the coconut trees are 
planted in rows at a distance of 10 × 10 m from each other. It is also found scattered in farms or on 
borders of farms
gLand use systems established on lands left fallow for more than 15 years. These lands were planted with 
corn and cassava before they were left fallow allowing indigenous trees to grow. In most of such land use 
systems, the land was left undisturbed for several years and fruit trees were planted at a later stage
hCorn based systems are systems have corn as the main crop and are intercropped with timber or 
fruit trees, timber and fruit trees, banana, coconut, or coffee (scattered in contour and in alleys). 
These land use systems have a wide variation in spacing of crops and trees
iBanana is intercropped with mango, jack fruit, and the like
jImperata grasslands for pasture
kIntended for soil fertility restoration
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The farms included in the study were mainly smallholder agroforestry systems 
dominated by tree crops with few monoculture plantation systems. They included 
trees on farms, trees on farm boundaries, and crop fallow rotations. Measurements 
of biomass were also made in natural forests and in a forest reserve. Since all 
natural forest cover in the study area was converted to cultivated lands, to get 
biomass and C data for natural forests, measurements were made in the nearby 
forests. Two samples were taken in the same municipality where Claveria is situ-
ated (Tagmaray in Malitbog and Abacahan in Mat-i) and one in the neighbouring 
Bukidnon municipality. Three farms were randomly selected for each land use 
system in order to represent the area assigned to that land use system. For banana 
(Musa spp.) and mango (Mangifera indica L.) plantations, only two farms each 
were selected.

Sampling Protocol for Standing Tree Biomass

A total of 55 farms were sampled for the 19 land use systems. Live and dead trees, 
logs, and understory vegetation were sampled on each farm. The protocol devel-
oped by the Alternatives to Slash and Burn project (Hairiah et al. 2001) was used 
in this study. Two quadrats of 200 m2 (40 × 5 m) were selected for each farm. A 
40 m line was laid out within each quadrat and trees with a diameter at breast 
height (DBH) >5 cm located within 2.5 m on each side of the line were sampled. 
For plots which contained trees above 50 cm in diameter, a 20 × 100 m area was 
sampled and all trees with a DBH >30 cm were measured. The diameter of each 
tree within the plot was measured at 1.3 m above the soil surface except for trees 
with trunk irregularities. In such cases, height was measured above the irregular 
part of the stem. For trees branching below the measurement height, all branches 
>5 cm were measured at 1.3 m aboveground and the diameters were summed (SD2) 
to get an equivalent diameter.

Sampling Protocol for Understory Vegetation and Dead Trees  
on the Ground

Understory biomass was collected from four 1 m2 sub-quadrats randomly placed 
within each of the two 40 × 5 m quadrats. All aboveground vegetation other than 
trees with DBH >5 cm was harvested at ground level and weighed. A random sub-
sample of this vegetation was weighed fresh in the field and again after oven drying. 
Lengths of the dead trees on the ground (necromass) within each quadrat, middle 
diameters of the logs as well as botanical names were recorded.
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Assessing the C Stock

The weights of aboveground non-woody vegetation and dead trees on the ground 
for each quadrat were summed and divided by the sampling area. Trees and under-
story vegetation were assumed to contain 45% C of their biomass (Schroth et al. 
2002). Tree biomass (W, dry weight) was estimated using the allometric equation 
(Ketterings et al. 2001) on the basis of stem diameter (D) at 1.3 m above the 
ground.

 
2 c0.11W pD +=  (1)

Where p is the wood density and the coefficient c is based on the allometric relation-
ship between tree height (H) and diameter (default value for c = 0.62). The data on 
wood density was extracted from a wood density database created by ICRAF (World 
Agroforestry Centre 2010b).

For pruned coffee (Coffea arabica L.), bamboo and banana (Musa sp.) the fol-
lowing equations (van Noordwijk et al. 2002) were used.

 
2.06Pruned coffee: 0.281* D  (2)

 
2.28Bamboo : 0.131* D  (3)

 
2.13Banana : 0.03* D  (4)

Where D = diameter at breast height (cm)
Total dry weight of the understory vegetation (Hairiah et al. 2001) was calcu-

lated as:

2
2

( )* ( )
( / ) .

( )* ( )

Total fresh weight kg Subsample dry weight g
Total dry weight kg m

Subsample fresh weight g Sample area m
=

 
(5)

The biomass of unbranched cylindrical trees such as coconut (Cocos nucifera L.) 
and dead trees on the ground was calculated with an equation based on cylinder 
volume while assuming a density of 0.4 g cm–3 (Hairiah et al. 2001):

 
2 / 40Biomass D hsπ=  (6)

Where biomass is expressed in kg, D = tree diameter (cm), h = length (cm), and 
s = density (g cm–3). Carbon in the roots and the topsoil (0–20 cm) were not included 
in this study due to financial and time constraints. Carbon accumulation in aboveg-
round biomass for each land use system was assessed by measuring the C stock in 
each plot and by dividing by the number of years since establishment of the plot. 
Only plots with known year of establishment were assessed. The age of trees was 
obtained using local informants. Calculation of standard deviation and analysis of 
variance were undertaken in order to test the results statistically (Microsoft Excel, 
Minitab).
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Results

Aboveground Carbon Stocks

The aboveground C stocks calculated for the 19 land use systems varied signifi-
cantly (2.9–234 Mg C ha–1; Table 2). The highest C stock was observed in the 
preserved forest followed by homegardens, whereas the lowest was in the grass-
lands. Forest, homegarden, mango plantation, multistrata agroforest, and coffee 
plantation had C stocks >100 Mg ha–1. On the other hand, corn + mango, corn + timber 
trees, coconut plantation, coconut + banana, bush fallow, corn + banana, corn 
monocropping, and grasslands had relatively low C stocks (<20 Mg ha–1). Corn + coffee, 
banana + fruit trees, banana plantations, fallow with indigenous and fruit trees, 
corn + timber and fruit trees, and woodlots were found to contain C stocks within the 
range of 40–100 Mg ha–1.

Aboveground C accumulation rates (Table 2) also varied significantly among 
the  land use  systems. Highest  rate of C accumulation was  found  in  the mango 

Table 2 Carbon stock and rate of carbon sequestration in different land use systems of Claveria, 
the Philippines

Land use system
Above ground carbon 
stock (Mg ha–1)

Standard 
error

Carbon accumulation 
rate (Mg ha–1 year–1)

Standard 
error

Preserved forest 234.5 N/A 2.3 N/A
Homegarden 159.7 59.9 9.4 4.0
Multistrata agroforest 155.8 19.0 4.1 1.2
Natural forest 147.5 43.5 1.5 0.2
Mango plantation 118.9 0.6 17.9 6.0
Coffee plantation 112.3 21.5 5.3 2.6
Corn coffee 85.3 18.5 2.8 0.6
Banana + fruit trees 72.9 48.1 13.6 7.6
Fallow with indigenous 

and fruit trees
56.7 36.6 3.2 1.6

Corn + timber/fruit trees 53.5 22.3 7.8 5.1
Woodlot 40.6 13.3 5.7 2.2
Corn + timber trees 18.8 9.8 3.0 1.2
Corn + mango 16.7 6.3 3.1 0.8
Coconut plantation 14.3 8.5 0.9 0.4
Coconut + banana 11.5 0.7 0.5 0.1
Banana plantation 7.2 1.5 6.2 2.4
Bush fallow 5.4 0.6 0.3 0.1
Corn + banana 3.9 1.4 3.7 1.6
Corn monocropping 3.4 0.0 3.4 0.0
Grassland 2.9 0.2 0.1 0.0
Mean 66.1 4.7

F = 5.63 F = 2.46
p < 0001 p < 0.05
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plantation (17.9 Mg ha–1 year–1) followed by banana + fruit trees (13.6 Mg ha–1 year-1). 
A low (<1 Mg ha–1 year–1) rate of C accumulation was noted for the coconut planta-
tions,  coconut + banana,  bush  fallow  and  grasslands. Homegardens,  corn + timber 
and fruit trees, corn + timber trees, banana plantation, woodlots, coffee plantation, 
and multistrata agroforest were intermediate (4–10 Mg C ha–1 year–1).

Biodiversity in Relation to C Stock and C Accumulation

The number of tree species in each plot of the sampled land use system was plotted 
against C stock and annual aboveground C accumulation. In general, high aboveg-
round C stocks were found in the land use systems with high tree diversity (pre-
served forest, homegarden and natural forest; Fig. 2). Corn + timber and corn + fruit 
trees also were found to contain a fairly high C stocks and number of tree species. 
Conversely, the land use systems with few tree species had low C stocks (e.g., corn, 
corn + banana, banana plantation, coconut + banana, corn + timber, and corn + mango). 
Two land use systems with C accumulation above 10 Mg ha–1 year–1 (mango 
plantation and banana + fruit trees) also had low tree diversity. However, homegar-
den and corn + timber and fruit trees were able to combine high C accumulation 
rates (7–10 Mg C ha–1 year–1) with high rates of tree diversity (8–12 tree species 
per plot).

Discussion

There is a tendency that C stock is decreasing with increasing tree diversity, after an 
initial increase (Fig. 2). Despite the negative trend at high tree diversity, this study 
has shown that smallholder agroforestry systems in Claveria, The Philippines have 
high C accumulation rates in aboveground biomass. Land use systems such as 
mango plantations, multistrata agroforest, homegarden, banana + fruit trees, 
corn + timber trees, corn + timber and fruit trees, coffee plantations, and woodlots 
showed C accumulation rates (>4 Mg ha–1 year–1; Table 2). This shows that agrofor-
estry systems that have high tree diversity may also have high C accumulation rates. 
Tree-crop systems sequestered C at a rate higher than those containing only annual 
crops or grasslands, which has limited accumulation of C. Therefore, significant 
quantities of C can be sequestered by moving away from grasslands, bush fallows, 
and agricultural fallows to tree based systems like agroforests and forest plantations. 
This is consistent with the findings of Tomich et al. (2002). Annual crops will only 
accumulate carbon through the roots and retention of crop residues, whereas the tree 
crops will accumulate carbon through roots, litter, and aboveground biomass. The C 
accumulation rates found at Claveria are higher than those reported by Pandey 
(2002): 2–4 Mg ha–1 year–1 for complex agroforests and 7–9 Mg ha–1 year–1 in agro-
forestry systems with one dominant species. Montagnini and Nair (2004) reported 
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C accumulation in tropical smallholder agroforestry to be in the range of 
1.5–3.5 Mg ha–1 year–1.

The results on C stock and C accumulation rates found in this study must be 
interpreted with caution, because the C stock and the C accumulation rates are 
dependent on the age of the plants, plant density, soil fertility of the site, rainfall and 
other factors. Old plantation/stands will have high C stocks, but low C accumulation 
rates since they have reached maturity while young plantations will have low C 
stock, but higher accumulation rates since the plantation will be in an active growth 
phase. It is difficult to account for these factors unless controlled experiments are 
conducted.

In addition to the accumulation of high average C stock, agroforestry systems 
have several advantages over monocultures. The monocropping systems (banana, 
mango, coconut, woodlots) are mostly for commercial purposes, while the agrofor-
estry systems include crops for household consumption. Agroforestry also may pro-
vide a viable combination of C storage with minimal negative effects on food 
production (Pandey 2002). High and  long  term biomass accumulation with early 
generation of income from annual and semi-perennial intercrops is a characteristic 
feature of agroforestry systems. In addition, they allow for long term accumulation 
of capital in large sized trees and would provide more complete canopy cover than 
certain tree crop monocultures (Schroth et al. 2002). There is less risk in practicing 
agroforestry than monocropping with respect to climatic disasters such as floods 
and drought, market fluctuations, and pest/disease attacks. From Claveria itself it 
has been previously reported that agroforestry systems increase food security and 
provide additional income to farmers (Magcale-Macandog et al. 2010).

Implications for CDM

The results showed that man made forests (homegardens and multistrata agroforests) 
accumulated higher C stocks than natural forests (Table 2). However, the present C 
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stock for the natural forests (147.5 Mg ha–1) is lower than that reported by Brown 
(1996) who found that moist tropical forests contain between 155 and 187 Mg C ha–1. 
This could perhaps be due to the illegal logging of the large trees in the government-
owned forestlands. Overall, mango plantations, homegarden, multistrata agrofor-
estry, and corn + timber trees could be good candidates for CDM projects due to 
their moderate  to  high C  accumulation  rates. Homegardens, multistrata  agrofor-
estry, and corn + timber and fruit trees also have the potential to maintain high tree 
diversity.

The landscape in Claveria is a mosaic of different land use systems. Furthermore, 
there is considerable heterogeneity within each land use system depending on plant-
ing density, age of plantation, species diversity, landscape characteristics, and soil 
quality. This is probably the major reason why it is difficult to establish CDM proj-
ects in Claveria as the monitoring costs are usually very high. It may be possible to 
make the land use systems more homogeneous through deliberate actions (e.g., uni-
form plant density, stand age, and management). However, such a course of action 
is not advisable, as the farmers will lose flexibility with regard to land management 
and income regeneration opportunities. An alternative option for C management in 
the Philippines may be to preserve the remaining natural forests in a Reduced 
Emission for Deforestation and Forest Degradation (REDD) scheme (C conserva-
tion: UN REDD Programme 2010). The C stock of the natural forest was estimated 
to be 147 Mg C ha–1, but the rate of C sequestration was fairly low (1.5 Mg C ha–1 year–1), 
which is consistent with previous reports (Sampson and Sedjo 1997). As Cairns and 
Meganck (1994) stated, integrated forest management including land use planning 
focused on preservation of primary forests, intensified use of non-timber resources, 
agroforestry applications, and selective plantation forestry may help to sequester 
C and meet the needs of local people.

Conclusions

This paper shows that certain land use systems in Claveria are characterized by a 
high potential for C accumulation in aboveground biomass. For instance, mango 
plantations and banana + fruit trees had an annual aboveground C accumulation 
rates above 10 Mg C ha–1 year–1, albeit having lower tree diversity. In general C 
accumulation rates decreased with increasing tree diversity, but there were also land 
use systems that combined high tree diversity with high C accumulation (e.g., 
homegarden and corn + timber and fruit trees). This shows that there is not necessarily 
any contradiction between high C accumulation rates and high tree diversity. 
However, a major obstacle to C project in the area is the heterogeneous land use 
systems making it costly to establish CDM projects and accurately monitor the C 
accumulation rates. Preserved forests contained the highest number of species and 
had the highest stock of C. Preserving forest through C payments, therefore, may be 
an option for saving the forests in the Philippines.
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Abstract Agroforestry systems distinguish themselves from other forms of 
agriculture through their ability to store higher amounts of carbon (C) in their bio-
mass, and often also to conserve more biodiversity. However, in both regards they 
are generally inferior to forests. Therefore, the impact of agroforestry practices on 
landscape C stocks and biodiversity needs to be analyzed both in terms of the inter-
actions between agroforestry and forest, which may be positive or negative, and in 
terms of the conservation of C and biodiversity in the farming systems themselves. 
This paper argues that in forest frontier situations, the most important characteristic 
of land use systems in terms of C and biodiversity conservation is to be “land-sparing” 
(i.e. minimizing forest conversion), which requires a certain level of intensification. 
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In land use mosaics, on the other hand, where natural habitat has already been 
reduced to small fragments, land use practices should also be biodiversity-friendly 
and have high levels of C storage to complement those in natural vegetation. 
Agroforestry has a role to play in both situations by making land use more sustainable 
and by making inhabited reserves ecologically and economically more viable. The 
paper presents three case studies where different sets of incentives are used to pro-
vide communities with the means to conserve C and biodiversity on their land and 
adjacent forest. In the Sierra Madre de Chiapas, Mexico, C trading is combined with 
shade coffee (Coffea sp.) production to conserve and increase tree cover on farm 
land in biosphere reserves. In North Sumatra, Indonesia, coffee-growing communi-
ties receive technical and marketing support and assistance with legalizing their 
land tenure situation as incentives to stop forest conversion for coffee, with a pros-
pect of adding C trading later. In the central Brazilian Amazon, communities refor-
est their land in an extractive reserve and offer reforestation credits on a local market 
while laying the basis for a more tree-based reserve economy. In all three cases, the 
bundling of various forms of incentives is meant to increase the resilience of the 
respective approach to market and policy changes. Approaches like these would ben-
efit from a better integration of agricultural and forest policies.

Keywords Amazon • Biosphere reserve • Environmental service rewards • 
Extractive reserve • North Sumatra • Sierra Madre de Chiapas

Introduction

Agroforestry systems are distinct from other forms of agriculture in their ability to 
store higher amounts of carbon (C) in the above- and belowground biomass and 
soils (Montagnini and Nair 2004; Nair et al. 2010). Similar characteristics – 
 substantial and preferably complex and multi-layered canopies formed by native 
tree species, reduced levels of disturbance, and high levels of litter and soil organic 
matter – are also basic ingredients of land use systems that harbor elevated levels 
of biodiversity in vegetation, litter, and soil (McNeely and Schroth 2006; Schroth 
and Harvey 2007). Therefore, agroforestry systems (AFS) and especially their 
most complex, forest-like forms termed “agroforests” (Michon and de Foresta 
1999; Schroth et al. 2004a) often combine higher C stocks with higher biodiversity 
compared to simpler-structured land use systems based on annual crops or sole 
stands of tree crops. However, the C stocks of AFS are generally lower than those 
of the natural forests of their respective site. For example, C stocks in cacao 
(Theobroma cacao L.) agroforests in southern Cameroon were 62% of those of 
mature forest at the same site, and were also significantly less than those of old 
secondary forests (Kotto-Same et al. 1997). The same is true for biodiversity. 
Although extensively managed agroforests may harbor a large number of native 
plant and animal species including certain endangered and endemic species, other 
more strictly forest-dependent and slow-growing species will avoid them or be 
progressively eliminated through hunting, weeding, and lack of reproduction, ceding 
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their place to more “weedy” and commercially useful species (Siebert 2002; Sonwa 
et al. 2007; Cassano et al. 2009). Therefore, when reflecting upon the role of agro-
forestry systems (or land use in general) in conserving C stocks and biodiversity, it 
is necessary to consider the wider landscape with its dynamic patterns of forest, 
agroforestry, agriculture, and other land uses, rather than just the (agroforestry) 
plot or farm.

Per-area yields of agricultural crops, including tree crops, are generally highest 
in intensively managed, simply structured (e.g. little or unshaded) production sys-
tems, although the life cycle of tree crops is often shorter under such conditions 
(Beer et al. 1998). Biodiversity and C stocks in production systems, on the other 
hand, are generally higher in complex structured, diversified, and less intensively 
managed systems, including complex agroforests (Michon and de Foresta 1999; 
Rice and Greenberg 2000; Schroth et al. 2004a). It has therefore been asked under 
what conditions either “wildlife-friendly” but less productive land use practices 
(such as complex agroforests) or more intensive practices whose higher per-area 
yields make it easier to “spare” land for habitat conservation would lead to higher 
overall biodiversity in a given landscape (Green et al. 2005). These authors sug-
gested that if intensification of land use would lead to proportionally greater biodi-
versity loss than yield increase, it would be more efficient to practice agriculture and 
biodiversity conservation in separate areas, i.e. follow a “land-sparing” agricultural 
strategy. If, on the other hand, yield increase through intensification would lead to 
proportionally smaller losses of biodiversity, then a “wildlife-friendly” agricultural 
strategy where production and conservation are integrated in the same area (as is the 
case in complex agroforests) would lead to an overall better conservation outcome 
for the landscape as a whole. The same principles can be readily applied to C stocks. 
Although this approach is theoretically appealing, in practice the situation rarely 
presents itself in such a clear-cut manner, because some wildlife and plant species 
that are sensitive to even small levels of disturbance require forest habitat, while 
other species (including certain rare and endemic species) may even do better in 
somewhat disturbed areas including agroforests (Cassano et al. 2009; Oliveira 
et al. 2011).

Another way to consider the relative importance that should be given to biodiver-
sity and C conservation either on-farm (i.e. “wildlife-friendly farming”) or off-farm 
(i.e. through “land-sparing” agriculture combined with forest set-asides) within a 
landscape-wide conservation and development strategy is to distinguish between 
two types of landscapes: (1) areas where agriculture advances into a forest frontier 
(e.g. the Amazon, Central Africa or parts of Indonesia), and (2) the more “advanced” 
stage of landscape transformation of agriculture-forest mosaics where the frontier 
has “closed” and the landscape is composed of interspersed patches of agriculture 
or agroforestry with some remnants of natural forest (Chomitz et al. 2006). In the 
“frontier” case, a primary goal of a “biodiversity and climate-friendly” agricultural 
development strategy must be to minimize forest conversion, therefore “land-spar-
ing” technologies that generate high yields and farmer incomes in a sustainable 
manner from a relatively small area of land, combined with effective forest conservation 
policies should be prioritized (Ewers et al. 2009). This requires agricultural intensifi-
cation, e.g., through productive planting material and inputs to maintain soil fertility, 
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and may include the use of agroforestry practices for income diversification and 
increased soil conservation (Schroth and da Mota 2007). Gockowski and Sonwa 
(2011) analyzed land use scenarios based on different cacao production technologies 
in West Africa where much forest has been lost to low-producing cacao production 
systems over the last half-century (Ruf and Schroth 2004). They estimated that, had 
intensification technologies, including intensively managed cacao-timber agroforests, 
supported by effective forest conservation policies, legislative reforms, and func-
tioning input and credit markets been systematically pursued from the outset, the 
same total amount of cacao could have been produced (and income generated) on a 
smaller area of land. Consequently, over 21,000 km² of deforestation and 1.4 billion 
Mg CO

2
 emissions could have been avoided, while at the same time preserving 

these countries’ valuable timber and non-timber forest resources.
In mosaic landscapes, on the other hand, the size and number of forest fragments 

may already be too much reduced to conserve healthy populations and assemblages 
of the regional fauna and flora, especially of naturally rare and wide-ranging spe-
cies. Therefore, in addition to the need to conserve the remaining patches of forest 
habitat, relatively more emphasis should be placed on creating or maintaining on-
farm habitat and corridors compared to agricultural frontier situations, i.e., a “wildlife-
friendly” strategy should be pursued. For example, in southern Bahia, Brazil, shade 
cacao systems, locally called cabruca, play an important role in the conservation of 
substantial C stocks (Gama-Rodrigues et al. 2011) as well as a large number of 
endemic plant and animal species in a landscape where natural forest cover has been 
reduced to less than 10% of its original extent (Faria et al. 2007; Cassano et al. 
2009; Oliveira et al. 2011). In both phases of landscape transformation through agri-
cultural expansion, therefore, agroforestry can play an important role in maximizing 
biodiversity and C conservation, as will be illustrated in the case studies later in 
this chapter.

Unfortunately, a common situation in tropical land use is quite the opposite of 
what was outlined above. In frontier situations, where land prices are low and prices 
of agricultural inputs needed for intensification are high, land use is often wasteful 
in terms of land and forest consumption rather than “land-sparing” (Barbier 2005). 
Once the frontier has closed, land becomes more expensive and agrochemical inputs 
cheaper, and so a greater emphasis is placed on intensification precisely when 
“wildlife-friendly” land uses are most needed to complement the dwindling natural 
habitat. There is, however, some reason for hope that this situation could change in 
the future. As the case studies below will show, C and biodiversity conservation are 
locally already becoming sources of income for tropical farmers, complementing 
income from agricultural production itself, and such opportunities could expand 
through several mechanisms:

 1. A number of certification systems recognize practices that correlate with biodiver-
sity conservation both at the farm level (e.g., shade use in tree crops, maintenance 
of riparian buffer strips, and on-farm forest reserves) and to some extent at the 
landscape level (e.g., prohibition of deforestation). Although not specifically 
designed for that purpose, these practices also impact favorably on C stocks. 
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Furthermore, some certifiers (such as the Rainforest Alliance: www.ra.org) are 
working to integrate C sequestration explicitly into their standards. Since the 
demand for certified agricultural commodities is increasing rapidly on the global 
markets, environmental certification is a way through which farmers may benefit 
from biodiversity and C conservation through increased market access, price 
premiums and also the technical support that often comes with certification 
programs.

 2. While environmental certification of smallholder tropical farmers is well 
established in Latin America and rapidly advancing in Africa and Asia (Neilson 
2008), access for smallholder farmers to markets for C credits from afforestation/
reforestation projects that reward high C and biodiversity agroforestry practices 
has advanced more slowly. This is due to the significant technical and adminis-
trative obstacles and transaction costs that are inherent in the development of C 
projects (Torres et al. 2010; Brown et al. 2011). Examples of agroforestry proj-
ects where these obstacles have to some extent been overcome are presented 
below and in other chapters of this volume.

 3. High C and biodiversity production systems may also be rewarded indirectly by 
opening additional market opportunities for farm timber and non-timber prod-
ucts for local, national, and potentially international markets (Sonwa et al. 2007; 
Gockowski et al. 2010).

A well established approach to the simultaneous pursuit of livelihood develop-
ment and the conservation of biodiversity and ecosystem services, including C 
stocks, is the creation of specifically managed areas such as sustainable use reserves, 
including biosphere reserves, where land use options are regulated by management 
plans distinguishing various use and non-use zones and prohibiting deforestation 
and certain forms of land use that are considered unsustainable or destructive. In 
return, the traditional, legal inhabitants have access to certain forms of government 
support such as secure land tenure, housing, and special government or externally 
funded projects. This type of legally inhabited, sustainably managed areas is par-
ticularly well established in Latin America. Despite land use restrictions and their 
(partial) focus on forest conservation, some reserves produce significant amounts of 
agricultural commodities. For example, the biosphere reserves of the Sierra Madre 
de Chiapas in southern Mexico that are discussed in the first case study are one of 
the most important production areas of Arabica coffee in Mexico, while the Tapajós-
Arapiuns Extractive Reserve that is presented in the third case study hosts substan-
tial areas of community rubber agroforests (Schroth et al. 2003) although many of 
these are now temporarily abandoned awaiting an increase in rubber prices and bet-
ter market access. The role that agroforestry can play in the conservation of biodi-
versity and C stocks at a landscape scale by increasing the economic and ecological 
viability of biosphere and sustainable use reserves has not received much attention, 
although these reserves offer a unique institutional framework for integrating 
conservation and development objectives and could offer relatively easy opportunities 
for the labeling of “sustainable landscapes” as a form of distinguishing their products 
on regional and global markets (Ghazoul et al. 2009).
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In the following, we present case studies from ongoing projects from a mosaic 
landscape in Mexico and forest frontier landscapes in Sumatra and the Brazilian 
Amazon where agroforestry practices contribute to preserving the biodiversity, C 
stocks and other ecosystem services both directly on farms and indirectly through 
their interaction with natural forest and their contribution to the sustainable liveli-
hoods of their inhabitants.

Case Study 1 – Sierra Madre de Chiapas, Mexico

In the first case study, we discuss a project that uses agroforestry practices to 
connect smallholder farmers in several biosphere reserves in southern Mexico to 
voluntary C markets, thereby reinforcing and complementing existing incentives 
to use sustainable and biodiversity-friendly land use methods and helping to pro-
tect the integrity of the reserves. The Sierra Madre de Chiapas is a mountain 
chain covering about 1.8 million ha in southern Mexico that runs parallel to the 
Pacific coast (Fig. 1). The region is recognized for its biodiversity and provides 
important watershed services to the surrounding lowlands, especially the narrow 
but agriculturally important coastal plain and the central valley with the state 
capital Tuxtla Gutierrez. The higher elevations of the Sierra Madre are included 
in a system of biosphere and forest reserves that host over 27,000 inhabitants 
(Schroth et al. 2009).

The Sierra Madre is an important production area of high-quality Arabica coffee 
and many of its inhabitants make a living as coffee growers, especially at elevations 
upward of 600 m and in the southern and more humid parts of the mountains, while 
cattle and annual crops such as maize (Zea mays L.), cultivated in slash-and-burn 
systems, are more important in the drier north and at lower elevations. Since the mid 
1990s, the US-based non-profit organization Conservation International (www.
conservation.org) had been working with coffee farmers especially in the buffer zone 
of El Triunfo Biosphere Reserve, providing technical assistance in agricultural best 
practices, such as the use of diversified coffee shade and the conservation of forest, 
with the objective of harmonizing farming and biodiversity conservation. While ini-
tially working with several private sector partners, the program received a significant 
boost in the late 1990s through a partnership with Starbucks Coffee Company which 
sourced coffee from participating farmers and created its Organic Shade Grown 
Mexico brand (Perez-Aleman and Sandilands 2008). By the mid-2000s the program 
involved about 900 farmers and had some notable successes: participating farmers 
“earned 20% more per ha [compared to non-participants]; nine out of ten families 
were able to make improvements to their homes; 72% reported being able to consume 
meat more than once every 10 days, compared to only 50% for non-participants” 
(Perez-Aleman and Sandilands 2008). However, the cost of the technical assistance to 
the farmers and the dependency on external funding made it difficult to sustain and 
further scale up the program, therefore additional incentive and funding mechanisms 
were needed.
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Practices such as the use of complex shade canopies in coffee and the conserva-
tion of forest, beside protecting biodiversity, also increase (or maintain) the C stocks 
of farms and landscapes. Therefore, in the mid 2000s, when C markets were slowly 
emerging as an option to generate additional farmer income, it seemed logical to 
pursue the integration of the coffee program with C sequestration, thereby diversify-
ing the incentives offered to farmers for C and biodiversity friendly land use prac-
tices. A second reason for pursuing this integration was that coffee growing, although 
a very important land use in the higher parts of the Sierra Madre, is by no means the 
only one. Highland farmers also grow annual crops such as maize and beans 
(Phaseolus sp.) in fallow rotations, raise small numbers of cattle, and extract forest 
products such as xate palm leaves (Chamaedorea sp.) that are used in decoration. 
These other land uses, which become relatively more important towards the lower 
and northern parts of the Sierra Madre, were practically not affected by the coffee 
program, and this reduced its potential to impact the landscape as a whole. For 
example, conservation and C benefits obtained in the coffee farms could partly be 
offset by fire use in pasture areas or clearing of secondary forest for food crops by 
non-participating farmers. This was particularly evident in the drought year 1998 
when a total area of 37,336 ha or 22% of La Sepultura Biosphere Reserve was 
affected by wildfires, including 20% crown fires, that destroyed forest and coffee 
farms (Schroth et al. 2009).

Fig. 1 The protected areas system of the Sierra Madre de Chiapas, Mexico (From Schroth 
et al. 2009)
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In 2007, Conservation International therefore partnered with a local NGO, 
Ambio, which managed the Scolel Té (Tzeltal-Mayan for “The growing tree”) 
program in other parts of Chiapas and Oaxaca, already benefiting several hundred 
families. This program, which is described in detail in this volume by Ruiz-De-Oña-
Plaza et al. (2011), connects small farmers to voluntary C markets through a partici-
patory, community based land use planning process where farmers can choose 
among a number of “modules” (such as planting additional shade trees in coffee, 
establishing live fences, reforestation of pasture, fire damaged or landslide areas, 
etc.) that generate C benefits and implement them with the help and under the 
monitoring of the program (Torres et al. 2010; Zepeda et al. 2010). The Scolel Té 
program began in 1994 as an academic project by the research and higher education 
institution El Colegio de la Frontera Sur (ECOSUR) in San Cristobal de las Casas, 
in partnership with the University of Edinburgh and Pajal Yakaktic, a farmer orga-
nization based in Chiapas. At that time, a participatory diagnosis and design study 
was carried out to select the main technical interventions and determine the associ-
ated costs as well as the social organization required for their implementation. As a 
result, the cooperative Ambio was created. Starting in 1997, Ambio negotiated C 
credits from the project on the voluntary market using the “Plan Vivo” standard 
(www.planvivo.org) that had been developed for Scolel Té but is now being used 
globally (Torres et al. 2010).

The Scolel Té approach is flexible. The land use “modules” that are offered to the 
communities are treated as initial suggestions and are later often modified and 
adapted to the farmers’ specific needs, for example by maintaining colonizer trees 
among planted trees or grazing cattle under trees. Another important advantage of 
the approach is that it leads to early payments to farmers, with installments in years 
1, 2, 3, 5 and 8 subject to the results of a continuous monitoring and technical sup-
port program, while other methodologies often involve a delay of many years 
between project design and implementation, credit sales, and actual payments to the 
land users which is a disincentive to small farmers (Torres et al. 2010; Ruiz-De-
Oña-Plaza et al. 2011).

For the pilot project integrating Conservation International’s coffee program 
with the Scolel Té C sequestration program, initially eight coffee communities were 
chosen. Although costly in logistical terms, the eight pilot communities were widely 
spread across the Sierra Madre so that the approach could be tested under a range of 
biophysical and socioeconomic site conditions. Areas where the reserve administra-
tion (the National Commission of Protected Areas) perceived a high risk of land use 
change either from forest to agriculture or from coffee to annual food crops were 
prioritized. Through a participatory process, the communities were familiarized 
with the Plan Vivo methodology and the various land use modules that would gener-
ate C credits. Within the first 2 years of the project, 144 farmers participated in the 
capacity building process of which finally 54 planted trees on a total of 57.25 ha of 
land, opting mostly (83% of the area) for live fences in pastures or sometimes in 
coffee. Live fences are an agroforestry technique that can easily be integrated into 
the local farming systems without negatively affecting crop or pasture yields, thus 
presenting low opportunity costs, but can sequester non-negligible amounts of C 
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(28–54 Mg per ha depending on the site; Torres et al. 2010) and generate significant 
positive impacts in terms of biodiversity conservation (Harvey et al. 2004). On the 
other hand, and in line with expectation, farmers opted less frequently (14.8% of the 
area) for increasing the shade canopies in their coffee farms because they already 
used very dense shade and further increasing it could have augmented disease pres-
sure and compromised the coffee yields. The remaining 2.2% of the area were used 
for improved fallow plantings. Based on these choices and estimated growth rates, 
the C income of the participating farmers was estimated at USD 295 over the next 
5 years. In 2009, the program forward-sold the first C credits.

Building on this initial pilot phase, the project is now being scaled up to 19 com-
munities in the Sierra Madre, while more farmers are joining in already participat-
ing communities. By end 2010, an additional 176 farmers had committed to planting 
376 ha, with an even stronger preference for live fences (90% of the committed 
area). With the expansion of the program, it is hoped that eventually a critical mass 
will be reached where further growth will be less dependent on external funding. 
This scaling-up in the field needs to go hand in hand with scaling-up of marketing 
efforts for the C credits, as well as the sustainably produced coffee, to avoid future 
bottlenecks. Experience will show if there are synergies on the market in advertising 
both sustainably grown commodities and C credits with a strong social component 
from the same landscape, and if this will eventually lead to the recognition of the 
Sierra Madre as a “sustainable origin” or “sustainable landscape” to help distin-
guish its products in an increasingly crowded marketplace for certified or otherwise 
“special” products.

The design process of this project integrating conservation agriculture with C 
trading also revealed strong links between climate change mitigation and adaptation 
and the role that agroforestry practices can play in both (Schroth et al. 2009). Beside 
the predicted increase in temperatures, which may negatively affect coffee quality 
and thus its value on the market, the increasing risk of extreme climate events, 
including rainstorms as well as droughts, is a particular concern for a region that has 
been severely affected in the past by hurricanes and wildfires (Schroth et al. 2009). 
Significantly, recent research has shown that complex vegetation, such as forest and 
shade coffee, reduces the vulnerability of farmland to landslides (Philpott et al. 
2008). On the other hand, fire management plans and reforestation of pasture land, 
where many wildfires originate, increase C sequestration and reduce the risk of 
accidental C losses during drought years (Schroth et al. 2009).

Case Study 2 – North Sumatra, Indonesia

This case study is focused on illustrating the practical role of agroforestry in improving 
livelihoods and reducing deforestation in the context of the Indonesian coffee sector. 
The study is being undertaken in the highlands of North Sumatra, Indonesia. Sumatra 
is the third largest island in Indonesia, measuring 1,800 by 400 km. It contains an 
extraordinary wealth of natural resources and habitat diversity (Whitten et al. 2000), 
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which are crucial for maintaining the welfare of the island’s 50 million people. Dairi 
district with its capital Sidikalang is one of the key coffee growing areas of North 
Sumatra, with an annual production of 9,300 Mg on about 20,000 ha, out of about 
80,000 ha under coffee for all of North Sumatra. It is situated adjacent to Lake Toba, 
the largest volcanic lake on earth, location of two hydropower plants (Asahan and 
Lae Renum) that are critical for Sumatra’s power supply, and a key freshwater 
 biodiversity area (Fig. 2).

The margins of Lake Toba are largely deforested and sedimentation and agricul-
tural runoff are impacting the ecology of the lake. The sedimentation rates are 
 estimated at 1–3 cm per year according to the Indonesian Environment Ministry.1 
Only the western margin is still under protection forest, most of which is in Dairi 
district (Fig. 2). According to the district administration, Dairi has lost 60% of the 
vegetation of its water catchments due to deforestation. This often involved the 
encroachment of protection forests, including for coffee farming. In quantitative 
terms, this deforestation is relatively insignificant compared to the deforestation that 
has affected Sumatra’s lowlands over the past 15 years. However, considering the 
already small remaining area and ecologically sensitive role of the protection forest 
in the Lake Toba watershed, further forest loss in this area is clearly a concern. 
Furthermore, although the conversion of production or protection forest into agri-
cultural land often happened many years ago, the production of coffee (and other 
agricultural products) on encroached land is formally illegal and, according to field 
interviews, subjects the farmers to occasional fines. With an increasing emphasis on 
traceability in the global (and Indonesian) coffee industry, it also complicates the 
access to higher-paying specialty coffee markets for these communities (Arifin et al. 
2008; Neilson 2008). In fact, the project presented here was partly motivated by the 
concerns of Starbucks coffee buyers who had witnessed forest conversion for coffee 
farms in this important coffee supplying region (C. Jordan, 2005, personal commu-
nication to G.S.).

Based on field surveys in 2005 in communities along the forest boundary and 
interviews with government officials in Dairi district by Conservation International 
and its local partner, the fair-trade company ForesTrade-Indonesia, the project 
focused on four coffee communities, Barisan Nauli, Sileu-leu Parsaroan, Pagambiran, 
and Perjuangan (Fig. 2). As in other similar studies of the causes of forest encroach-
ment and seemingly unsustainable use of forest resources in Sumatra (Arifin et al. 
2008; McCarthy 2006), the interviews revealed a complex set of factors driving the 
encroachment. These included an influx of migrants, their allocation of land at 
the forest boundary by resident relatives possibly with the intention of expanding 
the agricultural area of the communities, lack of clarity about the exact location of the 
legal boundary between agricultural and protection forest land among the communi-
ties, and lack of enforcement of forest protection laws by the authorities. They also 
included lack of technical support and agrochemical inputs to help farmers establish 
coffee farms on degraded grassland – of which large areas are available – instead of 

1 Jakarta Post, 15 May 2010.
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Fig. 2 Coffee communities on the boundary of a forest protecting the watershed of Lake Toba in 
North Sumatra, Indonesia (map by Kellee Koenig)
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the more fertile forest soil, and to maintain and rehabilitate coffee farms when 
coffee productivity has decreased for lack of management and soil conservation. 
Finally, in contrast to neighboring Aceh where coffee is typically grown under the 
shade of planted legume trees, coffee in the Lake Toba area is mostly cultivated 
under full sun conditions, thereby foregoing the benefits of shade use for soil con-
servation and a longer productive life of the coffee bushes. Coffee is, however, 
locally grown under benzoin (Styrax spp.) and other productive trees elsewhere in 
North Sumatra (Garcia Fernandez 2004).

From the constellation of factors contributing to deforestation, it was clear that the 
problem could not be addressed through incentives targeting individual farmers, such 
as conventional certification, but had to involve entire communities which controlled 
the access to the forestland. The principal aim was to stop deforestation and the deg-
radation of standing forest with their implications for C storage and biodiversity, 
rather than reforesting already converted forest land which was considered unrealistic 
under the given socio-political conditions. The project therefore offered the communi-
ties an agreement whereby it would provide technical assistance with coffee agrofor-
estry practices and quality improvement and would help them access specialty markets 
for their coffee. The project would also work with the government to include the com-
munities in a Community Forestry Management scheme as established by Indonesian 
law that would legalize the coffee harvesting though not the sale of the land. In return, 
the communities would permanently demarcate and monitor a jointly agreed de facto 
forest boundary. In a subsequent step, the project would help the communities to 
access markets for the C sequestered in agroforestry plantings on the former forest 
land, following the example of the Mexican case study presented above.

The community of Perjuangan was the first to accept the offer. Starting in 2006, 
the project provided farmers with training in coffee agroforestry practices and inte-
grated pest management through a combination of field schools and demonstration 
plots in the communities, which included a strong focus on the advantages and 
practicalities of shade coffee. The field schools also provided training in organic 
compost making, coffee pruning and management, diversification with avocado 
(Persea americana Mill.), sugar palm (Arenga pinnata (Wurmb) Merr.) and timber 
trees (Toona sureni (Blume) Merr., T. sinensis (A. Juss.) Roem.), post harvest man-
agement, marketing, and community-managed nurseries. The de facto forest bound-
ary of Perjuangan was agreed upon and demarcated with cement blocks and a tree 
row in the presence of government officials in early 2009. In collaboration with the 
local Watershed Management Board, the project facilitated the submission of an 
application for the inclusion of 10,000 ha of former forest land into the Community 
Forestry Management scheme to the Minister of Forestry and the Head of Dairi 
District in October 2009. In late 2010, these community conservation agreements 
were supported by approximately 475 households in Pagambiran, 340 households 
in Sileu-leu Parsaoran, around 370 households in Perjuangan, and 24 members of 
the local farmer group in Barisan Nauli, which has a population of approximately 
2000. In 2010, the 280 farmers of Sileu-leu Parsaoran managed to arrange their first 
sale of coffee to a major exporter, demonstrating their increased capacity to produce 
a quality product, and connect that product with the international market.
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The expected declaration of the converted forest land as “community forest” 
will allow the communities not only to legally harvest their coffee, but also to 
directly benefit from C revenues that would be generated through agroforestry 
plantings and forest conservation on this land. However, to enable the C revenues 
to flow, there are still legal barriers since the legal framework of C trading in 
Indonesia does not yet permit smallholder participation in the global voluntary C 
markets, though promising advances in the respective policy discussions have been 
made, for example through the publication of the draft “National Strategy for the 
Reduction of Emissions from Deforestation and Forest Degradation (Nastra REDD 
plus)” in 2010.

Case Study 3 – Tapajós-Arapiuns Extractive Reserve, Brazilian 
Amazon

In this section we discuss the contribution of agroforestry and a specific Brazilian 
market for reforestation credits to increasing the ecological and economic viability, 
thereby helping to conserve its forest C stocks and biodiversity. The study area is the 
Tapajós-Arapiuns Extractive Reserve in western Pará State, Brazilian Amazon. 
Similar to the previous case study, C trading is not (yet) a component of the project 
which uses another environmental service market to create incentives and rewards 
for practices that, while mainly targeting sustainable timber and non-timber sup-
plies, also conserve landscape C stocks and biodiversity.

Protected areas, including sustainable use reserves and indigenous lands, are 
widely recognized for their contribution to reducing deforestation and forest deg-
radation in the Amazon (Nepstad et al. 2006). They play a key role in the conserva-
tion of the biodiversity and C stocks of this largest of tropical forests. Extractive 
reserves as a specific form of inhabited protected areas were created as a response 
to the conflicts between traditional rubber tappers and expanding cattle ranches in 
the western Brazilian Amazon during the 1980s (Cardoso 2002). The first extrac-
tive reserve was created in 1990 and today there are more than 11 million ha of 
extractive reserves and more than ten million ha of (closely related) sustainable 
development reserves in the Brazilian Amazon (ISA 2007), forming large-scale 
corridors with other forms of protected areas and indigenous lands (Fig. 3). Ruiz-
Perez et al. (2005) demonstrated the effectiveness of the Alto Juruá Extractive 
Reserve in the western Amazonian state of Acre in reducing deforestation rates 
compared to surrounding areas.

The concept of extractive reserves was criticized early on based on the com-
monly held view that extractivism in species-rich tropical forest is rarely a way out 
of poverty (Homma 1993). However, the economic basis of “extractive reserves” is 
not always extractivism, but may be family agriculture and agroforestry comple-
mented by fishing and some hunting. Such is the case in the Tapajós-Arapiuns 
Extractive Reserve, an area of 650,000 ha with approximately 20,000 inhabitants in 
about 70 communities located mostly on the banks of the Tapajós and Arapiuns 
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rivers in western Pará state (Fig. 4). The area was protected in 1998 after a history 
of conflict between communities and logging companies (Menton 2003).

The Tapajós valley has a strong agroforestry tradition, reaching back at least to 
the early twentieth century (Schroth et al. 2003). Farmers used to plant rubber seeds 
(Hevea brasiliensis H.B.K. M.-Arg.) in their slash-and-burn plots together with 
their staple cassava (Manihot esculenta Crantz) and some other food crops. After the 
second cassava harvest, the rubber saplings were tended for a few years until they 
could cope with the evolving fallow vegetation. The plot was then abandoned until 
the rubber trees had reached sufficient size for tapping at an age of 7–14 years (the 
earlier dates indicating that very small trees were tapped). At that time, paths con-
necting the rubber trees were cleared in these plantations turned secondary forests, 
and the trees were tapped about twice per week during the rainy season and allowed 
to rest during the dry season when the latex flow is reduced. Unlike in the very simi-
lar and better documented Indonesian rubber agroforests (Michon and de Foresta 
1999), neither detailed biodiversity nor C studies have been carried out in the tradi-
tional rubber agroforests of the Tapajós. However, these agroforests can reach an 
age of more than 50 years, are structurally complex, and are responsible for the 
almost continuous tree cover of the banks of the Tapajós and Arapiuns rivers, merg-
ing further inland into secondary and old-growth forests (Fig. 4). They store signifi-
cant amounts of C (a sample of eight rubber agroforests on the eastern river bank 

Fig. 3 Protected areas in the Brazilian Amazon. National forests, state forests and extractive 
reserves are different types of sustainable use protected areas (map by Luis Barbosa)
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had estimated C stocks in the aboveground tree biomass of 143 (S.D.= 63) Mg ha−1; 
G. Schroth, unpublished data) and provide wildlife populations of the adjacent for-
est with seasonal food resources such as rubber seeds and fruits from interspersed 
fruit trees (Schroth et al. 2003). However, their main potential from a landscape 
point of view in this “forest frontier situation” would be to offer a sustainable source 
of income to their owners, thereby increasing the economic viability and ecological 
integrity of the reserve as a whole. Unfortunately, in recent years low and fluctuat-
ing prices of rubber latex and sometimes even difficulties to sell latex in the region 
have meant that most rubber agroforests at the Tapajós are now abandoned and the 
cultivation of cassava in slash-and-burn systems for self-consumption and sale of 
roasted flour (farinha) on the market in Santarém has become the main activity and 
source of income of the reserve inhabitants. This strong reliance on slash-and-burn 
agriculture in a seasonally fire-prone region is considered undesirable by the reserve 
administration. With the growing human population, it risks driving an inland 
expansion of the agricultural frontier within the reserve, and to potentially increase 
deforestation, human-wildlife conflict, and hunting (Carvalho and Pezzuti 2010). 
Furthermore, community meetings revealed that cassava growing and roasting are 
considered much heavier and unhealthier work by the often elderly reserve inhabit-
ants, compared to rubber tapping in the shade.

Fig. 4 Location of the Tapajós-Arapiuns Extractive Reserve on the left bank of the Tapajós River 
in western Pará state, Brazilian Amazon. On the satellite image, the more disturbed “agroforestry 
zones” along the river banks can be distinguished from the relatively intact interior of the reserve. 
The contrast to the unprotected area south of the city of Santarém is clearly visible (map by Kellee 
Koenig)
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These traditional rubber agroforests are being planted from seeds, and although 
some trees in a plantation can be very productive, most trees are of low productivity 
(Schroth et al. 2004b). A government sponsored attempt in the late 1990s to provide 
the communities with grafted saplings has been unsuccessful owing to high mortal-
ity, apparently related to logistical problems in seedling distribution and insufficient 
technical assistance (species of several other tree crop species suffered a similar 
fate). However, even in the surroundings of Belterra and Aramanaí on the eastern 
river bank, where farmers had, until recently, ready access to grafting technology 
from commercial rubber plantations, grafted rubber plantings are the exception 
rather than the rule, suggesting that the use of seeds to establish rubber agroforests 
is a conscious strategy to reduce costs and risks, both ecological ones from fire and 
drought, and economic ones from unpredictable markets and government policies 
(Schroth et al. 2003). A technological package to improve the productivity of new 
and existing rubber agroforests without interfering with their “low input logic” has 
been developed (Schroth et al. 2004b) and presented to more than 20 communities 
in the extractive reserve in 2004. But despite considerable interest from the com-
munities it had limited impact given that with the low rubber prices of the time, few 
new agroforests were established and most existing agroforests were not tapped. 
Recently, the market price of natural rubber has increased and, in addition, the fed-
eral government of Brazil has announced a subsidized price for Amazonian rubber 
(Brasil 2010) which could dramatically change this situation, but this subsidy has 
not yet become available to the communities in the reserve at the time of writing.

Parallel to these efforts to revitalize rubber agroforestry, a new agroforestry prac-
tice was introduced in cooperation with the reserve administration over the past few 
years. In Brazil, the federal “forest supply” (fomento florestal) law of 1996 requires 
that companies that use wood from unsustainable sources (such as forest conver-
sion) replant a proportional number of trees, with the long-term objective of creat-
ing a closed cycle of wood use and planting, thereby reducing the pressure on natural 
forests. In subsequent directives, a ratio of eight trees per cubic meter of wood has 
been established. In 2003, the environmental authorities decided to implement this 
legislation systematically in the Amazon and needed suppliers of reforestation cred-
its that could be purchased by those wood consumers that had no own land or techni-
cal capacity to conduct reforestation operations to offset their consumption. The idea 
thus arose to technically and legally enable community organizations in the Tapajós-
Arapiuns Extractive Reserve to reforest with native trees areas of reserve land that 
had been deforested through slash-and-burn agriculture or earlier logging and sell 
reforestation credits (not trees) to wood consuming companies in the region. This 
seemed to be a “win-win” approach that would allow the communities over the 
short term to earn additional income from credit sales and on the longer term to 
redirect their activities from slash-and-burn agriculture to the commercialization of 
non-timber and timber products from individually owned and registered single or 
mixed species plantations of commercial tree species. The environmental authorities, 
on the other hand, would increase their supply of credits that they could leverage to 
compel wood consuming companies to comply with the legislation while at the same 
time addressing the problem of insufficient land use options in the reserve.
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The fomento florestal law did not explicitly mention the possibility of communities 
reforesting federal land (such as extractive reserves), but a request for clarification 
from the project to the Directorate of Forests in Brasília obtained a positive response, 
as long as the reforestation activity was not in conflict with the management plan of 
the reserve. Following an onerous administrative process that took well over a year 
and involved government agencies at the region, state, and federal levels, a previ-
ously existing association of five communities, which had been chosen for this project 
for its dynamic leadership, critical mass of members interested in reforestation, and 
existence of a (dysfunctional) community nursery, received the official authoriza-
tion to administer reforestation projects in the reserve under this law. This was to 
our knowledge the first time that such an authorization was obtained by a commu-
nity based organization in an extractive reserve in Brazil. While this administrative 
process was ongoing, inhabitants of the five communities as well as some neighbor-
ing communities produced timber tree seedlings in the community nursery and 
planted them in their slash-and-burn plots, as they previously used to do with rubber 
seeds and seedlings. In 2006 and 2007, the community association completed three 
credit sales totaling about R$ 25,000 (~USD 15,000) the returns of which were 
distributed to the participants, used to produce more seedlings in the community 
nurseries (which mostly employed women from the communities) and to cover the 
costs of administration and technical assistance. These sales increased substantially 
the demand for the new agroforestry practice among the participating and other 
communities in the reserve. In 2008, the project won support from the World Bank 
through its annual Development Marketplace competition which allowed the proj-
ect to be scaled up to presently over 350 families from 46 communities, including 
some in very remote parts of the reserve that had rarely been reached by earlier 
projects. Although by choice of the communities all plantings were individually 
owned, the seedlings were produced in community nurseries and so community 
organization and technical support to communal work absorbed a large share of the 
project’s resources. At the time of writing, the main challenge of the project was 
that in the course of the decentralization of the Brazilian forest administration, the 
responsibility for the implementation of the fomento florestal law had been shifted 
from the federal to state agencies, temporarily interrupting the community organiza-
tions’ access to the reforestation credit market. This problem was being addressed 
through discussions with government agencies at different levels. While the out-
come of these discussions is difficult to predict, it should be noted that the credit 
sales, while an important encouragement to the communities, are only part of the 
benefits they receive, the more important long-term ones being the creation of a 
basis for a reserve economy founded, once again, on tree products.

This project, like those described in the previous case studies, has the dual objec-
tives of conserving the forest resources of the extractive reserve with its C stocks 
and biodiversity, and to improve the livelihoods of its inhabitants in a sustainable 
way. Although among its objectives are forest conservation, the partial substitution 
of slash-and-burn agriculture with tree based land uses and reforestation, the focus 
of the project is not on the (international) trading of C credits, but rather on an 
emerging domestic market for reforestation credits that is little known even in 
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Brazil. While the fomento florestal law and its directives established rigorous 
accreditation criteria and procedures for those who wish to offer reforestation credits, 
resulting in a complex administrative process that could not be managed by com-
munities without competent external support, the process is still easier and faster 
than that involved in the development of most C trading projects. Given the poten-
tial size of the market (eight trees per cubic meter of unsustainably extracted wood, 
a broad category covering all wood derived from forest conversion and logging 
or fuelwood harvesting without sustainable management plan), the mainstreaming 
of the approach in Brazilian reserve management and forestry policy and practice 
would result in a significant boost to agroforestry and community forestry as com-
ponents in the management of sustainable use reserves, thereby protecting their C 
and biodiversity resources and the livelihoods of their inhabitants. Moreover, due to 
the lower opportunity costs of land in reserve compared to non-reserve areas, refor-
estation credits are among the very few products for which sustainably managed 
reserves have a comparative advantage on the market.

Conclusions

The case studies have shown a number of ways how agroforestry can contribute to 
linking C storage through forest conservation and reforestation, with their (assumed) 
benefits for biodiversity conservation, and livelihoods improvement. The sequestra-
tion of C in the tree biomass of diverse and structurally complex land use systems is 
only one such role, although the one that has received the most attention in the lit-
erature. It is most important in mosaic landscapes, where natural forests have been 
reduced to fragments, thereby increasing the relative contribution of farm land to 
landscape C stocks and biodiversity. The C and biodiversity rich shade-cacao sys-
tems (cabruca) that make up the majority of the “forest” cover in the extremely 
biodiversity rich landscape of southeastern Bahia, Brazil, and the shade coffee sys-
tems of the Sierra Madre de Chiapas, Mexico, are prime examples for traditional 
agroforestry practices that combine environmental and livelihood functions. In for-
est frontier situations, on the other hand, the highest priority in a strategy linking 
agricultural development with climate change mitigation and biodiversity conserva-
tion must be to minimize the need for forest conversion by enabling land users to 
obtain an adequate and sustainable income from their land, thereby supporting 
direct forest conservation policies, while the C storage and biodiversity in the farm-
ing system itself, although highly desirable, are of secondary importance.

The three case studies have shown that agroforestry can play a key role in stabi-
lizing land use mosaics (as in the Sierra Madre de Chiapas) and forest frontiers (as 
in North Sumatra and the Amazon) by linking land use policies with incentives 
based on commodity markets and various types of environmental service markets. 
Case studies 1 and 3 emphasized inhabited, sustainable use protected areas as a key 
policy tool for stabilizing forest landscapes that has been widely used in Latin 
America and that provides a useful framework for such mixed incentives. While in 
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case study 1, C sequestered in agroforestry systems was directly traded, case study 
3 illustrated that other types of environmental service markets or rewards, including 
ones operating on the sub-national or local level, may also result in positive out-
comes in terms of C and biodiversity conservation and additional income for land 
users. Case study 2 from Indonesia where land conflicts are commonplace showed 
that the regularization of land tenure and use rights of forest boundary communities 
was a key topic in the stabilization of the forest frontier. It is being addressed as part 
of a package that also involves the production of an agricultural commodity (Arabica 
coffee) in agroforestry systems for specialty markets and sets the stage for a subse-
quent inclusion of C trading after clarification of the legal framework.

While all three case studies describe work in progress, several key lessons 
emerge. The first lesson is that the combination of different incentives can result in 
better and more lasting outcomes in terms of land use change than single types of 
incentives, such as C trading or certification, provided that the institutions to coor-
dinate such complex incentive mechanisms are in place. Different incentives for 
similar land use practices (such as C and biodiversity conservation) can add up and 
reinforce each other. Also, through the bundling of several types of incentives, dif-
ferent groups of land users within the same landscape, such as coffee and cattle 
producers or recent migrants and established farmers, can be targeted simultane-
ously. The bundling of incentives also reduces the risk of losing past achievements 
and the trust of communities if one incentive becomes temporarily unavailable or 
less attractive, e.g., through policy changes or price fluctuations in commodity or 
environmental service markets. And finally, one incentive, such as the regulariza-
tion of the land tenure situation, may be a precondition for other incentives, such as 
the participation in premium commodity and environmental service markets. This 
lesson implies that the standard requirement of additionality in land based C proj-
ects (i.e. the requirement that the land use change that a project intends to bring 
about would not happen in the absence of the C payment) should be carefully bal-
anced with the goal of project sustainability, which will usually be greater if the 
intended land use change does not depend on C payments alone.

The second major lesson is that when designing incentive programs for agrofor-
estry practices, their impacts must be considered at the scale of the landscape and must 
include plot or farm level effects as well as interactions between land use and natu-
ral vegetation with its typically high C stocks and biodiversity. Especially, land use 
systems cannot be considered “biodiversity- (or carbon-) friendly” if their low yields 
and the low incomes they generate drive additional conversion of natural habitat. 
Where the conversion of natural habitat for agriculture is unavoidable (and permitted 
by law), the primary preoccupation must be that it results in efficiently used, sus-
tainable, and productive land use systems so that the need for further conversion is 
minimized. Contributing to these objectives is agroforestry’s most important role in 
C and biodiversity conservation at the agriculture-forest frontier.

Finally, agricultural development policies and forest conservation policies should 
be better integrated to avoid contradictions and achieve locally, nationally, and glob-
ally desirable outcomes in terms of development and environmental conservation. The 
probability that this lesson will be learned and applied in current frontier development 
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regions, such as Central Africa and the Amazon, increases with the development of 
markets for C sequestration and other environmental services and the growing 
emphasis on sustainable production practices in international agricultural commod-
ity markets.
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Abstract The assessment of the carbon (C) sequestration potential of different land 
use systems is receiving increasing attention within the European Union forced by 
aspects of optimum humus content of soils and the debate on climate change. 
Short rotation coppice crops (SRC) emerge as a promising land use option both for 
bioenergy production and C sequestration. In this study, C storage in the biomass 
and the soil under four SRC systems of Robinia pseudoacacia L. was investigated. 
The plantations were established on reclamation sites in the mining district of Lower 
Lusatia in 1995, 2005, 2006, and 2007. Samples were collected in the winter of 
2007 and 2009. Average aboveground dry matter (DM) production ranged from 
0.04 to 9.5 Mg ha−1 year−1 for 1–14 years of growth, respectively. Total stocks of soil 
organic carbon (SOC) at 0–60 cm depth after 2 and 14 years of growth were 
22.2 ± 11.3 and 106.0 ± 11.7 Mg ha−1, respectively. Interpreting the data as a false 
chronosequence, the average rate of soil C sequestration in the 0–60 cm layer was 
7.0 Mg ha−1 year−1. Hot water extractable carbon (HWC) that represents the labile 
fraction of SOC was highest in the oldest plantation (1.4 Mg ha−1 for the 0–30 cm 
layer). The relative proportion of HWC in SOC, however, did not change substan-
tially between diffe rent aged SRC, indicating that with time, because of increasing 
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stocks, C became increa singly stabilized within the soils. Overall, plantations of 
R. pseudoacacia seem to be a promising land use option for post-mining areas due 
to their high capacity for sequestering C within biomass as well as a high potential 
to increase soil C stocks on marginal sites.

Keywords Bioenergy • False chronosequence • Hot water extractable carbon  
• Post-mining area • Soil carbon stock

Introduction

With the publication of its Fourth Assessment Report, the Intergovernmental Panel 
on Climate Change (IPCC) emphasized that climate change is one of the most 
challenging problems presently facing mankind (IPCC 2007). Important strategies 
for mitigating the negative consequences of rising atmospheric concentrations of 
greenhouse gases are the development of advanced techniques for sequestering 
carbon (C) and the substitution of fossil fuels by renewable energy resources to 
satisfy the demand for energy, heat, and fuel without emitting additional carbon 
dioxide (CO

2
) into the atmosphere. Utilization of woody biomass for bioenergy 

production is an important component in realizing these aims. Within the woody 
biomass option, short rotation coppice (SRC) plantations for biomass production 
feature several environmental advantages, store C, and come increasingly into play 
on agricultural set aside areas, agricultural marginal lands, and reclamation sites of 
post-mining landscapes.

Short rotation coppice systems usually consist of fast growing trees such as willow 
(Salix spp. L.), poplar (Populus spp. L.) or black locust (Robinia pseudoacacia L.) 
used as woody energy crops. These trees are planted at high densities of up to 12,000 
(and sometimes even more) plants per hectare and in a planting pattern that 
allows for mechanical operations. Following 2–6 years of growth, the sprouts are 
harvested with specialized machinery during the winter season when the plants are 
dormant. Because the trees are able to resprout after cutting, several rotations can 
be taken before yield declines, and the plants need to be replaced. Depending on 
plant productivity, the SRC plantation can be run for 20–30 years. The key deter-
minants of SRC productivity are water and nutrient availability, weed and pest 
control, light, and temperature. On fertile sites in the temperate region, annual growth 
rates between 4 and 14 Mg DM ha−1 year−1 have been reported for willow and poplar 
(Mitchell et al. 1999; Scholz and Ellerbrock 2002). On marginal sites with low 
water availability, however, poplar and willow show comparatively poor growth 
(Grünewald et al. 2007).

The district of Lower Lusatia in northeast Germany is characterized by ongoing 
opencast lignite mining activities and the accruing reclamation sites are increa-
singly used for cultivating woody energy crops. Experiments on reclamation sites 
have reported growth rates between 1 and 6 Mg DM ha−1 year−1 for poplar and 
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 willow (Bungart and Hüttl 2004; Grünewald et al. 2007). Higher and more stable 
growth rates of 4–9.5 Mg DM ha−1 year−1 were found for the pioneer species, R. 
pseudoacacia (Grünewald et al. 2007, 2009). This leguminous tree is known for 
its ability to fix nitrogen, tolerance to water stress, and adaptation to well aerated, 
light soils (Rédei et al. 2008). R. pseudoacacia is native to southeastern North 
America and has been introduced to Europe during the seventeenth century. It grows 
remarkably fast and copes well with infertile and acidic soils, produces nutrient rich, 
well decomposable litter and dense wood of high quality, which is not only useful for 
bioenergy production but is also suitable for fuel, wood fiber, timber, and poles. The 
species is also suitable for forage and beekeeping purposes (Rédei et al. 2008). For 
these reasons, R. pseudoacacia is generally preferred for SRC plantations on marginal 
sites in the post-mining landscapes within the region (Grünewald et al. 2007).

Within SRC systems, C is sequestered in different components of the plantations. 
Large amounts of C accumulate within the living biomass – both above- and below-
ground. A substantial share of the C compounds, produced during the processes of 
photosynthesis, is stored in the shoots, which are frequently removed and typically 
used for bioenergy production. Another fraction of the C is allocated into the stump, 
which is defined by the cutting height of the harvesting machinery (typically 10 cm 
above the ground), and the roots. A major part of these plant compartments survives 
after harvest and stays in situ. As a consequence, over a prospective lifetime of 
20–30 years these plant compartments form a considerable C sink. In addition, 
litter and fine root dynamics associated with such systems have the potential to 
maintain a high level of soil organic matter (SOM), which is beneficial not only 
because it may help to mitigate climate change due to C sequestration and storage 
within the soils but also because, in many cases, the soil quality improves with 
increasing SOM content (Tiessen et al. 2002; Blume et al. 2010). Therefore, an 
increase in SOM has major positive effects on the resilience of soils, soil fertility, 
soil water storage capacity, and above all, on the sustainability of agriculture 
(Blume et al. 2010).

To evaluate C sequestration processes in the soils, it is necessary not only to 
examine the total C stock but also to determine the decomposability and thus the 
durability of the soil organic carbon (SOC). In order to estimate the proportion of 
stabilized organic C in soil, it is a common practice to determine the labile, short to 
medium term available fractions of soil C. Besides microbial factors such as soil 
microbial biomass or soil basal respiration, chemical methods such as mild oxi-
dations, weak acid extractions, or physical methods like density fractionation, cold 
water and hot water extractions are commonly used to quantify the labile soil C pool 
(Chodak et al. 2003; Ghani et al. 2003; Landgraf et al. 2006). Of these possibilities, 
the hot water extractable carbon (HWC), as described by Körschens et al. (1990), 
represents a comparatively easy method to investigate the land use related effects on 
labile C pools (Böhm et al. 2009a).

In this study, the C sequestration processes in R. pseudoacacia plantations of 
varying age groups were investigated. The focus of the study was on evaluating C 
storage in aboveground and belowground plant compartments and in the soil.
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Materials and Methods

Site Description

Four plantations of R. pseudoacacia were established between 1995 and 2007 in 
the Lower Lusatian lignite mining district in northeast Germany, within the recla-
mation area of the opencast lignite mining pit of Welzow-Süd (51.6°N, 14.3°E), 
about 25 km southward of the city of Cottbus (Fig. 1). The area in the district 
affected by lignite mining activities totaled about ~85,000 ha in 2009. The whole 
region is comparatively dry with a mean annual precipitation of 556 mm  (1971–2000; 
average values for Germany are around 790 mm year–1) and an average temperature 
of 9.3°C. Substrates at the sites were derived from overburden tertiary and quater-
nary sediments dumped during opencast lignite mining. The nutrient poor soils are 
dominated by loamy sands and sandy loams (Table 1).

The oldest of the four sites is the W95 plantation, which was established in 1995 
to investigate the performance of different clones of Populus spp. and Salix spp. on 
mining substrates. More detailed information on the scientific survey was published 
by Bungart and Hüttl (2004). On parts of the experimental site R. pseudoacacia was 
planted, but these plots were not included in the initial experiments. In result, the 
R. pseudoacacia stands were neither harvested nor managed until very recently. 
The W05, W06, and W07 sites are part of a 170 ha reclamation project, carried out 
by the mining company Vattenfall Europe Mining. The project started in 2005 with 
the establishment of R. pseudoacacia on a 13.2 ha mining substrate site, around 
5 km north of the W95 site. An additional 8.6 ha and 11.7 ha of R. pseudoacacia 
were planted in 2006 and 2007, respectively.

All study sites are located within a small area and W05, W06, and W07 are 
directly adjoining. The soils at the sites are derived from comparable substrates 

Fig. 1 Outline map of the experimental sites W07, W06, W05, and W95 in the lignite surface 
mining area “Welzow-Süd” in the region of Lower Lusatia, northeast Germany
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Table 1 Description of the experimental sites in Lower Lusatia, northeast Germany

Feature W07 W06 W05 W95a

Area (ha) 11.7 8.6 13.2 ca. 3
Establishment 2007 2006 2005 1995
Elevation (m) 105–112 105–112 105–112 125–130
Slope Very low Very low Very low Very low
Dominant substrate  

(USDA classification)
Loamy sand, 

sandy loam
Loamy sand, 

sandy loam
Loamy sand, 

sandy loam
Sandy clay 

loam
Spacing between trees  

in one row (m)
0.85 0.85 0.85 0.80

Spacing between  
tree rows (m)

0.75 0.75 0.75 1.90

Spacing between tree 
double rows (m)

1.8 1.8 1.8 single row 
design

Average initial planting 
density (trees ha-1)

9,200 9,200 9,200 6,579

Plantation age at sampling 
(number of vegetation 
periods)

2 years 3 years 4 years 14 years

aData from Bungart and Hüttl (2004) and Grünewald et al. (2009)

with similar nutrient status. In contrast to the W95 site, clay contents at the W05, 
W06, and W07 site were slightly lower and had lower water holding capacities. 
Nitrogen content and overall soil fertility were generally low for these mining 
substrates, which are classified as soils in the initial phase of development. All 
sites were planted with tree saplings directly after amelioration, during which 
lime and mineral fertilizers were applied to achieve a sustained improvement of 
soil pH and nutrient supply to aid the subsequent reclamation process (Katzur and 
Haubold-Rosar 1996). More details on the site preparation and management 
activities are given by Grünewald et al. (2009).

Sample Collection and Analysis

In each plantation, six sampling plots were established. At the W05, W06, and 
W07 sites each of these plots comprised of four double rows with 19 trees in each 
row. At the W95 site, six sampling plots each with an area of about 10 m2 were 
randomly selected. Soil samples were taken in the winter of 2008/2009 at five 
depths (0–3, 3–10, 10–30, 30–45, and 45–60 cm) with an auger (2 cm diameter). 
In each plot, five cores were taken at random. The samples were pooled (plot-wise 
and sampling depth-wise) to form a composite sample. After collection, the soil 
samples were immediately transported to the laboratory and were air dried at room 
temperature. Samples for soil bulk density determination were taken in 2007/2008 
and 2008/2009. Soil sample rings were used to gather 100 cm3 of soil material at 
0–15, 15–30, 30–45, 45–60 cm depth.
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Stone content of the air dried soil samples was determined and the samples 
were homogenized by carefully grinding and sieving through a mesh of 2 mm. Soil 
carbonate content was measured with a Scheibler device according to DIN-ISO 
10693 (DIN 2007). A portion of each sample was air dried (40°C) for determining 
total organic carbon (TOC) and total nitrogen (TN), measured using a CNS analyzer 
(Elementar vario EL). For the determination of the HWC, 10 g air dried soil was 
boiled in 50 ml deionized water for 60 min. After the extracts had cooled, 2 ml of 
2 N Mg

2
SO

4
 solution was added and the extracts were centrifuged at 4,000 rpm for 

10 min. TOC concentrations were measured in the decant extracts using a CN analyzer 
(Shimadzu, Japan). For determination of bulk density, the collected soil cores were 
dried at 105°C until constant weights. Further evaluation followed the method 
described in DIN ISO 11272 (DIN 1998). Data from earlier studies carried out in 
W95, W05, W06, and W07 plantations (Böhm et al. 2009b; Grünewald et al. 2009) 
were used for evaluating C storage in the living biomass. Total organic C stocks for 
an individual soil profile with k layers was calculated according to Batjes (1996):
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where TOC
stock

 is the total amount of organic C (Mg ha–1) over depth, P
i
 is the 

proportion of organic carbon (g g–1) in layer i, BD
i
 is the bulk density (Mg m–3), 

Th is the thickness (m), and S
i
 is the volume of the fraction of fragments > 2 mm (%) 

in this layer. To estimate C accumulation in the soil, the results were compiled as a 
false chronosequence. Furthermore, information on the lability of SOC was derived 
from the hot water carbon extractions.

The dataset was tested for significant differences with the nonparametric 
Mann-Whitney U-test (Mann and Whitney 1947). All statistical calculations were 
performed using the GNU R software package (Ihaka and Gentleman 1996).

Results

Soil Organic Carbon and Nitrogen

The plantations showed distinct differences in TOC and TN, with higher concen-
trations in the oldest plantation than in the others (Table 2). The W07 site, which 
most likely represents the initial situation of reclamation, is characterized by par-
ticularly low TOC and TN contents. Furthermore, a general decrease in C and N 
content with increasing soil depth was observed. The C:N ratios of the investigated 
soils were relatively high with an average of 25.3 (all plantations, 0–60 cm). The 
oldest plantation had significantly (n = 6, p < 0.05) lower C:N values in the upper-
most soil layers compared to the lower ones (Fig. 2). Average C:N ratio (all plan-
tations) increased from 19.5 in 0–3 cm to 27.1 in the 30–45 cm soil depth, which 
declined to 23.3 in the 45–60 cm layer.
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Average bulk densities (0–60 cm) were 1.70, 1.77, 1.73, and 1.72 g cm–3 for 
W95, W05, W06, and W07, respectively. Together with the measured soil C contents, 
these values were used to calculate soil C stocks (Fig. 3). The values showed a clear 
increase at all depths with increased plantation age and for all sites a higher C stock 
was noted at 0–30 cm depth than at 30–60 cm. The TOC stock at 0–60 cm amounted 
to 22.2 ± 11.3, 29.0 ± 10.7, 38.1 ± 12.5, and 106.0 ± 11.7 Mg ha–1, respectively for 
W07, W06, W05, and W95 (Fig. 3). The stocks in W95 were significantly higher 
than the stocks of the other plantations (n = 6, p < 0.05). Likewise, W05 showed 
significantly (n = 6, p = 0.06) higher values than W07. If the data are used to form a 
false chronosequence, the average C accumulation rates in the soils can be derived. 

Table 2 Soil carbon and nitrogen contents (± standard deviation) at different depths in 2 (W07),  
3 (W06), 4 (W05) and 14 (W95) year old plantations of R. pseudoacacia (n = 6) in Lower Lusatia, 
northeast Germany

Depth (cm) W07 W06 W05 W95

TOC (%)
0–3 cm 0.32 ± 0.026 0.35 ± 0.063 0.66 ± 0.186 2.33 ± 0.368
3–10 cm 0.32 ± 0.128 0.31 ± 0.109 0.40 ± 0.163 1.14 ± 0.165
10–30 cm 0.22 ± 0.141 0.27 ± 0.088 0.37 ± 0.137 1.04 ± 0.112
30–45 cm 0.25 ± 0.146 0.29 ± 0.160 0.38 ± 0.128 0.96 ± 0.155
45–60 cm 0.17 ± 0.116 0.32 ± 0.201 0.37 ± 0.157 0.91 ± 0.131

TN (%)
0–3 cm 0.02 ± 0.002 0.02 ± 0.007 0.03 ± 0.007 0.15 ± 0.030
3–10 cm 0.01 ± 0.005 0.01 ± 0.002 0.01 ± 0.003 0.05 ± 0.008
10–30 cm 0.01 ± 0.004 0.01 ± <0.001 0.01 ± 0.003 0.04 ± 0.003
30–45 cm 0.01 ± 0.005 0.01 ± <0.001 0.01 ± 0.003 0.03 ± 0.003
45–60 cm 0.01 ± 0.005 0.01 ± <0.001 0.01 ± 0.004 0.03 ± 0.004

Bulk density (g/cm3) 1.40–1.8 1.40–1.8 1.40–1.8 1.6–1.76

Fig. 2 C:N ratios of soil samples collected in a 2 (W07), 3 (W06), 4 (W05), and 14 (W95) year 
old plantation of R. pseudoacacia at five different depths in Lower Lusatia, northeast Germany
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Taking W07 as representing an initial C stock, the C accumulated from 0 to 60 cm 
in W95 after 12 years of growth totaled 83.8 Mg ha–1 suggesting an average value 
of 7.0 Mg ha–1 year–1. For W05 the total C stock was 15.9 Mg ha–1 giving 7.9 Mg 
ha–1 year–1 and for W06 the C accumulation rate was 6.9 Mg ha–1 year–1.

Hot Water-Extractable Organic Carbon

The concentrations of HWC (Table 3) mirror the trends in C contents with higher 
HWC concentrations in the topsoil and lower contents in the deeper soil layers. 
The highest concentrations were found in the 0–3 cm layer (873.8 mg kg–1: W95) 
and the lowest in the 10–30 cm layer (50.3 mg kg–1: W07). There was a clear increase 
of HWC contents with increasing plantation age. W95 had the highest concentra-
tion of extractable C with a weighted average of 285.1 mg kg–1 (0–30 cm soil depth), 
compared to the lowest value of 65.4 mg kg-1 for W07. Absolute stocks of HWC 
(Fig. 4) ranged from 0.3 (W07) to 1.4 Mg ha–1 (W95). The increase in HWC 
with increasing plantation age and the distribution of HWC within the soil depth 
resembled the overall trend in total C stocks (Fig. 3).

The proportion of HWC in TOC (Fig. 5) varied between 1.9 (10–30 cm soil depth 
for W95) and 3.9% (0–3 cm soil depth for W06). Generally, the HWC fraction 
declined with increasing soil depth. In the 0–3 cm layer, the proportion of HWC was 
higher for W06 than for W07, while no differences were observed between these 
plantations below 3 cm soil depth. At deeper soil depths, slightly higher proportions 
of HWC were observed for W05. However, this increasing trend was not correlated 
with age. The proportion of HWC was lower for W95 than that of W05, especially 
in the 3–10 and 10–30 cm soil layers. To deduce a possible influence of lignite 

Fig. 3 Soil organic carbon (SOC) stocks in five soil depths for a 2 (W07), 3 (W06), 4 (W05), and 
14 (W95) year old plantation of R. pseudoacacia in Lower Lusatia, northeast Germany (error bars 
indicate standard deviation)



209Assessing the Carbon Sequestration in Short Rotation…

Table 3 Concentrations of water extractable carbon in the soils (± standard deviation) of 2 (W07), 
3 (W06), 4 (W05), and 14 (W95) year old plantations of R. pseudoacacia in Lower Lusatia, 
northeast Germany

HWC (mg kg–1)

Depth (cm) W07 W06 W05 W95

0–3 cm 114.2 ± 19.86 133.7 ± 55.64 235.3 ± 45.95 873.8 ± 158.41
3–10 cm  87.9 ± 13.03  85.4 ± 12.08 116.3 ± 21.65 275.3 ± 26.08
10–30 cm  50.3 ± 9.24  60.5 ± 10.96  94.4 ± 38.77 200.3 ± 28.76

Weighted average (0–30 cm) 65.4 73.6 113.6 285.1

Fig. 4 Stocks of hot water extractable carbon (HWC) in the soils of a 2 (W07), 3 (W06), 4 (W05), 
and 14 (W95) year old plantation of R. pseudoacacia in Lower Lusatia, northeast Germany 
(error bars indicate standard deviation)

Fig. 5 Proportions of hot water extractable carbon (HWC) in total organic carbon (TOC) for 2 
(W07), 3 (W06), 4 (W05), and 14 (W95) year old plantations of R. pseudoacacia at soil depths 
0–3, 3–10 and 10–30 cm in Lower Lusatia, northeast Germany
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traces in the soil on the HWC results, humus poor mineral soil samples from the 
W07 site were mixed with carbonized wood crumbs collected at the site and with 
lignite from the strip mine. HWC extraction indicated that only an amount of 
0.3–0.8% of the lignite that had been added to the samples could be extracted.

Discussion

Carbon Sequestration in Biomass

Biomass production of the W95, W05, W06, and W07 plantations was investigated 
in earlier studies (Böhm et al. 2009b; Grünewald et al. 2009). Average annual 
growth increments of 0.04 (W07) and 0.15 Mg DM ha–1 year–1 (W06) after 1 and 
2 years of growth, respectively, have been reported (A. Quinkenstein and D. Pape, 
2010, personal communication). Naturally, these growth increments increased with 
increasing plant ages and for the W05 site, Böhm et al. (2009b) and Grünewald 
et al. (2009) reported values of 3.0 and 3.2 Mg DM ha−1 year−1, respectively after 
4 years. Growth increments peaked at the W95 site and reached values of 9.5 Mg 
DM ha−1 year−1 after 14 years of undisturbed growth (Grünewald et al. 2009). When 
the first two years are considered as part of the establishment phase, the average 
biomass production for the W05 and W95 site would be 6.35 Mg DM ha−1 year−1.

In addition to the W95 and W05 sites, Grünewald et al. (2009) investigated 
two other plantations on reclamation sites in the Lusatia region. Depending on the 
rotation interval, they reported annual aboveground biomass growth rates between 
3.1 and 7.4 Mg DM ha−1 year−1. From a reclamation site in the Helmstedt lignite 
mining district (central Germany) yields after the first two years of growth ranging 
between 3.2 Mg DM ha−1 (mineral fertilizer) and 4.6 Mg DM ha−1 (compost) were 
reported by Grünewald et al. (2007). These results confirm the outstanding growth 
performance of R. pseudoacacia on marginal sites.

Naturally, yields on such sites are low, owing to the unfavorable soil and growth 
conditions. Results of other field experiments, however, indicate that R. pseudoacacia 
can perform better on good sites. For 5 year old energy plantations on sandy soils 
in Hungary, Rédei et al. (2008) reported annual biomass productions between 
6.5 and 8.0 Mg DM ha−1 year−1 for different clones of R. pseudoacacia. Boring and 
Swank (1984) also reported average growth rates of 8.3, 10.2, and 10.5 Mg ha−1 
year−1 for R. pseudoacacia stands on fertile, mesic sites in the southern Appalachian 
Mountains (North Carolina, USA) after 4, 17, and 38 years of growth, respectively.

Shoot productivity is a widely used parameter for biomass production within SRC 
systems as it is comparatively easy to measure. As previously discussed, however, 
C accumulation in the remaining aboveground plant fraction (stump) and the below-
ground fraction (roots) must be considered as well to get an accurate estimate of 
the C sequestration potential of such plantations. Investigations of the biomass 
distribution in shoots, stump, fine roots, and coarse roots for the W95, W05, W06, and 
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W07 plantations showed that an average of about 60% of the biomass is allocated 
into the shoots and 40% is distributed into the root system in mature R. pseudoacacia 
plantations (A. Quinkenstein and D. Pape, 2010, personal communication).

Given an average annual growth rate of 6.35 Mg DM ha−1 year−1 (Grünewald 
et al. 2009), the total aboveground biomass accumulated in a black locust planta-
tion under the Lusatian conditions after 15 years of growth would approximately be 
95.3 Mg DM ha−1 or 43.8 Mg C ha−1 (assuming an average C content of 46% in 
the dry matter; D. Pape, 2007, personal communication). An estimated further 
share of 1.5 Mg C ha−1 (3.5% of 43.8 Mg), would be stored within the tree stumps 
(A. Quinkenstein and D. Pape, 2010, personal communication). Assuming a 
C allocation pattern of 60% aboveground and 40% belowground, at least 30.2 Mg C 
ha−1 would be stored belowground within the root system. Carbon sequestration in 
the above- and belowground biomass (excluding leaf biomass) thus gives an accu-
mulation rate of 5.0 Mg C ha−1 year−1. This net primary production (NPP) resembles 
estimates given by Boring and Swank (1984) who reported NPPs of 5.3, 6.85, and 
6.90 Mg C ha−1 year−1 for 4, 17, and 38 year-old stands of R. pseudoacacia in North 
Carolina. Comparable values were reported for poplar plantations on agricultural 
sites in Brandenburg, Germany, where Quinkenstein et al. (2009) performed a 
modeling analysis and estimated the annual net C uptake in biomass, litter, and soil 
for pure short rotation coppices as 6.2 Mg ha−1 year−1.

Carbon Sequestration in the Soil

At the time of plantation establishment all sites were in the initial stages of soil 
formation following mining, with barely any vegetation. Following the establishment 
of R. pseudoacacia organic materials were produced, and leaf litter and root litter 
were transferred to the soil. Initially, litter production was modest because 
biomass production of the young trees was low. Field investigations showed that 
the formation of a closed organic surface layer in these plantations took 3–4 years. 
In W07 and W06 no organic layer was observed, and only at the W05 and the W95 
sites a noteworthy organic layer has been observed. The organic layer within the 
R. pseudoacacia plantations is usually classified as mull humus (with average organic 
layer thicknesses of 2 cm to 3 cm in W95) and is easily decomposable. Bross 
et al. (1995), based on a study of the decomposability of R. pseudoacacia leaves 
in Michigan, reported a weight loss of about 80% within 6 weeks for this species. 
The fine roots and root nodules of R. pseudoacacia have a low C:N ratio (N

2
 fixing) 

and are also rapidly decomposed (Boring and Swank 1984), implying that the 
intermediary C stock in the litter of R. pseudoacacia is low compared to the other 
C stocks in R. pseudoacacia plantations.

In the older W95 and W05 plantations, C:N ratios varied between 15 and 21 for 
the 0–3 cm layer and between 27 and 31 in the subsoil (45–60 cm), implying that 
the soils are young and comparatively poorly developed (Fig. 2). In the younger 
plantations of W06 and W07, this trend was not so distinct – C:N ratios of 20 and 
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21 in the top layer and 23 and 13 in the lowermost layer. Both plantations are young 
and not well developed (1 and 2 years of age) and therefore the N inputs from 
above- and belowground litter residues or root exudates are still low and limited to 
the rooting depth. However, the trend of narrower values at 30–45 cm in W06 
and W07 may be interpreted as evidence of N inputs to the deeper soil layers by 
developing root systems. Annual N fixation of R. pseudoacacia also can be high, 
as reported by Boring and Swank (1984), who measured net annual accretions 
of 48, 75, and 33 kg N ha−1 year−1 for 4, 17, and 38 year-old R. pseudoacacia 
stands, respectively.

The TOC stocks (0–60 cm) in the soils investigated in this study increased 
with increasing plantation age from approximately 22 (W07) to 106 Mg ha–1 
(W95: Fig. 3). Approximately 50% of this C is stored in the topsoil (0–30 cm) in 
all four plantations. The stocks of C in the 0–3 cm layer ranged from 1.5 Mg ha–1 
for the youngest plantation (W07) to 10.8 Mg ha-1 for the oldest study site (W95). 
While evaluating the effects of alley cropping systems on a reclamation site in 
the mining area of Jänschwalde in Lusatia, Nii-Annang et al. (2009) observed 
significant increases in soil organic C stocks after 9 years. They compared the 
agricultural strips with the SRC and found a higher C accumulation under the 
hedgerows (5.3 and 7.8 Mg C ha−1 in the 0–3 cm layer under R. pseudoacacia and 
Populus spp. respectively). The corresponding stock in the alleys under rye 
(Secale cereale L.) was only 1.3 Mg ha−1. In the 0–30 cm layer the cumulative 
stock sums were 16.7, 18.5, and 7.8 Mg ha−1 for R. pseudoacacia, Populus spp., 
and rye, respectively. These findings are not surprising as woody perennial based 
land use systems are known to sequester more C within the soils than most row 
crop agricultural systems due to the higher and long term biomass stock and the 
more extensive root systems.

When considering the youngest and the oldest sites in this study, the calculated 
rate of soil C accumulation in the 0–60 cm layer corresponded to an annual C 
accretion of 7.0 Mg ha−1 year−1. However, Scholz (2010) investigated 12 year old 
poplar and willow SRC on agricultural soils in Brandenburg and reported average 
accumulation rates of 0.8–1.1 Mg ha−1 year−1 for the 0–30 cm soil layer. The results 
of this study showed that on average, half of the C is stored at a soil depth of 
30–60 cm. By only considering 0–30 cm, as it is usually done for agricultural sites, 
C sequestration in tree based systems may be underestimated.

The calculated rates of C sequestration in the soil are rather high compared 
to the below and aboveground biomass supply. Here we did not measure litter-
fall biomass, the biomass of the understory, and the biomass of cover crops 
cultivated in the first two years after planting of trees. These sources need to be 
considered in further investigations to help explain the increase rates of C stocks 
in soil. Compared to conventionally managed arable soils, where a dynamic 
equilibrium of C content is reached over the long term, the C accumulation rates 
on mining sites are consi derably higher. This can be explained by the fact that 
the initial soils on mining sites have almost no organic C and therefore during 
the first years of reclamation increase quickly towards an equilibrium C 
content.
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In this study, all of the sites were located in the reclamation area of an active 
opencast lignite mining site. Although all substrates at the study sites were declared 
lignite free by the mining company, it is possible that the soils contained traces of 
lignite, for example, resulting from the deposition of lignite dust coming from the 
mining operations. It should be borne in mind that having lignite within the soil 
samples is critical for the TOC results as small amounts of lignite would affect the 
measured TOC concentrations. Fettweis et al. (2005) investigated the soil C pools 
of different Pinus sylvestris L. plantations on sites with different lignite contents 
in the Lusatia region. The authors differentiated between lignite derived C and 
vegetation derived C by measuring the 14C contents in their samples. They found an 
increase of vegetation derived C within the top soils with increasing plantation age, 
yet on “lignite rich” soils more than 90% of the C within the deeper soils was lignite 
derived even after 37 years of growth. Rumpel et al. (2003) reported an accumula-
tion of vegetation derived C for a soil depth of 0–5 cm of 36 ± 9 Mg ha−1 after 
32 years of growth (approximately 0.8–1.4 Mg ha−1 year−1), for comparable study 
sites in the region and stated that these values are close to the current C stock under 
ancient forests in the region.

In this study, sampling was restricted to locations free of lignite traces. Accordingly, 
the results of the HWC measurements showed no signs of lignite contamination of 
the soil because the proportions of HWC in TOC for the samples did not change 
substantially between the sites and the total HWC contents reflected the trends in 
soil C stocks. Furthermore, it was verified with additional measurements that with 
the HWC method almost no lignite was extracted. Moreover, the authors addressed 
this issue by compiling the data for the estimation of the C sequestration potential as 
a false chronosequence ensuring that only the influence of flora (and fauna) was 
interpreted. To be able to do so, the studied sites must be comparable in every pos-
sible way. As can be seen from Table 1, the locations included in this study did not 
show any remarkable differences for the selected parameters except for a small vari-
ation in soil texture between the W95 site and other plantations. Our results confirm 
that even on marginal mining sites SRC systems of R. pseudoacacia sequester high 
amounts of C within the soil. Such forests like systems under temperate conditions, 
usually, have higher soil C stocks than conventional agricultural systems.

The humus content of the lignite mining dump soils was very low before starting 
the reclamation process. Organic matter derived from leaf and root litter resulted in 
a rapid increase of SOM during the first few years (Table 2). As expected, HWC 
contents determined at the study sites increased with increasing stand age (Table 3). 
However, comparing with the values reported by Körschens and Schulz (1999), who 
compiled HWC classes in terms of the supply of short term available SOM, HWC 
contents at W07, W06 and W05 were very low. A moderate supply of labile SOC 
could be detected only at W95. This implies that under R. pseudoacacia, ~14 years 
are probably needed for the buildup of SOM containing a moderate content of 
short term available organic C compounds. The proportion of HWC in TOC was 
relatively constant (Fig. 5). After planting R. pseudoacacia on lignite mining dump 
soils, the labile SOC and the total SOC contents and stocks did increase substantially. 
This indicates a rapid increase of decomposed and stabilized SOC and suggests a 
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high decomposition rate in the soils investigated. The low C:N ratio of black locust 
litter, and hence high decomposability of the organic material, can surely be 
considered as one principal reason for this.

The increase of total SOC as well as of HWC occurred not only in the top soil, 
but also at >30 cm soil depth (Fig. 4). This distribution can be explained by assuming 
that parts of SOM decomposed or humified near the soil surface were illuviated 
(deposited in an underlying soil), particularly when intense rain followed distinctly 
dry periods. Furthermore, the decomposition of dead roots and their rhizodepositions 
is another potential cause for the accumulation of SOC in deeper soil layers. Carbon 
rhizodepositions can be significant as documented by 14C experiments by Merbach 
and Wittenmayer (2004) and are partly depicted by the HWC fraction (Leinweber 
et al. 1995; Landgraf et al. 2006). Consequently, the increase of HWC in deeper soil 
depths with increasing stand age could be a result of enhanced rhizodeposition due to 
the trees having more comprehensive root systems. A translocation of organic matter 
into deeper soil layers by bioturbation (mixing of soil by organisms) is rather unlikely 
because in the initial period following spoil dumping, megafauna are still missing.

Conclusions

The total C sequestration rate of SRC systems depends mainly on the biomass pro-
ductivity of the plantation. For dry marginal sites in East Germany, R. pseudoacacia 
is one of the most productive species because of its tolerance to water stress, 
especially on sandy soils, and its ability to fix N

2
. R. pseudoacacia has a high 

capacity for sequestering C within biomass as well as a high potential to increase 
soil C stocks on such marginal sites. The increase in the so called stable C fraction 
is considerable within the first 14 years after beginning the reclamation, however, 
there is a lack of understanding of the different forms and degree of stabilization of 
humus. To clarify this, further investigations focused on the quality of the humus 
composition are necessary.
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Abstract Initial spacing and tree pruning are silvicultural strategies that influence 
tree growth and productivity, which determine the potential of tree stands to store C 
in the vegetation and soil. A field experiment was conducted at Thiruvazhamkunnu, 
Kerala, India in a 6.5 year-old Acacia mangium stand to evaluate the changes in 
vegetation and soil (0–15 cm) C pools as a function of four planting densities (625, 
1,250, 2,500, and 5,000 stems ha−1), with and without 50% crown pruning. Both tree 
planting density and crown pruning significantly (p < 0.01) influenced the C stocks 
of A. mangium trees. Total vegetation (aboveground + roots) C was highest for the 
5,000 trees ha−1 (81.82 Mg ha−1) and lowest in the 625 trees ha−1 treatment (41.39 Mg 
ha−1). Soil C stocks also co-varied among the density regimes with the lowest values 
for treeless control plots. Overall, denser stands promote C storage, but very high 
stand densities (e.g., 5,000 stems ha−1) may adversely affect tree growth and produc-
tivity, reducing vegetation C pools. Likewise, intense pruning may depress the veg-
etation C pool and would release CO

2
 from the pruned biomass, especially if the 

slash are burnt or decomposed. Pruning effects are, however, dependent on stand 
density, implying the need for optimizing crown pruning regimes in conjunction 
with stand density levels. By extension, stand thinning exerts negative or positive 
feedbacks on biomass accretion depending on stand density, which may also influ-
ence the amount of C sequestered by the trees. Information reported in the literature 
confirms this. Irrigating the trees during water scarcity periods also may promote 
soil and vegetation C sequestration. But inorganic fertilization may have positive, 
negative, or neutral effects depending on site fertility, species, fertilizer doses, and 
the stage of stand development.
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Introduction

The realization of the role of trees as cheap means to capture and store atmospheric 
CO

2
 in vegetation and soil (Malhi et al. 2008) has generated considerable interest 

among the climate change mitigation strategists. Economic dimensions of affores-
tation and reforestation (A/R) based Clean Development Mechanisms (CDM) 
projects in the developing countries are also increasingly recognized by land man-
agers in disparate parts of the world (e.g., Samek et al. 2011). This, in turn, has 
prompted screening of fast growing trees with high C storage potential (Paquette 
et al. 2009). Tropical multipurpose tree species (MPTs) such as Acacia mangium 
Willd. have a vital role in this respect (Awang and Taylor 1993; Shanavas and 
Kumar 2006). The MPTs’ potential for atmospheric CO

2
 sequestration, however, is 

dependent on stand management practices and site characteristics (Nair et al. 
2009a, 2010), besides the intrinsic production potential of the species itself. 
Although silvicultural practices are widely adopted to improve stand productivity, 
which co-varies with C sequestration potential (CSP), it is still unclear how stand 
management practices would alter CSP in a given species-climatic and edaphic-
time fabric (Dixon 1997). In particular, information on the effects of planting den-
sity and thinning on C sequestration by fast growing MPTs is scarce (Jandl et al. 
2007). Likewise, crown pruning (live crown) may favor stem development (Beadle 
et al. 2007), but information on the impact of pruning applied in conjunction with 
varying population densities on the CSP of woody perennial-based land use sys-
tems is not available.

Silvicultural management of MPTs also may augment soil organic matter status 
triggering overall productivity enhancement, in addition to the climate change 
moderation effects, implying a win-win situation. Although some information on 
the aboveground C storage potential of MPTs are available (Nair et al. 2009a, b), 
very little is known about the changes in soil C storage of MPT stands under dif-
fering management regimes. Despite the widespread use of A. mangium in the 
humid tropics (Kunhamu et al. 2009), species-specific information on planting 
densities and pruning regimes for various agroforestry systems and its impact on C 
sequestration are lacking. A field trial was, therefore, conducted to evaluate the 
aboveground, root, and soil C stocks of this species as a function of planting den-
sity and tree pruning practices in the humid tropics of peninsular India. In this 
paper, we report aboveground C stocks of A. mangium under differing stand man-
agement situations as a surrogate of CSP. Additionally, an attempt was made to 
synthesize the recent peer-reviewed papers reporting thinning, fertilization, and 
irrigation effects on C stocks of tropical forest tree species, to provide a compre-
hensive account on the effects of stand management practices on C sequestration 
potential of trees.
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Materials and Methods

The study was conducted at the Livestock Research Station, Thiruvazhamkunnu, 
Palakkad in central Kerala, India (11°21’30”N, 76°21’ 50”E, ~60 m above mean sea 
level). The site experiences a warm humid tropical climate with a mean annual rain-
fall of 2,507 mm (March 2007–March 2008), most of which is received during the 
southwest monsoon season (June–August) with a secondary peak in September–
October. Mean maximum temperature ranged from 27.3°C (July) to 37.7°C (March) 
and mean minimum temperature from 17.5°C (December) to 24.3°C (May) during 
the experimental period as per the meteorological records maintained at 
Thiruvazhamkunnu. Soil of the experimental site is an Ultisol (very deep, clayey, 
mixed Ustic Palehumults) with an average pH of 5.4 and bulk density of 0.86 g cm−3 
(0–15 cm; Kunhamu et al. 2010).

Acacia mangium was planted at this site in September 2001 at densities of 1,250, 
2,500, and 5,000 stems ha−1 (2 × 4, 2 × 2, and 2 × 1 m respectively), with or without 
crown pruning (see Kunhamu et al. 2010, for details). The trial was laid out in plots 
of size 15 × 20 m adopting a factorial randomized block design with three replica-
tions. Sixty centimeter wide field risers (30 cm high) on all sides and unplanted (at 
least 2 m wide) buffer strips separated all plots. Seedling survival was excellent 
(>95%) and mortality, if any, was replaced immediately – supplemented with pitcher 
irrigation. Multiple shoots were removed with a sharp knife during the following 
monsoon period (~9 months age), leaving the leader intact. The plots were manually 
weeded 2 months after planting and thereafter as and when required. First pruning 
was carried out in September 2002 to a height of 1.5 m from the ground, when the 
saplings (20, 35, 70, and 140 per plot corresponding to the stand densities of 625, 
1,250, 2,500 and 5,000 trees ha−1 respectively) were about a year-old (average height 
3.8 m). Subsequently, however, pruning was carried out in August every year (south-
west monsoon season). Unlike the first pruning, pruned height was maintained at 
50% of total tree height (range: 14.6–16.0 m at 6.5 years of age) in all subsequent 
operations and all live and some dead branches up to this height were removed with 
a sharp knife (causing minimal injury to the main shoot). Bordeaux paste was 
applied on the pruning scar immediately to prevent fungal infections (KAU 2002).

Estimation of Carbon Stocks

Diameter and height of all trees in each plot except the border trees were measured 
and aboveground biomass of the standing trees computed using allometric equa-
tions. The following equation developed for 7 year-old A. mangium trees in an adja-
cent stand at the same location (Kunhamu et al. 2005) was used for this purpose.

B = 34.63−9.89(DBH) + 0.887(DBH)2 (R2 = 0.97; SE = 19.51), where B = total 
aboveground (stemwood + branchwood + foliage) biomass (kg tree−1; dry weight 
basis) and DBH = diameter at breast height (cm).
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For estimating the coarse root biomass, the equation developed for 8 year old  
A. mangium trees in West Java (Heriansyah et al. 2007) given below was used.

Root biomass (oven dry) (W) = −log 2.2752 (D2H) 0.9626 (R2 = 0.85), where D is 
tree diameter at breast height (cm) and H is tree height (m).

Carbon stock (reporting age: 6.5 years, which is approximately half the rotation 
length of 12 years), a proxy of C sequestration potential, was calculated as 50% 
biomass. Standing stock of C on area basis (per ha) was estimated by multiplying 
the mean tree values with the corresponding population density because survival 
was >95%. Owing to a very dense canopy, understory vegetation in the experimen-
tal plots was extremely scanty; hence such species were excluded from the C stock 
computations.

Carbon storage in the soil was estimated as: C concentration x Bulk density x soil 
depth (Anderson and Ingram 1989). Soil C was determined following the Walkley 
and Black’s permanganate oxidation method (Jackson 1958). For this, random soil 
samples were collected in triplicates from the 0 to 15 cm soil layer in each experi-
mental plot corresponding to the density and pruning treatments. Also, triplicate 
soil samples were collected from three contiguous treeless plots (81 samples from 
the A. mangium and treeless plots) during February 2008. Although these treeless 
plots did not form part of the original layout plan of the A. mangium trial, they were 
included as additional treatments (replication-wise) in the soil study. These plots 
were under miscellaneous herbaceous vegetation since the commencement of the 
field trial and probably represent the pre-planting soil characteristics. The samples 
were air dried, passed through 2 mm sieve, powdered, and analyzed. Soil bulk den-
sity was determined following the standard soil core procedure (Anderson and 
Ingram 1989), for which triplicate samples from each plot were randomly collected 
using a soil core sampler of 5.54 cm diameter (sampling depth: 0–15 cm). The data 
were subjected to analysis of variance for factorial randomized complete block 
design (RCBD) using the statistical package MSTATC with stand density and prun-
ing as factors. The treeless plots were included as an additional treatment for ana-
lyzing the soil C data. Differences between treatment means for growth and carbon 
storage parameters were assessed using the LSD test (alpha = 0.05).

Results and Discussion

As can be seen from Table 1, mean diameter, crown width, and mean tree volume of 
A. mangium increased with decreasing planting density. Stand volume and mean 
annual increment (MAI), however, followed a reverse trend with the high density 
treatments performing better. Although such density dependent changes in tree 
growth pattern also have been reported for this stand (2 years of age: Kunhamu et al. 
2010), it is probably difficult to predict whether such positive influences would 
persist for longer periods (e.g., rotation lengths of 12 years). Tree pruning did not 
significantly (p < 0.05) alter most growth parameters. However, radial growth 
of trees was less in the pruned trees compared to the unpruned ones (p < 0.05). 
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This is consistent with the findings of Gyenge et al. (2010), who noted a decrease 
in annual diameter (stem and branch) growth of ponderosa pine (Pinus ponderosa 
Dougl. ex Laws.) following pruning.

Total tree C stocks on a per tree basis (stemwood + branchwood + foliage + roots) 
ranged from 16.37 to 66.22 kg tree−1 (Table 2). Widely spaced stands (625 trees 
ha−1) recorded the highest total tree C accumulation and it declined with increasing 
stand density. It is well known that limitations imposed by closely spaced trees on 
the lateral expansion of crowns and roots may restrain resource acquisition potential 
of trees leading to reductions in their biomass production. Consistent with this, 
Kunhamu et al. (2010) using 32P soil injection technique demonstrated that closely 
spaced A. mangium trees had lower lateral spread of roots, implying spatial limita-
tions in resource capture.

Table 1 Planting density and pruning effects on the growth of 6.5-year-old Acacia mangium at 
Thiruvazamkunnu, Kerala, India

Treatments Height (m) DBH (cm)
Crown 
width (m)

Mean 
volume 
(m3)

Stand 
volume 
(m3 ha−1)

MAI (m3 
ha−1 year−1)

Planting density (trees ha−1)
5,000 14.56 10.22d 4.680c 0.08b 433.7a 72.28a

2,500 15.43 11.90c 5.810bc 0.113b 282.1b 47.01b

1,250 15.95 14.93b 7.280ab 0.170a 213.1bc 35.51bc

625 15.08 16.46a 8.500a 0.187a 117.2c 19.54c

Pruning
50% 14.57 12.72b 6.35 0.115 228.7 38.12
Unpruned 15.94 14.04a 6.78 0.163 294.3 49.04
Spacing × Pruning ** * ns ** ns ns

Means with the same superscript do not differ significantly
ns not significant
* significant at p < 0.05; ** significant at p < 0.01

Treatments

Above ground Root Total

(kg C tree−1)

Planting density (trees ha−1)
5,000 13.28c 3.08d 16.37c

2,500 21.47c 4.38c 25.84c

1,250 42.50b 6.95b 49.50b

625 57.54a 8.68a 66.22a

Pruning
50% 28.55b 4.98b 33.54b

Unpruned 38.84a 6.55a 45.40a

Spacing × pruning ** ** **

Aboveground carbon = stemwood + branchwood + foliage
Means with the same superscript do not differ 
significantly
**Significant at p < 0.01

Table 2 Mean tree carbon 
stocks in 6.5 year-old  
Acacia mangium stand at 
Thiruvazhamkunnu, Kerala, 
India
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On a stand basis, however, total C stocks (stemwood + branchwood + foliage + roots) 
followed a reverse trend and it increased with increasing stand density in the order: 
5,000 > 2,500 > 1,250 > 625 stems ha−1 (Table 3). Above- and below-ground C stocks 
and its MAI followed consistent trends in this respect. Almost two-fold increase in 
stand C stocks has been observed in the dense stand (81.82 Mg ha−1; 5,000 trees 
ha−1) compared to that of the low density stand (41.39 Mg ha−1; 625 trees ha−1). This 
is similar to the findings of Shujauddin and Kumar (2003) who reported a near two-
fold increase in aboveground C stocks for 8.8 year-old Ailanthus triphysa (Dennst.) 
Alston in Kerala, India for a three-fold increase in stand density, i.e. 59.33 and 
26.58 Mg C ha−1 at 3,333 and 1,111 trees ha−1 respectively.

Continuous annual tree pruning to 50% tree height depressed the C stocks both 
on individual tree basis (26% less for pruned trees) and on stand basis (22.4% less). 
Carbon stocks being a function of the overall tree growth (Table 1), this is not sur-
prising. Majid and Paudyal (1992) also noted reductions in tree growth when crown 
length removal from below exceeded 40% in the A. mangium plantation of peninsu-
lar Malaysia. In general, removal of higher proportion of sun leaves during pruning 
operations may adversely affect photosynthetic rates and would depress tree growth 
(Gyenge et al. 2010). Pruning vs. population density interactions were also signifi-
cant (p < 0.01) implying that widely spaced stands showed greater reductions in C 
sequestration potential consequent to pruning compared to the denser or closely 
spaced stands (Fig. 1). Widely spaced trees probably lost a considerable part of their 
functional crowns in such pruning operations. The relative proportion of live crown 
removal was lower in the denser stands (data not shown). Apart from the direct 
effects of severe pruning and the consequent lowering of C sequestration potential, 
burning or decomposition of the pruned materials, if resorted to, may contribute to 
CO

2
 emissions (silvicultural CO

2
 emissions; Nair et al. 2010). Nevertheless, in 

Table 3 Above- and belowground carbon stocks on a stand basis as a function of planting density 
and tree pruning for 6.5-year old Acacia mangium at Thiruvazhamkunnu, Kerala, India

Treatments

Above 
ground Root Vegetation MAI (Mg C 

ha−1 year−1)

Soil
Total 
(vegetation + soil)

(Mg C ha−1) (Mg C ha−1)

Planting density (trees ha−1)
5,000 66.43a 15.39a 81.82a 12.59a 31.79ab 113.62a

2,500 53.67b 10.93b 64.60b  9.94b 34.64a  99.25b

1,250 53.13b  8.68c 61.81b  9.51b 27.02bc  88.84b

625 35.97c  5.42d 41.39c  6.37c 30.01abc  71.40c

Treeless control – – – – 24.70c –

Pruning
50% 45.44b  9.10b 54.55b  8.39b 29.07  84.72b

Unpruned 59.16a 11.10a 70.26a 10.81a 30.19 101.82a

Spacing × pruning ns ns ns ns ** *

Aboveground carbon sequestration = stemwood + branchwood + foliage; Means with the same 
superscript do not differ significantly
MAI mean annual increment in CS, ns not significant
*Significant at p < 0.05; **Significant at p < 0.01



223Carbon Sequestration Potential of Acacia mangium

 situations where the pruned materials substitute fossil fuels, it may help in the 
 climate change mitigation process to the extent that fossil fuels are substituted. Our 
data do not allow further generalizations on this.

Soil Carbon Stocks

Soil C content in the 0–15 cm soil layer ranged from 24 to 35 Mg ha−1 (Table 3). 
As expected, treeless plots had significantly (p < 0.01) lower soil C compared to 
A. mangium, implying the role of woody perennials in augmenting the soil C pool. 
Among stand density treatments, the highest soil C stocks were noted for the 2,500 
stems ha−1 plot, which was statistically at par with the 5,000 and 625 stems ha−1 
treatments. Higher litterfall production potential and its faster turnover, being a 
nitrogen fixing tree, may explain the higher soil organic carbon (SOC) status under 
A. mangium compared to treeless control plots. For example, Kunhamu et al. (2009) 
reported an average litterfall production of 11.18 Mg ha−1 for 9 year-old A. mangium 
trees (stand density, 1,600 trees ha−1), which is comparable to the figures reported 
for the moist deciduous forest formations in this region (Kumar and Deepu 1992). 
Variations in the litterfall production of A. mangium trees in relation to stand density 
also has been reported (Kunhamu et al. 2009). Furthermore, among the variable 
density thinning regimes, heavily thinned stands (533 trees ha−1) showed higher 
litter decomposition rates (decay coefficient, k = 0.35) and lower litter half-lives 
compared with unthinned stands.

The soil C stocks presently reported are also within the range of values for the 
agroforestry systems in this region. For example, Saha et al. (2010) suggested that 
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total soil organic carbon (SOC; 0–20 cm) pool of four land use systems in Kerala, 
viz. coconut (Cocos nucifera L.) plantations, homegardens, rubber (Hevea brasilen-
sis H.B.K. M.-Arg.) plantations, and rice (Oryza sativa L.) paddy, range from 28 to 
37 Mg C ha−1. However, for 6 year old poplar (Populus deltoides Bartr)-based agro-
forestry systems in Punjab, India, Gupta et al. (2009) reported a lower value of 
13.3 Mg ha−1 (0–15 cm layer). Likewise, for cacao (Theobroma cacao L.)-based 
agroforestry system in West Africa, Isaac et al. (2005) reported 18.2 Mg C ha−1 for 
this soil layer. One major limitation of the present study, however, is that SOC has 
been estimated for the 0–15 cm soil layer only, which is understandably inadequate 
to represent the SOC in wooded systems. Trees, by virtue of deep root systems, may 
influence the SOC levels at deeper soil layers, which call for sampling deeper layers 
of the soil profile.

Pruning, however, did not substantially alter the surface soil C pool (Table 3) as 
any reduction in litterfall of severely pruned trees was probably offset by  accelerated 
litter decay rates, owing to greater exposure of the understory and the consequent 
changes in the microenvironment (George and Kumar 1998). Density vs. pruning 
interactions, however, suggest high SOC when trees in the intermediate planting 
density regimes (2,500 trees ha−1) were pruned (Fig. 2). This trend,  however, was 
inverted when planting densities were either 5,000 or 625 trees ha−1; i.e., SOC was 
higher for these unpruned stands (Fig. 2). While faster decomposition and cycling of 
nutrients in the intensively pruned stands compared with unpruned stands at moder-
ate stand densities are probable owing to microclimatic modifications, the relatively 
higher litter inputs in unpruned dense stands may explain the increased SOC in that 
treatment. Pruning widely spaced trees, as explained earlier, may adversely affect 
crown expansion of the trees and depress the organic matter inputs.
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Management Implications

Carbon stock estimates for 6.5 year-old A. mangium in the present study reveal its 
potential as a promising tree species for C forests. To further enhance the adaptive 
capacity and mitigation potential of agroforestry systems, tree management offers 
excellent opportunities. The effects of silvicultural practices are, however, complex 
but studied only scarcely in the tropics. Table 4 summarizes some of the data on 
changes in terrestrial C storage of tropical species consequent to adoption of silvi-
cultural practices. Overall, species, site, and stand age are major determinants of 
optimal population densities, which apart from increasing the quality and quantity 
of the forest resource, may promote forest CO

2
 sequestration and C conservation. 

Improved nutrition (fertilization) in certain cases enhanced C in the tree biomass 
(Giardina et al. 2003) and enriched the soil C pool, implying the need for balanced 
application of nutrient elements. A few workers, however, noted negative effects of 
N addition (e.g., Jobidon 1993; Luxmoore et al. 2008), and yet others showed 
 neutral effects (Shujauddin and Kumar 2003; Kim 2008). On the whole, inorganic 
fertilization effects on tree plantations may be positive, negative, or neutral depend-
ing on the intrinsic fertility of the site, species, fertilizer doses applied, and the stage 
of stand development (Nair et al. 2010). Adoption of recommended management 
practices (RMPs) also may allow steady incorporation of SOC for long periods 
before reaching equilibrium. Fertigation and irrigation of the stands especially under 
limited water availability situations would also promote tree growth and C seques-
tration. However, fossil fuels utilized for silvicultural activities such as fertilization 
and site preparation, intended to increase C sequestration, may emit CO

2
 (Markewitz 

2006) and would play a significant negative role in the C balance of forestry and 
agroforestry systems, which calls for the rational use of silvicultural inputs to 
 augment C pools in soil and vegetation.

Conclusions

This paper portrays the potential of A. mangium, a fast growing tropical woody 
legume, to sequester atmospheric CO

2
 and synthesizes the published information 

(tropics) on how tree and stand management practices influence the vegetation and 
soil C pools. Higher stand densities (e.g., 2,500 and 5,000 trees ha−1) promoted C 
storage of A. mangium, supporting the adaptive role of stand density regulation in 
mitigating climate change. Intense pruning (up to 50% of tree height), however, 
depressed overall tree growth and C stocks of this species. The specific effects of 
pruning on soil and vegetation, however, were stand density dependent, implying the 
need for optimizing stand management strategies such as density regulation and 
crown pruning for improving C sequestration, in conjunction with one another. 
Likewise, experimental studies on thinning in certain species showed a negative 
impact of stem removals on C stocks. Irrigation, especially under limited water 
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 availability situations, however, promoted it. Inorganic fertilization exerted positive, 
negative, or neutral influences on vegetation and soil C stocks depending on site 
fertility, species, fertilizer doses applied, and the stage of stand development. Overall, 
good silvicultural practices ranging from site preparation to intermediate treatments 
may favor tree growth and productivity and, by extension, improve above- and below-
ground C sequestration, but sometimes may also contribute to C emissions.
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Abstract Land tenure security is often considered a requirement for forest carbon 
(C) finance investments, as a way to ensure that C emission reductions can be legally 
delivered to buyers and to promote permanence of emission reductions from 
forest activities. Areas under unsecure land tenure are regarded as less attractive for 
C finance investments. Nevertheless, there is limited research on how C finance may 
conversely affect land tenure. This paper aims to contribute to this debate by exploring 
how land tenure security of local landholders and communities in reforestation areas 
may be affected through forest C projects. By clarifying C ownership, a C transaction 
creates a new stick to the bundle of rights associated with land (emission reductions 
from sequestered C), which normally is created with clear tenure. This can in 
turn directly affect the overall land tenure for those landholders involved in the 
transaction. Carbon ownership clarification can be achieved through institutional 
arrangements, such as community-level benefit-sharing agreements or legal private 
contracts. Adequate design and implementation of C finance transactions can 
also influence land tenure security, mainly by supporting the organizations of local 
landholders around rural institutions and encouraging the involvement of national 
land agencies in the implementation of the project. These institutional arrangements 
prompted by C transactions can result in overall increased land tenure security for 
landholders and communities in the reforestation project area, as evidenced by two 
case studies from agroforestry projects in Niger and Kenya.
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Introduction

Carbon (C) finance is a mechanism for climate change mitigation. Land use activities 
can generate emission reductions by sequestering C from the atmosphere (afforestation 
and reforestation) or avoiding emissions (reduced emissions from deforestation and 
forest degradation: REDD). Recently, there has been increased debate on the impact 
of forest C on land tenure and the implications for the distribution of revenues from 
C transactions (Luttrell et al. 2007; Eliasch 2008; Pirard 2008; Cotula and Mayers 
2009). Land tenure and its relation to property rights to forest C are also highlighted 
as key issues in the climate change mitigation debate (Barnes and Quail 2009).

Sub-Saharan Africa is responsible for 15% of global emissions from land use 
change and forestry. Land-based activities, such as reforestation, agroforestry, and 
agriculture offer the largest potential for climate change mitigation in sub-Saharan 
Africa. Nevertheless, up to now, the region accounts for only 1% of all registered 
Clean Development Mechanism (CDM) forest projects. A number of barriers for 
scaling up C finance in the continent have been identified, including those related to 
insecure property rights to land (Desanker 2005). Issues around land tenure, such as 
those related to property rights to emission reductions and the relationship between 
land tenure and the adoption of sustainable land use practices, are key to the climate 
change agenda in Africa.

Although much has been written about the importance of clear land tenure for 
the development of forest C projects (Unruh 2008; Quan and Dyer 2008), the impact 
that C finance transactions may potentially have on land tenure is less explored. 
Rather than focusing on secure land tenure as a prerequisite for C finance investments, 
this paper investigates the potential influence that forest C finance projects may 
have on land tenure security by assessing two ongoing CDM agroforestry projects 
in Niger and Kenya.

The theoretical framework that supports this hypothesis is developed in the three 
main sections of this paper. The first section focuses on land tenure security defi-
nitions and its connection to sustainable land management (SLM). The second part 
examines the use of C finance to promote SLM activities (including reforestation) 
emphasizing the role of clear carbon ownership to attract carbon investments. 
The paper then explores the connection between forest C finance and land tenure 
security, outlining the theoretical framework used in this paper. The core hypothesis 
advanced – namely that forest C finance may positively affect the land tenure security 
of landholders that participate in forest C projects under certain conditions – is 
tested in two reforestation projects currently under implementation in Niger (Acacia 
senegalensis Plantation Project) and Kenya (Community Forestry around Mount 
Kenya) with the support of the BioCarbon Fund (details in Table 1).

This study draws on both secondary and primary data sources. The theoretical 
framework draws on a literature review of land tenure and agroforestry studies, 
e.g., forest C projects and their connections with land tenure, investment incentives, 
and SLM. Secondary data for the case studies come from the literature on land 
tenure in Niger and Kenya as well as national land and forest legislations, in 
addition to information from the BioCarbon Fund (BioCF) project documents 
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(e.g., project design, contracts, minutes of meetings with communities, etc.). The 
case studies were also informed by primary data, collected through semi-structured 
interviews with project developers and other local actors in 2009.

Land Tenure, Land Tenure Security, and Sustainable  
Land Management

Land tenure is the bundle of rights over natural resources that characterize the 
relationship among individuals and groups with respect to land (FAO 2002). As social 
conventions protected by the government (statutory rights) or the community 
(customary rights), land rights allow individuals and/or groups to gain from different 
benefit streams related to the land. For the purpose of this study, tenure security is 
defined as the individual’s confidence that her/his rights will be recognized by others 
and protected when challenged, as well as the ability of the individual to reap the 
benefits of labor and capital invested in that land (Bruce and Migot-Adholla 1994; 
FAO 2002).

Increased land tenure security – improved tenure clarity and certainty – may be 
achieved through different means, among them the recognition of one’s rights by the 
community (social recognition of one’s rights), government (political recognition), 
and/or formal legal systems (legal title, contracts, etc.). At the local or community 
level, the process of increasing land tenure security may be triggered by projects that 
use tools of tenure change to mitigate investors’ risks. Among these tools are the 
community legislation, contracts, and projects of economic leverage (benefit-sharing 
schemes: Bruce 1986).

Given the long gestation period dedicated to tree planting and the absence of 
additional guarantees and incentives for investing in forestry, forest C projects are 
likely to be developed in lower risk areas with clearer land tenure. Different tenure 
systems can ensure access to land and stimulate investments in land improvement 
(Migot-Adholla et al. 1991; Perez et al. 2007). With the right institutions to ensure 
the compensation for labor and other long-term investments on land, customary 
tenure systems may provide the right set of incentives needed to foster the develop-
ment of forestry activities (Migot-Adholla et al. 1991; Omura 2008).

Carbon Finance and Sustainable Land Management

Carbon finance is a market-based mechanism for climate change mitigation consisting 
basically of emission reduction emission reductions (ERs) transactions in both compli-
ance and voluntary markets (Samek et al. 2011). These ERs are generated through 
projects that reduce greenhouse gas (GHG) emissions or sequester C from the atmo-
sphere. The most important market for C projects in developing countries at present is 
the Clean Development Mechanism (CDM), created as part of the Kyoto Protocol.
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Carbon finance can serve as an incentive for the promotion of SLM by  
compensating landholders1 for the adoption of certain land-use practices leading to 
C sequestration or avoidance of greenhouse gas emissions. Carbon finance for 
afforestation and reforestation (the only forest activities accepted under the CDM) 
rewards landholders for the adoption of land-use practices leading to the accumu-
lation of C in the vegetation biomass (above- and belowground), in dead wood and 
litter, and in the soil, beyond what would have happened in the baseline scenario.

Carbon finance transactions can be regarded as a type of payment for environ-
mental service scheme whereby a well-defined ecosystem service (C storage or 
avoiding emissions) is purchased by at least one buyer from a minimum of one 
provider and the payment is contingent upon the delivery of the service. The degree 
to which C finance provides a real incentive towards the adoption of SLM practices 
depends on a number of variables, including the opportunity cost incurred by 
landholders and the expected revenues from C finance and other products. In turn, 
the expected revenue from C finance for reforestation is a function of two main 
variables: the price of C and the amount of C sequestered by unit of land. The price 
of C responds to many forces in the C market, including the usual demand and supply 
forces. The second variable, the amount of C sequestered by unit of land, is a func-
tion of the type of species being planted and the manner in which the plantation is 
managed (Kunhamu et al. 2011).

Forest Carbon Finance and Land Tenure Security

Unclear land tenure is often seen as an impediment for the successful implementation 
of afforestation and reforestation projects (Unruh 2008). The main argument is that 
C investors would not be willing to promote projects in areas under unclear land 
tenure, due to their high delivery risks and questions about transferability of assets. 
Forest C investors tend to favor projects in areas under clear tenure mainly for two 
reasons. First, clear land tenure is often associated with clear C ownership, reducing 
the risks that the asset purchased may be legally disputed. Second, project implemen-
tation in areas with higher levels of tenure security is more likely to be successful 
(in terms of higher trees growth and lower mortality rate), leading to lower delivery 
risks, since clear tenure creates incentives for adoption of SLM activities.

The BioCF experience, however, shows a more nuanced reality. The BioCF has 
signed C purchase contracts (called Emission Reductions Purchase Agreement – 
ERPA) with project developers carrying out activities in areas with a broad range 
of land tenure conditions, including fully titled private land, titled community land, 
state-owned land, untitled community land, untitled private land, among others 

1 Landholder here is broadly understood as the individual or community participating in a C finance 
transaction regardless of the ownership of the land. Landholders encompass fully titled private 
landowners, titled community lands, untitled private and community landowners, governments, etc.
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(The BioCarbon Fund Experience: Insights from Afforestation/Reforestation Clean 
Development Mechanism Projects, forthcoming). The key has been the design of 
institutional and contractual arrangements, to reassure investors that, despite the often 
unclear tenure condition in the project area, mechanisms would be put in place to: 
clarify C ownership (and the legality of the C transaction) and ensure adequate 
project implementation. These institutional arrangements took into consideration 
both customary and statutory land rights, giving the BioCF flexibility to operate 
under different tenure conditions.

Clarifying Carbon Ownership

Clear C ownership is a key element of any C finance transaction. Investors in forest 
C projects need the assurance that the emission reductions they are purchasing can 
be legally transferred to them without restrictions. Carbon ownership agreements 
are created to allow projects to trade C as a commodity. As mentioned by Saunders 
et al. (2002), a C entitlement will create new property, a new stick to be added to the 
bundle of rights already associated with forests.

The possibility that the revenue from C finance may affect the local land tenure 
condition has been explored in the literature. Some argue that C payments may 
increase the value of common property land which, in turn, can lead to conflicts 
over the tenure of resources and land. In situations where land resources are subject 
to multiple uses and claims, revenues from C payments may intensify tension among 
resource users (Perez et al. 2007). Others also highlight the potential risk of capture 
of C revenues by powerful actors (Cotula and Mayers 2009).

Resolving the uncertainties surrounding legal title to the sequestered C is critical 
to securing its market value in a forest C transaction (Barnes and Quail 2009). Since 
most countries presently do not have specific legislation on ownership of ecosystem 
services, C ownership needs to be determined through other mechanisms. Among 
these mechanisms are: (1) private contracts signed between the parties before the 
implementation of forest C projects; and (2) benefit-sharing mechanisms among 
landholders and community members. Additionally, C ownership is also partially 
clarified through the Letter of Approval issued by the host country’s Designated 
National Authority, a requirement for CDM projects under the Kyoto Protocol. 
The Letter of Approval can be seen as the State authorization of the actual transfer 
of ownership of the emission reductions (Streck 2009).

Private Contracts

Private contracts are the main mechanism used in C finance transactions to clarify 
C ownership and create a commodity that can be traded. Contracts that clarify 
C ownership can potentially separate this right from broader rights to the forest 
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and land while defining responsibilities and liabilities (Cotula and Mayers 2009). 
According to Bruce (1986) “contracts can be used as a tool for regulating tenure 
arrangements between groups or individuals or even with the government”. Contracts 
can be flexible enough to reflect the concrete tenure conditions on the ground when 
establishing the rights and responsibilities of the parties. In the BioCF, two types of 
contracts are used to clarify C ownership in a project: ERPAs signed between the 
emission reductions seller and the buyer; and C transfer Subsidiary Agreements, 
signed between the participating landholders and the C aggregator.

The ERPA is a legally-binding contract between buyers and sellers of emission 
reductions that sets out the rights and responsibilities of parties to a C transaction, 
such as the volume of emission reductions being transacted, the price, and the 
delivery schedule of emission reductions and payments. In the case of reforestation 
projects, the contract normally includes terms related to the permanence of the 
planted trees, such as restriction on tree cutting for the duration of the contract. 
The ERPA addresses C ownership directly, seeking to assert the legal owner of the 
emission reductions and the conditions under which those can be transferred to 
the buyer. It aims to reduce the risks that could arise from the emission reduction 
transfer, including those related to ownership.

Subsidiary agreements, in the context of C transactions, refer to private contracts 
signed between participating landholders and a C aggregator who transacts emission 
reductions, signing the ERPA on their behalf. Hence, a subsidiary agreement is a 
key element in a C transaction, as it transfers the legal right to transact C emission 
reductions to an aggregator, while specifying the roles and responsibilities of 
each party in this transfer (including price, payment methods, emission reductions 
delivery schedule, among others). Aggregators can be different type of organizations, 
from private companies, to NGOs to the government itself. Table 2 provides the 
details in this respect on the BioCF projects of Niger and Kenya.

In the Acacia senegalensis Plantation Project (ASPP) in Niger, the local private 
company Achats Services International (ASI) acts as the C aggregator and as 
project developer. In the ERPA, ASI asserts its exclusive ownership of the emis-
sion reductions to be generated by the project, as well as its control over the project 
land area. Exclusive ownership of ERs, in turn, is achieved by ASI’s signing a 

Table 2 Carbon aggregator and contract agreements in the BioCF projects in Niger and Kenya

Project Carbon aggregator Legal/Contractual agreement
Acacia senegalensis 

plantation, Niger
Achats Services 

International (ASI)
Contract between ASI and local 

community cooperatives (grappes). 
Each community decided 
individually how to distribute the 
income from the project (clé de 
repartitión de revenus)

Aberdare range/Mt. Kenya 
small scale reforestation, 
Kenya

Green Belt Movement 
(GBM)

Tri-party agreement between GBM, 
Kenya Forest Service and local 
Community Forest Associations

Source: BioCF project reports. Available at http://wbCfinance.org/Router.cfm?Page=BioCF. 
Accessed 28 Aug 2010
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sub-agreement with each of the 30 grappes representing the communities and 
landholders participating in the project.

These subsidiary agreements, declared as a condition of effectiveness of the ERPA 
at the request of the World Bank, attest and recognize that the grappes have the tenure 
over the land where C reforestation activities are to take place and the ownership of 
the ERs to be generated. The subsidiary agreements also determine that the ASI will 
trade the Arabic gum – to be explored once the acacias are mature – in international 
markets after paying the grappes a fair price for this product.

Subsidiary agreements vary substantially in form and content, but they are an 
important instrument to reduce the delivery risks for buyers by clarifying the rights 
and responsibilities in relation to the land and resources, and hence C ownership. 
Subsidiary agreements are particularly important when many landholders are 
involved in a C transaction, such as in reforestation projects with multiple small 
landholders or on community lands.

In some cases, additional legal mechanisms (such community by-laws) are 
necessary for the establishment and operation of community groups or cooperatives. 
The Aberdare Range/ Mt. Kenya Small Scale Reforestation project exemplifies this. 
In terms of land tenure, the key document is the forest license provided by Kenya 
Forest Service (KFS) to the Community Forest Associations (CFAs), granting 
these communities the user rights to the project area. Under the Kenya Forest Act of 
2005 the establishment of the CFAs is a requirement for this concession. The Forest 
Act also requires CFAs to establish a CFA constitution (by-law) and a site manage-
ment plan (Community Forest Management Agreements). The Community Forest 
Management Agreements are legally binding for both parties, and can be revoked 
by KFS if the CFAs do not fulfill the requirements.

Once tenure rights in the project areas have been clarified by contracts defining 
C rights, landholders have a greater certainty that their rights are respected by their 
peers and protected by the government when challenged, giving them a greater 
sense of tenure security (FAO 2002). In some of the areas where C finance trans-
actions take place, the subsidiary agreement for the C transaction may be the first 
contract signed by landholders and could itself constitute a type of legal proof of their 
rights to the land. It should be noted, however, that the strength of this contract will 
depend on its recognition by peers (including customary authorities) and the State.

Benefit-Sharing Schemes

Another important mechanism used to clarify C ownership in forest C projects is 
benefit-sharing schemes. Benefit-sharing schemes aim at clarifying the distribution 
of the monetary and non-monetary benefits flowing from the emission reduction 
transactions among the providers of the service. Some of the issues to be agreed 
upon by the service providers (in this case, the landholders undertaking refores-
tation activities) in such a scheme are how much each participant will receive, at 
what frequency, at what level (community, individual), and through what payment 



239Can Forest Carbon Finance Influence Land Tenure Security in Project Areas…

method (in-kind, cash). Benefit-sharing schemes may be consolidated through 
social agreements and/or formal contracts.

In order to contribute to effective implementation of forest C projects, benefit-
sharing schemes must be well understood by the local landholders/communities 
and be socially accepted. Clear benefit-sharing schemes contribute to C ownership 
clarification by determining who is to benefit from C payments and how these are to 
be delivered, avoiding, or minimizing future conflicts when resources start flowing. 
Benefit-sharing schemes can also directly affect the land tenure security of the 
participating landholders by ensuring that they receive the returns from the invest-
ments they make on the land. The ability of reaping the returns on the investment on 
land is a major component of land tenure security (Bruce and Migot-Adholla 1994).

Evidence from the case studies attests to the importance of the design of benefit-
sharing schemes. In the case of Niger, the very process of defining the benefit-sharing 
scheme (clé de repartitión de revenu) has been crucial in increasing social cohesion 
within the community, since it gave them the chance to reflect collectively on how to 
use the resources coming from C sales (and from other revenue streams, such as the 
sale of Arabic gum). It also allowed for increased understanding that C payments 
would only be made if the asset (C sequestration) was delivered, which meant the 
need for communal work in tree planting and maintenance.

These “clé de repartitión de revenus” are community level agreements on how 
revenues from C and Arabic gum trading are to be distributed among the members 
of the grappe, These arrangements are encompassed by the subsidiary agreement 
signed with the C aggregator and result from a consensus within the community, 
which should avoid conflicts once the revenues start flowing. They have been fully 
bargained between the grappes and ASI, and within the community, and have led to a 
common understanding about roles and responsibilities in the deal. The obligations 
of each party are observable through the project monitoring for the planting and 
through the disbursement of the funds to the grappes.

These agreements however also face challenges. The C payments, for instance, 
are taking longer to be delivered than initially foreseen due to delays in the CDM 
regulatory process (mainly the process to get the project validated by a third-
party) and the slow growth of the plants. Carbon is also a very new and complex 
concept. Therefore, communities take time not only to fully internalize the concept, 
but also to trust such an abstract deal. Despite a lot of efforts of communication from 
the management unit of the project, there is a continued need for further communi-
cation with the participants in the project.

In Kenya, the main benefit for the communities from the project in the short term 
is the direct compensation for planting trees from the Green Belt Movement (GBM). 
This short-term benefit is similar to GBM’s regular (non-CDM) reforestation projects 
where a small monetary reward is provided upon planting of seedlings and later on 
for maintenance of the trees for the first couple of years. In this project, this will 
provide income of approximately 10 Ksh per tree (around US$130/ha) directly to 
the groups involved in the tree planting. Additional revenue will be generated from 
the sale of C. This amount will depend on the actual growth rates of the trees and 
based on estimated growth rates would amount to about $1 million by 2017.
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In terms of benefit-sharing, there is a risk that long-term development benefits 
may not fairly distributed among the community as a whole, and/or those who put 
most effort into the initial tree-planting phase. Often benefits are captured by the 
most powerful and wealthy members of the community.2 To mitigate this risk the 
formula for determining the sharing of C revenues should be based on fully partici-
patory and transparent decision-making and subsequent management of any proj-
ects that are selected by the community as a whole. It is also important that C 
revenues are utilized for community projects that potentially benefit all members of 
the community.

The contracts between GBM and the CFAs include a requirement to ensure fair 
and equitable sharing of the benefits accrued from the project. However, the key 
document and process in this context is the development and implementation of the 
Community Forest Management Agreements, which along with the social structure 
and capacity of the CFAs, will be the key elements in securing an equitable benefit-
sharing under the project.

Ensuring Adequate Project Implementation

In reforestation projects, adequate implementation entails measures to minimize 
tree mortality and maximize growth rates. The measures put in place to achieve 
these efficiency goals – strengthening of rural institutions and the involvement of 
land agencies in project implementation – also have some impact on the level of land 
tenure security of local landholders.

Strengthening of Rural Institutions

The implementation of forest projects in areas where communities manage natural 
resources is a challenging task. If there are no incentives for individuals to participate in 
local activities, and no institutions to locally enforce the rules agreed upon in the design 
of the project, the implementation is likely to fail. As stated by Perez et al. (2007):

Community based C sequestration cannot operate and be sustained in a vacuum. Such 
activities must be backed up by strong rural organizations, legitimate and representative 
leadership, client-driven extension, local capacity building, and informed and enabling 
policies. Coordinated interventions to strengthen this institutional scaffolding and to advance 
favorable policy reforms will need to complement the efforts to stimulate widespread 
adoption of technical solutions.

2 Kamweti and Acworth (2006).
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Rural institutions, such as local cooperatives, can mobilize landholders around 
a common goal, increase their negotiating power vis-à-vis outside actors, and 
foster shared interests. Strong local institutions are necessary to coordinate joint 
efforts as community reforestation projects. The importance of strong rural institu-
tions for adequate project implementation is exemplified in the BioCF projects. 
Local cooperatives such as the grappes in Niger and the CFAs in Kenya are key 
in organizing local landholders around tree planting efforts. By facilitating the 
decision-making process among various landholders, these institutions foster 
agreement among community members and contribute to the clarification of land 
use rights. In turn, clarification of user rights has a positive effect on increasing land 
tenure security for local landholders.

In Kenya, social mobilization and capacity building for community groups is at 
the very core GBM operations. The basis of GBM is the mobilization of thou-
sands of women’s groups who establish tree nurseries and plant indigenous trees on 
their farms and on public lands. This focus is also reflected in this project and in the 
agreement between GBM and the CFAs where the enhancement of women’s liveli-
hood is stated as a vision of the project.

Involvement of National Land Agencies  
in Project Implementation

The involvement of national land agencies such as the Local Land Tenure Commissions 
in Niger in the process of project design and implementation can also contribute 
to adequate project implementation, while having a direct effect on land tenure at 
the local level. As the BioCF experience shows, national land agencies (and their 
regional or local branches) are mainly called upon during the project design phase, 
when the land tenure situation is assessed in the project area, and during project 
implementation, when benefit-sharing schemes are crafted. Carbon investors 
see their involvement as crucial to ensure that the national land legislation will 
be respected. Carbon investors may even fund part of the activities of these 
agencies (such as the case in Niger) to ensure their adequate participation in 
project design.

Through their involvement, project participants ensure that the activities on the 
ground have the explicit recognition of the national government, including the user 
rights of landholders involved in a C transaction. By participating in discussions 
on the institutional arrangements created within the project, and recognizing their 
legitimacy, these agencies contribute to strengthening local landholders’ security 
of tenure. They can also go as far as titling the lands where projects are being 
developed, as seen in the Niger case. Even though land titling is not synonymous 
with land tenure security, it may function as one more instrument to define rights 
over the land.
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Carbon Finance Influence on Land Tenure Security in Project 
Areas – Evidence from the Case-Studies

Forest C finance projects can contribute to increase land tenure security of those 
landholders and communities participating in C finance projects through project 
design, preparation, and implementation. Figure 1 provides a graphic representation 
of the theoretical framework outlined above. Evidence from BioCF projects in Niger 
and Kenya support that.

In both cases, the efforts in the project areas to clarify C ownership and ensure 
adequate project implementation triggered the process of local land tenure 
securitization. To define who has the right to C, rights to other resources had to 
be asserted. In both projects, the participating landholders had their user rights to the 
land recognized by the government. Even though laws from both countries already 
encompassed the possibility of statutory recognition of customary user rights, forest 
C projects’ institutional arrangements and investments prompted the organization 
of these individuals and communities and the recognition of their claims by the 
government. Details on the land tenure situation in Niger and Kenya before and 
after the project are summarized in Table 3.

Fig. 1 Conceptual model of forest carbon project’s influence on the level of land tenure security 
at the project area (ERPA emission reduction purchase agreement)
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Land Tenure Security Changes in the Niger Acacia  
senegalensis Plantation Project (NASPP)

In Niger, the project sites were selected based on a feasibility study undertaken by 
ASI and the Ministry of Rural Development after an assessment of the potential 
project areas. The areas chosen for the project were severely degraded to avoid compe-
tition with other land uses such as agriculture and grazing and displacements and/or 
access restrictions. The project also avoided sites that would require expropriation 
and areas where tenure was disputed. The pre- and post-project land tenure conditions 
in the project areas vary from site to site and are summarized in Fig. 2.

Fig. 2 Land tenure condition before and after project implementation in Niger (as of June 2009). 
The pre-project data is based on Moussa, Y., Bagnou, A., Lecko, M., 2006 (Républuque du Niger, 
Ministère du Développement Agricole. Appui aux commissions foncières départementales, aux 
services techniques et aux grappes pour l’élaboration des actes de sécurisation foncière dans le 
cadre de la plantation de gommiers. Report prepared for the BioCarbon Fund, personal communica-
tion) whereas the land tenure condition as of June 2009 is based on a field visit to each site carried 
out by the Management Unit of the project
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Table 3 Land tenure situation in project areas in Niger and Kenya

Project location

Land tenure situation

Before the project After the project

Niger •  Untitled private land
•  Vacant land
•  Classified forests

•  Rural concessions – customary user 
rights recognized by the government 
and private owners

•  Private lands – titled delivered by the 
government

Kenya •  Gazetted public land under  
the control of Kenya Forest 
Service (KFS)

•  Community Forestry Associations 
were granted forest licenses by the 
KFS through which the government 
recognizes their user rights

Source: BioCF project reports. Available at http://wbCfinance.org/Router.cfm?Page=BioCF. 
Accessed 28 Aug 2010
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In the pre-project phase, there were three main types of land tenure situations in 
the project area:

 1. Untitled private land: a type of individual property recognized by the customary 
leaders and not formally titled according to statutory law;

 2. Vacant land: a type of communal area, where no proof of property right can be 
established but that formally belongs to the State;

 3. Classified forests: lands formally titled to the State and managed by the state 
body in charge of forest management.

Every site in the project has gone through some sort of change in its tenure 
status since the inception of the project. Despite the complex differences in each 
specific case, two main generalizations concerning this change can be made. Firstly, 
on untitled private lands, private property rights assigned by customary leaders 
to individual landholders in the past and are now getting statutory recognition. 
The assignment of private titles gives the landholder an increased level of security 
over her/his land, including the possibility of transacting the land as they see fit.

Secondly, in vacant land and classified forests (commons and government land), 
contracts of rural concessions have been already delivered to some grappes. A rural 
concession is a type of contract whereby the government gives the concessionaire 
the right to explore the land for a given period of time (renewable) according to a 
management plan agreed between the parties. In this project, this contract is usually 
delivered to the grappe for the purpose of establishing a plantation of A. senegalensis. 
The specific roles and responsibilities of the members of the grappe in a rural 
concession are specified in an exploitation contract, signed between the grappe and 
each of its members.

Vacant lands have traditionally been a source of land tenure conflict in Niger as no 
clear property rights can be asserted over it. As discussed by Roncoli et al. (2007), 
for the case of Mali, “unused land was declared state land, (…) leading to the 
destruction of the resources”. Through a Rural Concession, the state is devolving 
land rights to communities and allowing for secured community management of the 
land recognized by the state. A similar situation is found in the classified forests, 
which are transferred from the private domain of the state to communities through 
a Rural Concession.

As it is widely known, changes in land tenure are a long-term process. In this case, 
the changes are still ongoing. Few private land titles and rural concession contracts 
have been delivered to the landholders and grappes respectively. Nevertheless, the 
project has been instrumental in triggering this process.

Land Tenure Security Changes in the Aberdare  
Range/Mt. Kenya Small Scale Reforestation Initiative

Kenya’s Forest Act 2005 is the major legal instrument that regulates land and 
resources tenure in the country. This is the first legislation in Kenya to acknowledge 
the importance of sustainable forest management for C sequestration and other 
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environmental services, but still falls short of defining C reductions ownership 
(although it does classify it as a non-timber product). In the Act, customary rights 
are recognized (Forest Act 2005, section 40, f)3 and community participation in 
managing and improving the forestry sector is seen as important.

Although the project sites are fairly dispersed geographically, the land tenure 
 condition is homogeneous across the different sites: gazetted public land under the 
control and administration of the Kenya Forest Service (KFS). This tenure classifica-
tion is fixed, and would be very difficult to change. The control and timber rights of 
KFS have been solidified through the project and associated contractual process. At 
the same time, local communities’ land tenure security was strengthened by the proj-
ect activity and the C specific contractual agreements. As a result, communities now 
have more certainty of reaping the benefits from investments they make on land.

Conclusions

This study provides evidence that forest C projects can positively affect the level of 
land tenure security of participating landholders. Realizing this potential, however, 
entails proper project design and implementation, leading to high transaction costs 
(negotiating private contracts, establishing benefit-sharing agreements, negotiations). 
In view of the current low prices for forest C credits in international markets, private 
C investors may not be willing to cover these costs. This could discourage investment 
in agroforestry projects (especially in sub-Saharan projects), despite the potential 
positive social benefits from these projects.

The lessons from this study are also relevant to the discussions on REDD. The use 
of institutional arrangements to clarify C ownership and ensure C permanence could 
be an alternative for advancing the REDD agenda in the face of unclear land tenure 
over large forest areas. In defining their national frameworks for the implementation 
of REDD, countries should draw on experiences from CDM projects.

The paper also highlights the importance of equitable benefit-sharing mechanisms 
designed in a participatory way. Nevertheless, since C payments have not yet started 
in the two projects analyzed, not all the hypotheses presented here could be tested on 
the ground. Once revenues start to flow, the extent to which benefit-sharing schemes 
actually avoid conflicts and benefit less powerful individuals within these commu-
nities will be an important topic for research.
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Abstract The Scolel Té project is a long standing experiment in carbon (C) seques-
tration through agroforestry and forestry systems. Developed in Chiapas, México, 
this project has evolved since 1996 into a solid model to manage C stocks in indig-
enous small farmer (campesino) landholdings, to be sold in a voluntary  
C market and to use the C credits for financing conservation and restoration activi-
ties. The experience of Scolel Té has matured into a well structured system for C 
transactions, the Plan Vivo System, which is now being applied in other countries 
of Latin America and Africa. This model of C marketing has been so successful 
that decision makers and other stakeholders from the environmental policy arena in 
Chiapas have decided to adopt and modify it with the aim of transforming it into a 
state wide program of ecosystem services: the Chiapas Program for Ecosystem 
Services Compensation (PECSE). The final design and implementation of PECSE 
is done by a policy network called Group of Ecosystem Services for Chiapas 
(GESE) — a group of public and private stakeholders. The challenges for GESE 
will be to overcome the internal problems of coordination and to develop a political 
lobby that would implement the PECSE. This effort, however, is triggering an 
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ongoing environmental governance process with implications at local, national, 
and international levels that could reconfigure existing strategies to tackle the prob-
lem of climate change.

Keywords Climate change • Carbon credits • Environmental governance • Policy 
networks

Introduction: Environmental Governance and Carbon 
Sequestration Projects

Climate change has been recognized as the main environmental problem today. 
Although numerous studies have been conducted on the processes of mitigation and 
adaptation, those addressing the issue of public policies and governance in carbon 
(C) projects are still scarce. Governance here refers to the alliance of public and 
private actors to build up public policies in an interactive way (Rhodes 1996; Koiman 
2004). Novel arrangements for environmental governance have emerged in the form 
of policy networks. This means that environmental governance is increasingly the 
result of diverse interests, activities, and capacities of a variety of stakeholders, 
including governments, civil society organizations, academic institutions, and 
international organizations (Lemos and Agrawal 2006). Participatory and collab-
orative forms of governance are expected to lead to more effective improvements 
in environmental quality (Newig 2007).

Climate change is typically a matter of network governance. The multiplicity 
of stakeholders and interests involved in it call for solutions based on consensus 
rather than on market transactions exclusively. Perspectives on market as the 
main regulator for the delivery of natural resources and their commoditization 
have been modified as a result of the market limitations to conserve ecosystems 
(Hodgson 2008). A good example of this is the Payments for Environmental 
Services (PES) projects currently being implemented that consider social and ethical 
factors (Bracer et al. 2007; Jacka et al. 2008).

Here it is argued that a critical step in developing a successful PES strategy is its 
effective linkage with public policies in an integrated and multi-sectoral approach. 
This document shows how a successful, locally generated C sequestration project 
called Scolel Té, itself borne out of the alliance and interactions of different stake-
holders (indigenous farmers, scientists, and nongovernmental organizations), 
stimulated the emergence of a regional network of civil society and government 
institutions focused on creating consistent guidelines for a state wide program of 
PES in Chiapas, México (Gibbs et al. 2002).

The chapter describes the Scolel Té project in terms of its current status, institu-
tional structure, main achievements/impacts, and the key factors that work towards its 
permanence and stability. It also describes how the project’s model of C transaction 
was used to develop a public policy program – the Program for Ecosystem Services 
Compensation for Chiapas (PECSE) – through an environmental governance 
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process involving a policy network of private and public sectors called the Group of 
Ecosystem Services for Chiapas (GESE).

Scolel Té: A Project to Sell Carbon from Agroforestry  
Systems in Chiapas, Mexico

In the southern state of Chiapas, Mexico, a pilot project that uses forest and agrofor-
estry (AF) systems to sequester C was initiated in 1996 through the collaboration of 
indigenous farmers’ organizations, research institutions, and groups from the civil 
society. Its main objective was to improve the living standards of participating com-
munities, using voluntary C credit payments to help conserve and restore forestry 
resources (Soto-Pinto et al. 2005). This effort was later turned into a permanent 
project called Scolel Té. Since 1997, the Scolel Té producers have been selling C 
sequestered in their AF plots to national and international organizations through the 
voluntary C market. Initially, the C sequestered was sold to FIA (Federation 
Internationale de l’Automovile), which agreed to buy 5,500 Mg C per year at US 
$12 per Mg. Since 2001, there has been a 45% increase in the amount of C sold. As 
of 2006, the project has sold a total of 98,754 Mg C to different buyers, such as 
Future Forest, Lloyd, Key Travel, The Nature Conservancy, Workers of The World 
Bank, and the UK Department for International Development (DFID). Ambio, a 
locally based cooperative in Chiapas, operates the project and deals with the admin-
istration of payments and its distribution to farmers. Ambio is also in charge of 
monitoring tasks, training local technicians, and fostering relations with partici-
pants in the project; its institutional structure is outlined in Fig. 1. To date, 62 com-
munities (677 producers) have participated through a variety of forestry and AF 
systems. These involve up to 500 individual plots, consisting of 2,000 ha in C 
sequestration activities, 2,660 ha in avoided emissions activities, and more than 
7,500 ha in conservation and restoration activities.1

The participants are smallholders, 50% of whom belong to five different Maya 
language groups (Tzeltal, Tzotzil, Ch’ol, Tojolabal and Lacandon). In spite of their 
cultural and ecological differences, the participating communities experience certain 
common socioeconomic problems related to land use such as strong pressures on 
land and other natural resources, high rates of deforestation, high levels of social 
marginalization, and the disruption of social and economic structures (for instance, 
through migration, loss of traditional knowledge, and lack of economic alternatives). 
While the majority of farmers participate in the project as individuals, using their own 
family managed landholdings for the C projects, some communities also partici-
pate on a collective basis, enrolling communally owned forest lands in the project. 
Individual plot sizes range from 1 to 10 ha.2

1 Vargas-Guillen et al. (2009).
2 Ambio (2006).
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Farmers are involved with the project decision making process through their 
working groups. Each working group will be represented by a representative, 
who will attend all the six monthly meetings to bring suggestions to the Ambio 
headquarters and pass the information on to members of the working group. Since 
2008, regional and community technicians’ teams were formed in order to promote 
Scolel Té within new communities. Most of these technicians were previously 
producers themselves, which facilitates communication and gives a better insight 
to the new producers (for example, they can talk from a producer’s point of view, 
which avoids mistrust, and also talk in the local language).

After more than 10 years of operation, the Scolel Té has become a well known and 
established project that has developed its own methodology and a set of standards, 
centered on the Plan Vivo system.3 This system has been developed recently based on 
Scolel Té experience for setting up C sequestration projects under a registered C stan-
dard, the Plan Vivo Standard. The Plan Vivo System is governed by a Scottish charity, 
The Plan Vivo Foundation, which publicizes the projects to potential buyers and has 
also developed sister projects in other countries, including Uganda, Mozambique, 
Malawi, Tanzania and Nicaragua (http://www.planvivo.org, accessed October 2010).

Fig. 1 Institutional structure of Scolel Té. Solid arrows show flows of carbon and money equivalent 
and dotted arrows show administrative procedures and knowledge exchange amongst the actors 
(Source: Adapted from Ambio’s presentation of the project)

3 BDRT (2008).
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Institutional Mechanisms of Scolel Té

Scolel Té organizers designed a bottom up approach for C transactions consis-
tent with those initiatives that considered C as an added benefit and not as the 
main incentive behind the project. Therefore, Scolel Té’s main thrust was on 
identi fying the best land use practices for communities in a participatory mode; 
and only afterward, the organizers considered how to derive a C product that could 
be sold in the voluntary market (Tipper 2003). The procedure that emerged 
from this included three main components: first, the planning process for estab-
lishing AF and forestry systems for C sequestration (see Schroth et al. 2011); 
second, the process of registering the potential C gains in order to sell them in a 
voluntary market; and third, selling the C and issuing the certificates of C credits to 
the owners.

Carbon Sequestration Through Forestry  
and Agroforestry Systems

The individual farmers or communities decide to participate in the project after 
attending an educational workshop on AF systems (AFS), climate change, and 
C sequestration services. The participants then start a planning and design process 
for AFS that includes an action plan called “Plan Vivo”, which uses participatory 
maps, work schedules, estimation of costs, and other tools (Beniest 1994). This 
planning method helps the farmers to design AFS, make decisions, and identify 
the technical or social constraints (Soto-Pinto et al. 2008). It became a standard 
element of the project methodology as Scolel Té expanded its geographic scope 
over the years.

A standard Plan Vivo is developed in three steps: first, a simple map of the farmer’s 
land, indicating the distribution of existing land uses (crops, fallow land, forests, 
rivers or streams, pastures, etc.) is drawn. Secondly, the areas for establishing AF 
and the choice of systems are decided, wherein the farmers specify the AF arrange-
ments, species to be introduced, and in what densities, whether to include any 
associated crops, and the details on planting and maintenance activities. Finally, 
they estimate the costs of labor and the materials needed and also decide on a 
calendar of operations (i.e., when to carry out the activities; Fig. 2). A screening 
process for the potential participants is also built into the project, in that it helps 
farmers to opt out if they do not have sufficient land or other resources to preserve 
livelihood activities. This implies, however, that participation in the project is not 
feasible for farmers without a certain minimum level of resources (E. Corbera ,  
N. Kosoy and M. Martínez-Tuna , 2006, personal communication). After drawing 
up the Plan Vivo, it is registered in a database held at the Ambio’s headquarters, to 
serve as the baseline for monitoring tree plantings.
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Monitoring C Sequestration and the System  
of Payments to the Farmers

Trees planted are the key to generate trust on the demand side (those who are going 
to buy the C captured by the trees planted). In order to achieve this, a fairly strict 
system of monitoring has been evolved by the project. A team of local technicians 
monitors 100% of the registered plots and between 10% and 20% of the project area 
is monitored by the Ambio’s professional team that organizes, supervises, and 
supports the entire procedure. Monitoring consists of filling out a form annually with 
information on the performance of the plantations. It includes parameters such as: the 
degree to which Plan Vivo goals are achieved, tree mortality, growth measurements, 
tree species richness, health conditions, and the requirements of pruning, shade mana-
gement, or clearing, with final remarks from the local technician. The monitoring 
system is reviewed by an independent, third party verifier, Smartwood (http://www.
rainforest-alliance.org/forestry.cfm?id=smartwood_program; accessed March 2010), 
which guarantees transparency and refines the procedures (Fig. 2).

Under Plan Vivo, the farmers commit to maintain the AFS for a period of 15 years 
(to avoid land use changes that could result in C loss). They also receive a kind of 

Fig. 2 Example of Plan Vivo drawn by farmers in Scolel Té (Source: Ambio’s headquarters archives)
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“bankbook” for the C account, in which the total quantity of C to be sequestered is 
shown along with the equivalent amount of money (Tipper 2003). Ambio and their 
partners have standardized the estimates of C sequestered by each system over time. 
Carbon sequestered above a certain baseline forms the basis for payments received 
by the farmers (de Jong 2001; de Jong et al. 2000). The fee for C sequestered is paid 
to the farmer ex-ante (i.e., before the C is actually stored in the system), as described 
below, but the payments are withheld if targets are not reached. Moreover, only after 
the Ambio’s technicians have verified that the trees are actually planted and that 
other associated tasks related to maintenance of the land have been accomplished, 
payments are released.

Since most of the labor and other investments take place during the establishment 
phase of the AFS, the main portion of the money equivalent to the C sold is distributed 
during the first few years itself. The payments are distributed in four installments of 
18% each paid during the first three consecutive years and in the fifth year, and a 
final installment in the eighth year. A minimum 10% buffer is deducted from each 
sale agreement with a community or producer in order to raise a contingent fund to 
cover up the risks and uncertainties in the delivery of C credits, e.g., non-compliance 
by producers or any other risks that can threaten tree planting, such as natural disasters. 
Through this system of risk buffering, permanence is guaranteed (Sandie Fournier, 
Plan Vivo Foundation, June 2010, personal communication).

Carbon Credits and Their Sale in the Voluntary Market

The information gathered by technicians during the monitoring process are captured 
in the data base of Plan Vivo maps, which enables the Foundation to assess the 
progress of the project towards expected emission reductions. Once this assessment 
is done, Plan Vivo Foundation issues the C certificates, which the buyers will 
be able to acquire in the voluntary markets. These certificates have a unique serial 
number representing the C credits bought by a particular buyer, thus the project 
ensures that the same quantity of C is only sold once. The money from the C sales 
goes to a trust fund, called the Fondo Bioclimático that is managed by Plan Vivo 
Foundation who acts as an escrow agent. The payments received by farmers come 
from this trust fund. Because the payments are made upfront, risks of failure and 
overestimation of C benefits exist. If this happens, corrective actions can be insti-
tuted or compensation made from the buffer fund, referred to before.

Outcomes of the Project

The organizational structure of the project favours mainly ecological benefits. It also 
ensures that the payments are made to the farmers in accordance with their contribu-
tions. However, economical impacts and the farmer organizations’ involvement in 
project decision making fall short of expectations. The following sections elucidate 
these issues in greater detail.
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Environmental Impacts: The Ecological Benefits  
of Agroforestry Systems

By incorporating AFS, Scolel Té allowed substantial C sequestration benefits to be 
integrated into the regional production systems, along with other gains such as 
ecosystem restoration and conservation of natural resources. The implicit theme 
here is that rural landscapes actively managed or modified by humans are very 
important loci for environmental services (Harvey et al. 2006). For instance, organic 
shade grown coffee (Coffea spp.), improved fallows, and silvopastoral systems have 
demonstrated the value of providing environmental services, due to their complex 
structure and species diversity (Perfecto et al. 2003; Harvey et al. 2006). Moreover, 
AFS such as taungya (maize, Zea mays L., in association with trees) and improved 
fallows also have proven C additionality in aboveground biomass compared to 
traditional maize systems. Improved fallows and coffee systems are also good 
options for carbon conservation or sequestration, and for avoided deforestation 
projects (Soto-Pinto et al. 2010), since large areas were transformed from forest to 
secondary forest during the past few decades in Mexico (Masera et al. 1997).

To achieve the above mentioned benefits, participating farmers engage in a planning 
and design process (Raintree 1987), where they select the AF prototypes, species 
to be planted, and appropriate spatial and temporal arrangements for planting, as 
mentioned earlier. Shaded coffee with timber trees, taungya, improved fallows, pine 
plantations, and conservation and restoration are the most frequently selected designs 
(Soto-Pinto et al. 2010). Such designs usually reflect the biophysical, technical, 
economical, and social conditions and livelihood systems of the locality, as well as 
the personal interests of the farmers concerned (Vanclay et al. 2006).

Along with C sequestration, these systems are designed to help address other 
problems such as low productivity of swidden farming systems, inefficient land 
utilization, land scarcity and degradation, non-availability of forest products (timber 
and firewood), and low income levels (Nelson and de Jong 2003). For instance, the 
combination of commercial timber species with agricultural crops has contributed 
to the re-evaluation of the maize, coffee, and livestock farming systems. Aside from 
C sequestration, AFS have also shown great potential for increasing the products and 
services from limited space, intensifying land use while incorporating ecosystem 
conserving measures, and biodiversity conservation (Soto-Pinto et al. 2010). Table 1 
summarizes the most frequently chosen AFS by Scolel Té participants and the 
relative amounts of C credit payments and C sequestration.

Social Impacts: Agroforestry to Avoid Conflicting Land Uses

Scolel Té’s origin as a project designed to have a positive impact on the indigenous 
livelihoods and landscapes, with participation of farmer organizations, is particularly 
important in providing social benefits to the local community. The project experience 
during the past more than a decade shows that the focus on AFS has allowed farmers 
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to integrate trees into existing production systems without disrupting subsistence 
activities.4 Participants strategically adopted and modified the systems chosen in order 
to find synergies and avoid negative impacts on labor, land, and livelihoods. For 
instance, many explicitly chose to plant trees in association with crops (e.g., taungya, 
coffee, fruit trees, pasture), in view of the spatial and temporal complementarities in 
resource use and the potential for diversified production (e.g., maize and trees). 
Additional synergies making the AF approach attractive to participants are that the 
C payments in many cases may help subsidize the production costs (e.g., labor, 
other inputs) of the co-planted crops too; i.e., the care and management of the trees 
indirectly benefit associated perennial crops such as coffee, especially during off 
years when prices are too low to warrant labor investments on them. Along with this, 
farmers anticipate non-economic benefits from the project such as learning of new 
skills, better familiarity with, and appreciation for the possibilities of silviculture, 
and leaving behind a legacy of tree planting.

Adverse Impacts of the Project: Economic Impact on Livelihoods, 
Future Uncertainties, and Carbon Complexities

In economic terms, however, the project has had little substantive impact on the 
participants’ overall economic status. The data suggest that C payments could 

4 Paladino (2008).

Table 1 Agroforestry systems implemented in the Scolel Té project, Chiapas, Mexico according 
to carbon sequestration capacity, carbon payments by system, and farmer participation

Agroforestry systems Area (ha)

Carbon  
sequestration  
(Mg C ha–1)

Number of 
producers/
communities  
per system

Unitary payment 
per ton of carbon 
per system (US$)

Taungya 107.5 99.0 134 8
Improved fallows in 

tropical area
398.0 96.0 304 8–13

Improved fallows in 
sub-tropical area

256.0 45.7 91 8

Coffee diversification  
with timber trees

163.1 39.0 75 8

Conservation in  
tropical area

6493.0 325.0 5 (communities) 4–6

Restoration in  
sub-tropical area

157.0 44.7 6 (communities) 8

Living fences and pastures 
in tropical area

256.8 43.0 182 8–10

Living fences and pastures 
in sub-tropical area

109.0 27.9 62 8–10

Source: Technical specifications of Scolel Té data base
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range from 1% to 25% of overall household income.4 However, the absolute 
numbers involved are small, with 2008 payments for 1 ha in a high carbon cap-
ture region of the state reaching only 20–25% of the net income that could be 
earned by putting that same hectare in maize.4 These payments have not been 
sufficient to capitalize changes in livelihood strategies or techniques that could 
substantially boost the household income. Nevertheless, depending on individual 
circumstances and the AFS chosen, the C payments are typically more than suf-
ficient to cover the costs incurred for establishing the trees.4 Revenues from sales 
of the trees for timber, and ultimately the possibility of developing sustainably 
managed, smallholder-based, forestry practices could become a significant con-
tribution to the rural economy, but this is yet to be realized and subject to many 
uncertainties. The realization of this potential may, in fact, surpass the lifetime of 
many of the older participants.

The relatively long timeline for realizing these economic benefits is a potential 
vulnerability of this approach to C sequestration, since farmers or their heirs could 
be tempted to convert the plots to other uses before the trees are saleable.

The low C sequestration prices, the uncertainty associated to obtaining timber 
benefits, and the technical and administrative complexities of C trading have been 
major disincentives of farmer participation.

The strategic involvement of farmer organizations in the project was high in the 
early years of the project but it got diminished due to internal political fights and 
economic backlashes, amongst other factors (Nelson and de Jong 2003). Implicit in 
this is that the greatest investment in strategic skill building and institutional capacity 
has been centered on Ambio itself. In recent years, however, there has been more 
emphasis on hiring and training participant representatives to work on technical and 
recruitment roles, as well as on addressing wider questions of farmer participation 
(Sotero Quechulpa, 2008, personal communication).

Key Determinants of the Stability of Scolel Té Model  
for Carbon Sequestration in Indigenous Communities

In spite of the obstacles encountered, Scolel Té strategy of conservation and 
restoration via C marketing keeps growing and evolving. After more than 
10 years of existence, its consolidation and expansion would not have been pos-
sible without a continuing process of learning, based on self reflection, evalua-
tion, and continuous adaptation to new challenges (Sotero Quechulpa, 2010, 
personal communication). Despite this ongoing evolution, the original objec-
tives of the project have been preserved. Together with the ability to learn and 
evolve, these objectives have made this project one of the most trusted and pres-
tigious C initiatives, recognized as an example of best practices in forestry 
(Chappel 2008).

A number of strategic factors that work towards the stabilization and permanence 
of the project have been identified. These factors grouped in four dimensions are 
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summarized in Table 2. It is worth noting that other PES strategies have also 
been launched in Chiapas and at the national level. Examples include the program 
designed and implemented by the National Forestry Commission (CONAFOR) 
and subsidized by The World Bank.5 This program applies to highly biodiverse 
communal forest and is mainly focused on watershed and biodiversity conservation, 
and C fixation by forest and AF practices. A summary of the impacts of CONAFOR 
PES program can be found in Corbera et al. (2009).

Table 2 Characterization of Scolel Té project Chiapas, Mexico according to factors promoting 
permanence

Dimensions and guiding principles Key factors

Strategy of coordination and cohesion 
of actors and their coalitions

Successful articulation with actors from the 
International level (University of Edinburgh and 
Plan Vivo Foundation)

Positive alliances and coalitions with governmental 
agencies and other NGO´s

Strong interaction with local leaders in the 
communities

Coordination with research institutions that 
generates new knowledge, contributes to the 
diffusion of the project and strengthen methodol-
ogy to assess carbon stocks

Faithfulness associated to interpersonal relations

Flexibility and simplicity of operating 
rules

Solid and well defined mechanisms of carbon 
transaction that generates confidence amongst 
buyers

Strong monitoring system at the local level
A system legitimated through international 

certification
Training of local technicians
“Plan Vivo” planning as a course of action for 

producers

Efficient and transparent use  
of resources

Self-sustaining project via carbon credits
Divers sources of resources via other projects and 

alliances
Human resources: volunteers, students, independent 

researchers

Discourse Payments for environmental services are internation-
ally promoted schemes for conservation and for 
climate change mitigation, specifically voluntary 
carbon markets have potential to trigger 
environmental and social benefits for the local 
communities involved (Chappel 2008)

Source: Authors’ elaboration according to dimensions of a policy arrangement defined by Arts and 
Leroy (2006)

5 CONAFOR (2007).
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Scaling Up Scolel Té to a Public Policy Program: Steps  
Towards a Process of Network Governance

Given these characteristics, the Scolel Té experience has been seen as a model for an 
expanded PES program that could be developed with the participation of a broader 
set of stakeholders. In 2007, Ambio, the government agencies dealing with forest 
conservation and protected areas management, and other national and  international 
NGOs have joined to form a policy network to lobby for the inclusion of the PES 
strategy in the environmental agenda of the state government. This network is called 
the Group for Ecosystem Services of Chiapas (GESE) and it foresees the possibility 
of conserving more natural resources and reaching out to more rural communities. 
The main objective of GESE is to design a Program for Ecosystem Services Compen-
sation for Chiapas (PECSE) and to find ways to implement it as a networked strategy. 
This initiative triggered a process of strategic coordination among the stake holder, 
but poses huge challenges in terms of task allocation, resource distribution, informa-
tion management, articulation of competing interests, and the construction of a com-
mon view to which all parties must agree and commit (Table 3).

Despite such challenges, there are important advantages to implementing 
 programs in a network fashion (Slaughter and Zaring 2006). These include the 
possibility of integrating a range of opinions and perspectives that, in turn, may 
enrich and grant legitimacy to the program; an exchange of information and its 
diffusion at all levels that eventually will strengthen links between the public and 
private sectors; and the coordination of policies in order to achieve a more effi-
cient use of scarce resources and a better correspondence between the society’s 
expectations and needs, and the government programs.

After 2 years of monthly meetings, the GESE network has achieved some of its 
goals in terms of putting the issue of PES into the government agenda in Chiapas. 
For example, the GESE network is in charge of the environmental services section 
for the future Action Plan of Climate Change for Chiapas, launched by the Ministry 
of Environment and Urbanism of the state government. In addition, a network of 
networks initiative is just emerging with the aim of developing a REDD pilot project 
in Chiapas, in cooperation with the Mexican Carbon Program (PMC). This initiative 
links national, state, and local efforts to develop a robust methodology for local 
level monitoring of the C stocks in forests under the REDD scheme (F. Paz, 2010, 
personal communication). It will require the involvement of local organizations at 
community level to conduct monitoring activities of land use changes. The role of 
GESE organizations, in coordinating the grass root organizations and building a 
network of local and community technicians that can generate data for national C 
stock accounting, will be critical to the success of this initiative. Ambio has been 
playing a central role in the above initiatives and in providing key information based 
on Scolel Té experience to implement the technical aspects of these strategies. 
Although the existing PECSE proposal adopts the technical and organizational fac-
ets of the Scolel Té C transactions model (Fig. 3), it falls behind in the establishment 
of institutional mechanisms that promote an integrated regional approach.
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Some Final Remarks

Some aspects of the model of PES created by Scolel Té have been adapted into a 
proposal for a public policy program, as a process of environmental governance. 
The strategy on PES, as it is being implemented in the Scolel Té project coincides 
to some degree with the perspectives promoted by the Chiapas state government. 
There are new developments in the state legislation in relation to PES strategy that 
provide a legal framework for PES implementation at the state level.6 The Strategic 
Development Plan for Chiapas (Plan de Desarrollo Chiapas Solidario 2007–2012; 
www.chiapas.gob.mx/plan/; accessed March 2010), the vital document for planning 
state policies, also includes PES as one of the key strategies for conservation. This 
has resulted in the creation of specific departments to deal with ecosystem services 
in Chiapas.

This is not the place to expound on the characteristics of political dynamics in 
Chiapas and Mexico in the field of the environmental public policies. It should 
however be noted that, Mexico and Chiapas have emerged as world leaders through 
their innovative experiences in dealing with climate change. The past Conference of 
the Parties, COP16, of UNFCCC (the United Nations Framework Convention on 

Fig. 3 Projected structure of PECSE program. Note the similarities with Scolel Té institutional 
architecture (Source: Vargas-Guillen et al. 2009)

6 Zorrilla-Ramos (2006).
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Climate Change) was held in Cancún, and Mexico City will host the full meeting of 
UNFCCC in 2012, where the Kyoto Protocol will be renegotiated.

Should the GESE network and its efforts succeed, this would prove to be a 
worldwide example and a strong argument in favor of the final approval of REDD 
strategies in a post-Kyoto environment (F. Paz, 2010, personal communication). 
This has enormous implications for developing countries and emerging economies 
like Mexico in terms of obtaining funding to conserve forests and combat climate 
change. At the international level, the value of the GESE network rests upon these 
considerations. Networking around a PES political strategy at the regional level has 
proven to be neither easy nor quick, but it could open up democratic structures for 
managing natural resources, with a potentially win-win scenario for all stakeholders.
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Abstract Carbon (C) is a new commodity that is now traded in financial markets and 
there is potential for farmers adopting agroforestry to sell C in addition to traditional 
timber and non-timber agroforestry commodities. Implementing agroforestry C offset 
projects is a challenging task, however, and it requires new, market-approved, 
C accounting methods that reduce transaction costs. This paper describes the 
Inpang Carbon Bank project in Northeast Thailand developed through collaboration 
between the Inpang Community Network, scientists at the Department of Forestry, 
Michigan State University (USA), Mahasarakham University (Thailand), and 
colleagues at the National Research Council of Thailand. Under this project a new 
protocol has been developed, which is in review by the Chicago Climate Exchange, 
besides an on-line C offset monitoring, verification, and reporting management 
system, called Carbon2Markets. A cost recovery analysis for the Inpang Carbon 
Bank smallholder teak (Tectona grandis L.f.) offset project shows that C would 
have to be sold at a value not less than US$1.66 per Mg CO

2
.
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Introduction

Greenhouse gas emissions from deforestation and forest degradation and the climate 
change mitigation potential of forested landscapes are well documented (IPCC 2007). 
Pressures on  tropical  forest  resources by  local people may be alleviated  through 
adop tion of agroforestry (Angelsen and Kaimowitz 2004; Montagnini and Nair 2004). 
Agroforestry, the use of trees on farm, including the domestication of indigenous trees, 
provides a variety of potential income streams from both timber and non-timber 
products (Michon and de Foresta 1996; Simons and Leakey 2004). It can also play an 
important role in sustaining a variety of ecosystem services (Jose 2009), including 
climate mitigation through carbon (C) sequestration (Nair et al. 2009). Furthermore, 
C itself is now a commodity trading on a number of greenhouse gas or “carbon” 
financial markets, both regulatory and voluntary (Kossoy and Ambrosi 2010). 
Agroforestry, therefore, has the potential to both mitigate climate change and provide 
an additional income stream to farmers, beyond the income generated from tradi-
tional timber and non-timber products.

Recognizing that disperse small scale agroforestry farms in developing countries 
are sequestering C in biomass and therefore mitigating climate change, there 
are a number of challenges linking agroforestry farmers to buyers willing to pay 
for C offsets. Transaction costs to implement any forestry C offset project are 
non-trivial. These costs include identifying and demarcating project boundaries, 
collecting field based biometric data, C measuring and monitoring tools and tasks, 
third party verification, and project reporting. Furthermore, the heterogeneous 
nature of agroforestry (spatial planting configurations and species diversity) adds 
greater complexity to biotic C accounting. Markets expect C offsets to be real, 
verifiable, and permanent, and C offset methods and protocols are designed to 
ensure these requirements. While there are a growing number of newly proposed 
forest C accoun ting methods and protocols, there are currently only a few that are 
market accepted, and these do not include the broad range of agroforestry systems 
practiced in developing countries. For example, under the Kyoto driven regulatory 
market, the United Nations Framework Convention on Climate Change (UNFCCC) 
Clean Development Mechanism (CDM) approved methodologies only provide for 
Afforestation/Reforestation C offset projects (UNFCCC 2010a, b). The largest 
voluntary C market, the Chicago Climate Exchange (CCX), currently only includes 
Afforestation/Reforestation and Sustainably Managed Forest Projects (CCX 2010).

This paper documents the collaborative international and institutional efforts to 
develop an agroforestry C sequestration offset project in Thailand that uses advanced 
Internet based geospatial tools in a C management application which functions as a 
monitoring, reporting, and verification system for C offset projects. One outcome 
of this project is a new protocol for “Biotic Carbon Sequestration in Small Scale 
Agroforestry Systems in Developing Countries” and a smallholder teak offset project 
submitted to the CCX. Researchers from the National Resource Council of Thailand 
(NRCT), Mahasarakham University in Thailand, and Michigan State University in 
the United States have partnered in this project with a farmer’s association in Northeast 
Thailand, called the Inpang Community Network (Inpang). Members of the Inpang 
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network call this their “Carbon Bank” project. Their concept of a “Carbon Bank” is one 
in which living trees in the agroforestry system have a marketable value beyond the 
traditional market commodities associated with timber or non-timber forest products. 
The value is in the tree’s C. These trees provide multiple benefits to the farmers 
including sequestering C in biomass, much like a bank secures gold or currency.

Methods

Genesis of the Inpang Network Carbon Bank Project

The Inpang network began in 1987 with a group of village leaders in Ban Bua 
Village, Tambon Kut Bak, Kut Bak District, Sakon Nakhon Province (17° 5¢ 14″N, 
103° 49¢ 21″E). In order to break the cycle of debt from cash cropping, the farmers 
began to transform their farm landscapes from costly high input, chemical dependent 
monocultures to diverse agroforestry systems that included rice (Oryza sativa L.) 
for consumption and a wide variety of woody perennials. From a small group of 
12 members, the Inpang network has now grown to over 4,000 members in five 
provinces in northeast Thailand (Fig. 1), with linkages to many other farmer groups 

Fig. 1 Map of Inpang member’s locations by tambon (sub-district) in five provinces in northeast 
Thailand
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throughout Thailand. Inpang members grow hundreds of native woody perennials 
aimed at promoting the use of forest products from on-farm resources, rather than 
harvesting and collecting from the natural, protected forests in the nearby Phuphan 
National Park. The network currently markets a number of secondary products, 
including makmao (Antidesma acidum Retz.) fruit juice, wine, and various herbal 
medicines.

Capacity Building and Networking

The concept of selling C, or actually, selling sequestered atmospheric carbon dioxide, 
stored in trees, as a farm level commodity is not a simple notion easy to comprehend. 
Clear understanding of the C cycle, climate change, and the role of forests and trees 
in the context of climate change are also not easily attained. To build capacity in 
understanding these concepts and to develop a collaborative project concept, a series 
of meetings and workshops were held, starting in 2005, with national level agencies 
[National Research Council of Thailand (NRCT), Office of Natural Resources and 
Environmental Policy and Planning (ONEP), Land Development Department (LDD), 
and Royal Forest Department of Thailand (RFD)], regional collaborators of this 
project (Mahasarakham University and Mahidol University), and Inpang members. 
Details of the nine meetings and workshops which have taken place between 2005 
and 2009 are shown in Table 1. With approval from the Thailand Greenhouse Gas 
Management Organization (TGO) and agreement with Inpang leaders, the Carbon 
Bank project was launched as part of the Carbon2Markets program at Michigan 
State University in collaboration with the NRCT and Mahasarakham University.

The project is managed by NRCT as a pilot activity who maintain contact with 
the enrolled farmers directly and also through Mahasarakham University colleagues. 
NRCT and Mahasarakham University collaborate to train farmers in tree inventory 
methods for their agroforestry farms, e.g., how to establish permanent plots and 
collect basic biometric tree data: diameter at breast height (DBH), tree height, crown 
dimensions, and others.

Farm Surveys

A survey instrument was developed and translated to Thai language in order to 
collect basic Inpang agroforestry data. It included ownership, location, farm size, 
land use history, and tree data such as species, number of trees planted, age of trees, 
and use. The questionnaire was distributed among the Inpang members in October 
2007, and 957 members responded. The data were input into an Access database 
organized in three related tables: ownership (name, address, size of farm area, land 
use history data), list of trees species (Latin and local names), and an agroforestry 
table (owner id, species planted, age of trees by species, number of trees planted 



267Agroforestry Carbon Bank in Thailand

by species, and use of tree species). The data from this initial survey provided 
preliminary information upon which an Inpang Carbon Bank information system 
was developed. These preliminary data were not sufficient for C accounting or 
registering agroforestry C offset projects. However, the data allowed us to stratify 
the diversity of Inpang Carbon Bank agroforestry practices in multiple ways: 
geographically, by species composition, and by the extent of area under agroforestry. 
Using the location information in the database, we developed an Inpang Carbon 
Bank Geographical Information System. Figure 2 shows how these data were used 
to stratify the Inpang Carbon Bank agroforestry areas and prioritize C offset project 
planning activities.

Internet-Enabled Geographical Information  
System (GIS) Content Management System

The requirements of C financial markets demand scientifically robust, accurate 
methods to measure and monitor biotic C in order to show that sequestered C in offset 
projects is real, verifiable, and permanent. To meet these requirements we developed 
an Internet-enabled GIS content management system (www.carbon2markets.org). 
The system serves multiple functions: archives C offset biometric and geospatial 
data (GIS and satellite remote sensing), uses C accounting models and algorithms 

Table 1 Meeting, trainings, and workshops supporting the Inpang Carbon Bank project

Date Location Participant groups
Number of 
participants

Dec. 2005 Bangkok, Thailand ONEP, NRCT, LDD, RFD, 
Mahasarakham University, 
Kasetsart University, Mahidol 
University

26

Apr. 2007 Inpang Learning Center,  
Kut Bak, Sakon Nakhon

NRCT, Mahasarakham University, 
Inpang Community Network

48

Apr. 2007 LDD, Bangkok, Thailand LDD, ONEP, NRCT, RFD, 
Mahasarakham University, 
Suranaree University, Mahidol 
University

14

Aug. 2007 Inpang Learning Center,  
Kut Bak, Sakon Nakhon

NRCT, Mahasarakham University, 
Inpang Community Network

55

Sep. 2007 Inpang Learning Center,  
Kut Bak, Sakon Nakhon

NRCT, Mahasarakham University, 
Inpang Community Network

31

Oct. 2007 Inpang Learning Center,  
Kut Bak, Sakon Nakhon

NRCT, Mahasarakham University, 
Inpang Community Network

38

Jan. 2009 Bangkok, Thailand Mahidol University 75
Jan. 2009 Inpang Learning Center,  

Kut Bak, Sakon Nakhon
NASA Science Mtg participants, 

NRCT, Mahasarakham University, 
Inpang Community Network

28

Jun. 2009 Bangkok, Thailand TGO 14



268 J.H. Samek et al.

to calculate C stock baselines and future projections of C sequestration in registered 
areas, provides monitoring functions using annual or bi-annual hyper-resolution 
remote sensing satellite data (e.g. IKONOS, GeoEYE, QuickBird), allows for 
verification and validation of C offsets with access to all data (down to the tree level 
biometric data) and C accounting protocols (e.g., what specific allometric equations 
have been used to calculate biomass and C), and serves as a link between small-
holder farmers in developing countries and the C financial markets.

Carbon Accounting Protocol for Smallholder Teak

The first offset activity of the Inpang Carbon Bank project enrolled 98 farmers and 
114 smallholder teak (Tectona grandis L.f.) woodlots. The smallholder teak C offset 
project had 44 teak areas owned by Inpang members, and 54 additional areas owned 
by non-Inpang farmers (10 in Uttaradit Province, 20 in Nakhon Sawan Province, 
and 24 in Nong Bua Lumphu Province). The average size of the teak areas was less 
than 3 ha and the total area enrolled in Carbon2Markets was 283.27 ha. One hundred 
and seventy permanent plots with a minimum size of 20 × 25 m were established and 
13,021 teak trees tagged and their dbh and height measurements recorded.

Fig. 2 Geographical Information System (GIS) for the Inpang Carbon Bank preliminary data: 
village-wise distribution of respondents reporting planting multiple agroforestry species
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We calculated the baseline C stock (reporting period: 2009) of the total enrolled 
area using an allometric equation developed for aboveground teak biomass in 
Thailand (Eq. 1: Petmark and Sahunalu 1980). The IPCC (2003) model (Eq. 2) was 
used for computing the belowground biomass. The projected rate of C sequestration 
was derived based on the 2009 C stock with teak age ranging from 5 to 18 years (the 
oldest stand planted in 1992). To estimate the baseline C stock of the total enrolled 
area we calculated the CO

2
 stock (Mg CO

2
) for each tree in each sample plot 

(Eqs. 1–4), stock per hectare for each enrolled teak woodlot (Eq. 5), and the total 
stock for each enrolled teak woodlot (Eq. 6). The baseline C stock for the project is 
the sum for all teak areas. For a number of the larger teak areas (>2 ha) we estab-
lished more than one sample plot to capture the variability in growing conditions 
(e.g., soil nutrient and moisture differences, besides topographic relief). We used 
the average stock of all plots within a teak area (if more than one), multiplied by 
area to estimate the C stock of each woodlot (Eq. 6).

 ( )aboveground biomass,  kgAGB Ws Wb= +  (1)

Where Ws = stem biomass (kg): logWs = 0.9797 * log(D^2H)−1.6902,Wb = branch 
biomass (kg): logWb = 1.0605 * log(D^2H)−2.6326,D = tree diameter at breast 
height (cm), H = tree height (m)

 ( ) ( )( )belowground biomass,  kg 1.0587 0.8838*BGB exp ln AGB= - +  (2)

 
( ) ( )( )/ 1000 * 0.5C tree AGB BGB= +  (3)

C (tree) = amount of carbon in each tree within a plot (Mg)

 ( ) ( )2 * 44 /12CO tree C=  (4)

CO
2
 (tree) = amount of carbon dioxide in each tree within a plot (Mg)

 ( ) ( )2 2 * 10000 /CO plot CO tree plot area= å  (5)

CO
2
 plot = the amount of CO

2
 per hectare for each plot sampled (Mg)

 ( )2 2 *TotalCO for each teak areas Mg AveCO plot teak site area=  (6)

AveCO
2
 plot = ∑ CO

2
 plot within a single teak area/total number of plot within a 

single teak area (Mg), teak site area = total area of teak site (ha)

Economic Viability of the Smallholder Teak Project

A cost recovery analysis was performed for the Inpang Carbon Bank smallholder 
teak offset project using our project preparation and development costs to date, and 
assuming standard verification and certification costs. The project preparation 
and development costs included: workshops and training, field data collection, data 



270 J.H. Samek et al.

analysis, project management and administration, and the drafting of the CCX 
Project Implementation Document (PID). This analysis is simply a sum of the total 
costs divided by the expected amount of C sequestered by the project over a 15 year 
period. It was used to derive the rate at which the C would need to be sold in order 
to recover the costs of implementing the project and to determine the economic 
viability of the project (greater the difference of this value below the market value 
of C, greater is the viability of the project).

Results

Participatory Agroforestry Mitigation

The early results of the Inpang Carbon Bank project are promising. The Inpang 
community network, already an environmentally conscious farmers’ organization, 
embraced the practice of mitigating climate change through the ecosystem services 
provided by trees and woody perennials. After some training (Table 1), the farmers 
also appeared to understand the basics of the C cycle and how local level land 
use and land cover (e.g., agroforestry) can positively impact the global phenomenon 
of climate change resulting from anthropogenic emissions of greenhouse gases. 
At the national level in Thailand, within the agencies responsible for climate related 
policy and project oversight (such as NRCT, ONEP, and TGO), there has been an 
increasingly greater acceptance of the idea that forestry and agriculture should be part 
of the solution set for combating climate change. They also started recognizing the 
role for the voluntary markets especially with respect to agroforestry and smallholder 
farmers whose on-farm activities help sequester C.

The smallholder teak C offset project initiated by the Inpang Carbon Bank 
activity enrolled nearly 300 ha of teak woodlots. The farmers who signed project 
enrollment agreements have been encouraged not to harvest the trees for a period 
of at least 15 years and to replant with other long-lived woody perennials, wher-
ever harvesting was unavoidable. Carbon losses from tree cutting have been 
monitored as part of the project. We calculated the baseline C for the enrolled 
lands as 44,801 Mg CO

2
 and estimated a conservative annual rate of sequestra-

tion at 10.62 Mg CO
2
 ha−1 based on the plot level C stock data and age of teak 

stands. This rate is consistent with the values reported in the literature (Mittelman 
2000; Pandey and Brown 2000; Reid and Stephen 2001). At 10.62 Mg CO

2
 ha−1 

year−1, the project is expected to sequester an estimated 45,125 Mg CO
2
 over a 

15 year period.
The cost of developing the Thailand smallholder teak project was approxi-

mately US$30,000.00 (Table 2). The total project area of 283.27 ha was esti-
mated to sequester 45,125 Mg CO

2
 over a 15 year period. To recover the costs of 

establishing this project, the C would have to be sold for about US$0.67 per Mg 
CO

2
. If we include an estimated verification and certification cost of US$15,000 
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every 5 years (total project cost of US$75,000), then the break even cost would 
rise to US$1.66. This would be the cost recovery fees prior to any financial 
 benefits going to the farmers, and assumes that the full amount of C would be 
sold over the 15 year period (no reserve lost to leakage). With forestry C being 
sold in the voluntary, over-the-counter (OTC), markets at US $8.44 per Mg CO

2
 

(Hamilton et al. 2010), this project could potentially realize a profit of 
US$305,855.00 for payment to the enrolled 98 farmers ((US$8.44 × 45,125 Mg 
CO

2
) minus US$75,000).

All 114 enrolled teak areas have been uploaded to the Carbon2Markets on-line 
management system. The system reports data and information for the project at 
the total aggregate level down to the individual tree measurements within a plot. 
The system shows both tabular and geographic data. Figure 3 is an example of an 
enrolled teak woodlot boundary with high resolution satellite data and the list of tree 
data within one of the inventory plots.

Based on this smallholder teak project, we developed a new protocol for 
“Biotic Carbon Sequestration in Small Scale Agroforestry Systems in Developing 
Countries”, which is currently under review by the CCX forestry offsets committee. 
We have  also  submitted  to  the CCX a Project  Implementation Document  (PID), 
“Small Scale Agroforestry Development in Thailand” for trading C offsets generated 
by the smallholder teak project.

Inpang Agroforestry Practices and Potential for C Offsets

The data from 957 Inpang respondents show that these farmers have planted and 
are managing a great diversity of tree species on their farms. Inpang respondents 
identified 254 different woody perennial species on their agroforestry farms. Timber 
is not the only reason for Inpang farmers to plant and manage trees on their farms. 

Table 2  Costs associated with Thailand Teak Agroforestry Carbon Project
Activity Cost (US$)

Workshops and community training 6,000
Field Data Collection – GPS / Biomass data in permanent plots 10,000
Data analysis & satellite imagery 4,000
Project management 8,000
Project Implementation Documentation (PID) 2,000
Sub-total 30,000
Verification and certification (15,000 × 3) 45,000
Total 75,000

All costs except verification/certification are estimates from NRCT program 
expenses and MSU funded projects’ expenses. The verification and certification 
costs are based on Merger (2008) which compares a number of standards operating 
in the voluntary C market
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Of the 254 species identified, 142 (55.91%) species bear useful fruits, 216 (85.04%) 
are used for woodfuel, resins, latex (sap) is collected from 49 (19.29%) species, 
166 (65.35%) are used for construction, 183 (72.05%) in cooking, and 186 (73.23%) 
are used for their herbal medicinal properties. Shorea obtusa Wall. ex Blume is the 

Fig. 3 Carbon2Markets offset registry showing a registered smallholder teak area that is part of 
the Inpang Carbon Bank project
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dominant species planted by the respondents (Table 3). Known in Thailand by 
the common name “Teng”, S. obtusa is a member of the family Dipterocarpaceae, 
and is a valuable hardwood. Other dominant tree species in terms of numbers 
of trees planted (Table 3) include Hevea brasiliensis Willd. ex A.Juss. for latex, 
Dipterocarpus tuberculatus Roxb. for fuelwood and medicinal herbs, and Mangifera 
indica L. for fruit.

More than half (55.11%) of the Inpang agroforestry trees have multiple uses as 
reported by Inpang members: timber, fuelwood, sap (including resins and latex), 
fruit, medicinal herbs, animal fodder, cooking spices, and others. For example, 
Irvingia malayana Oliv. ex A. Benn., known locally as kabok bears edible fruit and 
is also used for fuelwood and construction timber. Phyllanthus emblica L. produces 
an edible, acidic berry like, fruit with herbal medicinal properties. Various parts of 
the tree are also be used to make yellow dyes, and the tree is reported by some to be 
used for fuelwood. Certain woody perennials are also planted because they create 
the ecological conditions which bring additional co-benefits. One example of this 
is Xylia xylocarpa (Roxb.) Taub. (Daeng or Iron wood). Weaver ants (Oecophylla 
smaragdina Fabricius) are known to build nests on its leaves. The weaver ant eggs 
are harvested by local people for consumption or sold in the market. Xylia xylocarpa 
and other species (Dipterocarpus alatus Roxb. ex G.Don, Pterocarpus macrocarpus 
Kurz., I. malayana, Adenanthera pavonina L, and Hopea odorata Roxb.) can also 
create favorable habitat for edible mushrooms (Fig. 4).

Table 3 List of top 15 species by total trees planted reported by Inpang members (n = 957)

Species Total trees planted
Number of households 
planting

Shorea obtusa Wall. Ex Blum 146,564 509
Dipterocarpus tuberculatus Roxb. 129,306 426
Hevea brasiliensis H.B.K. M.-Arg. 99,720 114
Xylia xylocarpa (Roxb.)Taub. 93,210 510
Pterocarpus macrocarpus Kurz 78,456 491
Eucalyptus sp. 59,268 72
Sindora siamensis var. maritima (Pierre)  

K.Larsen & S.S.Larsen
50,741 246

Mangifera indica L. 38,133 360
Tectona grandis L.f. 30,769 116
Cratoxylum formosum (Jack) Dyer 20,034 135
Dimocarpus longan Leenh. 17,643 165
Lagerstroemia floribunda Jack 15,172 86
Tamarindus indica L. 13,843 287
Terminalia alata Heyne ex Roth. 13,327 140
Dipterocarpus obtusifolius Teijsm. ex Miq. 12,762 123
Croton argyratus Blume 12,359 65
Afzelia xylocarpa (Kurz)Craib 12,293 73
Aporusa villosa (Wall. ex Lindl.) Baill 11,645 73
Irvingia malayana Oliv. ex A.W.Benn. 8,198 83
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Discussion

The diversity of trees grown and managed by Inpang members and agroforestry 
replacing annual agricultural crops is an opportunity to develop more C offset 
projects with the Inpang network. This is clearly a positive outcome of the capacity 
building programmes initiated under this project. The land use change from annual 
crops to long-lived woody perennials means that C sequestration and mitigation are 
real. Implicit in this is also a greater awareness among the community members 
about the potential role of agroforestry in climate change mitigation. The diverse 
use of the trees grown and managed, beyond timber, bodes well for permanence at 
least in the 15–30 year period.

Valuing the ecosystem services of agroforestry systems is consistent with the 
tenets of the “Sufficiency Economy” formulated by His Majesty King Bhumibol 
Adulyadej of Thailand since 1970s (Krongkaew 2003; Chalapati 2008) and is 
embraced by the Inpang Community Network. In 1994 the King outlined the 
model farm designed to achieve self sufficiency under his “New Theory” initiative 
(Mongsawad 2010). At the level of an average smallholder farm in Thailand (2.4 ha), 
the model farm is expected to promote self reliance and risk aversion through 

Fig. 4 Inpang member’s 
agroforestry farm: habitat 
favorable to non-tree  
products – edible mushrooms 
and weaver ant (Oecophylla 
smaragdina Fabricius) eggs
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establishing diverse farming landscapes that include water reservoirs for fish ponds 
and dry season cultivation (30%), a portion for rice cultivation (30%), areas for fruit 
and other crops (30%), and a smaller area for housing and animal husbandry (10%). 
The approach encourages natural methods for soil, pest, and weed management 
(Bhumibol 2007; UNDP 2007; Mongsawad 2010). Sufficiency economy and the 
New Theory model farm directly contrasts the monoculture of maize (Zea mays L.), 
cassava (Manihot esculenta Crantz) and sugarcane (Saccharum officinarum L.), 
which dominated Northeast Thailand since the 1970s (Ekasingh et al. 2007). Such 
farming systems have depleted soil nutrients, increased farmer debt, left households 
vulnerable (Cho and Zoebisch 2003; Rigg and Salamanca 2009), and degraded the 
ecosystems (Howeler 1991). The Inpang Carbon Bank centered on smallholder agro-
forestry landscapes twins the potential of selling C as a commodity with other timber 
and non-timber market opportunities and the ecosystem services of agroforestry.

There are a number of other existing C mitigation projects that include smallholders 
and agroforestry in developing countries, e.g., the Plan Vivo C mitigation projects in 
Tanzania, Mexico, Mozambique, and Uganda (Plan 2010). These projects, however, 
include other forest C mitigation components such as afforestation/reforestation, 
forest conservation, and avoided deforestation. The Plan Vivo is a “standard” rather 
than a protocol. A protocol or method such as the CCX Forestry Carbon Sequestration 
protocol or the UNFCCC CDM approved “Afforestation/Reforestation with Trees 
Supported by Shrubs on Degraded Land”, on the other hand, are market approved 
methods. They define how to develop Certified Emission Reductions (CERs), Verified 
Emission Reductions (VERs), or Certified Financial Instruments (CFIs), which are 
tradable commodities on C market trading platforms. Plan Vivo approved projects 
receive Plan Vivo certificates, which represent “long term carbon benefits (VERs)” 
and are traded only in the over-the-counter voluntary markets (Plan 2010).
The Plan Vivo standard is a set of best practices to ensure that a forest C miti-

gation project provides equitable distribution of benefits, ensures livelihood 
needs are met, includes local people in the development and management of the 
project, and supports biodiversity and environmental services (Ruiz-De-Oña-Plaza 
et al. 2011). Plan Vivo projects emphasize capacity-building, long term C benefits, 
diversifying livelihoods, and protecting biodiversity (Plan 2010). The Inpang Carbon 
Bank activities also follow the same principles. Two main differences between 
our approach to agrofo restry C offsets and the Plan Vivo standard are the use of 
an Internet-enabled content management application, which uses GIS and remote 
sensing data analysis, and our efforts to develop a new CCX market approved agro-
forestry C offset protocol.

In order for agroforestry C to be developed as a commodity it must, however, be 
economically viable. Dixon et al. (1994) estimated the financial cost of C seque-
stration in agronomic, agroforestry, and forest systems as US$1–69/Mg C. Cacho 
(2009) observed that smallholders may be constrained from participating in 
C markets due to the high transaction costs, but that economies of scale, particularly 
in the number and size of farms enrolled in a C offset project, can make a project 
economically feasible. Not all agroforestry C offset projects are, however, cost 
prohibitive. Sathaye et al. (2001) assessed C mitigation potential and costs in seven 
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countries including agroforestry in China and Mexico and concluded “that about 
half  the mitigation  potential  of  6.2 Pg C between  2000  and  2030  in  the  seven 
countries  could be  achieved  at  a  negative  cost,  about  5 Pg C  at  a  cost  less  than 
US$20 per Mg C, and much of the rest at costs ranging up to US$100 per Mg C.” 
The range of costs for C sequestration in the tropics as shown from a survey by 
de Jong et al (2004) is in the range of US$1.00 to US$35.10 per Mg of C. Our 
smallholder teak project falls within this range.

Certainly there are costs associated with “bringing” the C to market. The 
“markets” are still evolving and the activities associated with implementing projects 
are still being developed and tested. There are market, institutional, and social 
barriers that all bear costs. Our activity has focused on addressing the social barriers 
through capacity building and training local people in the Inpang Network, the insti-
tutional barriers through partnering with NRCT and TGO, and the market barriers 
through technological innovations in managing C offset projects. The Internet-based 
C offset management system is truly in a software R&D phase and the costs associ-
ated with this aspect will be greatly reduced when the system matures.

The advantage of the Carbon2Markets system for smallholder C offsets is  
in lowering the transaction costs associated with field level measurements and 
verification. The fully developed on-line C management system will allow a farmer’s 
agroforestry C offset field to be enrolled through on-line tools that will register the 
field boundaries, calculate the baseline C, estimate leakage from on-farm manage-
ment practices and report future amounts of C sequestration (ex ante projections). 
The on-line tools will require input data uploaded to the database. Field boundary 
will either be delineated using a hand held GPS receiver, uploaded via the Internet, 
and entered as coordinates on-line, or drawn on-screen using hyper-resolution satellite 
imagery (1 m or less) and Internet-GIS tools.

Can smallholder agroforestry C offset projects of this type be scaled up? With an 
on-line Internet-GIS management application, such as Carbon2Markets, and the 
potential to use satellite remote sensing data to directly measure and monitor C 
sequestration in biomass, it is feasible. Aggregating individual farm parcels is 
already a function of the Carbon2Markets software application. The smallholder 
teak activity in Thailand is a demonstration itself in how farms spread across five 
provinces can be managed as a single project and scaled up to national levels. 
Ground-based measurements will likely be a requirement for project validation and 
verification for all projects in the foreseeable future. However, the use of satellite 
remote sensing measurements of C in biomass that have been validated and cali-
brated with ground based measurements means larger areas can be assessed with 
fewer field data requirements. This bodes well for project scalability. Costs of hyper-
resolution satellite data are still quite high (e.g. US$35.00 per km2 for precision-
level geo-referenced IKONOS data), but are expected to come down as more 
satellites are launched and additional providers enter the market.

In addition to developing and implementing cost effective agroforestry C 
accoun ting methods for C financial markets, projects require contractual obli-
ga tions to ensure commitment to permanence, usually for a minimum of 15 years. 
Furthermore, in order to realize payments for agroforestry C offset agreements, linkages 
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to responsible agencies must be forged. These will not always be the same from 
country to country or even between different projects within the same country. 
Developing partnerships at the national level with agencies that are responsible for 
natural resources manage ment, forest resources, agricultural lands, and climate 
policy and action is, perhaps, a pre-requisite for successful projects implementation. 
The near future, especially as C markets mature and stabilize, as expected, we 
foresee the growth of an industry of “Carbon Offset Providers” or “Aggregators” in 
developing countries that will facilitate contractual, legal obligations and payment 
transactions for offset projects.

International agreements and national legislation also contribute to the advance-
ment of agroforestry C offsets projects as well as to the stability and growth of 
C markets. Within the UNFCCC there is still no firm or clear path for agroforestry 
C offset projects within the CDM. In the United States, Congress has yet to pass a 
climate bill that would legislate a cap and trade system for regulating greenhouse gas 
emissions. It would be naïve to underestimate the impact any future U.S. legislation 
and whatever form the post-Kyoto commitment takes in both the regulatory and the 
voluntary markets with respect to agroforestry C sequestration offsets. With that in 
mind, it would be a folly not to recognize that opportunities currently do exist to sell 
agroforestry C sequestration offsets in the voluntary market but that much work is 
still to be completed.

Mitigation of climate change from offsets, including forestry offsets, provide a 
common good for a global problem. However, not all offsets are equal. Agroforestry 
and plantations both sequester C, of course, and mitigate climate change. 
Permanence concerns aside, there are potential environmental and social co-benefits 
associated with agroforestry that are often absent in plantations. It is not unimagi-
nable, to consider differential pricing for agroforestry C sequestration offsets. 
Payments  for  such  activities  support  not  only  the  positive  impacts  on  climate 
change, but also reward agricultural practices that encourage diversification, biodi-
versity, soil health, and entrepreneurialism. Inpang farmers demonstrate such busi-
ness-mindedness in their marketing of secondary products (wines, juice, herbal 
medicines, liquor, cosmetics, organic fertilizers, and others) made from the diver-
sity of plants being grown in their agroforestry farms. Constraints to the adoption 
to agroforestry that are financial or economic may be overcome by paying farmers, 
in advance, for C offsets that will be achieved through planting woody perennials 
on farms.

Future work under the Inpang Carbon Bank project is to move from simple 
single-species smallholder agroforestry systems (such as the teak woodlots) to more 
complex multi-species agroforestry systems. These species-rich Inpang agroforestry 
areas are also on spatially dispersed farms and require the aggregation services of 
the Carbon2Markets system. More complex agroforestry systems will necessitate 
additional C accounting models, beyond those used for single species. New protocols 
are currently under development for C accounting, measurement, and monitoring in 
these more complex agroforestry systems. The challenge is to develop methods to 
ensure robust estimates of baseline C stock and the rates of sequestration that are 
also able to be implemented in timely, cost effective ways. The Inpang Carbon Bank 
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project is developing methods that couple in situ biomass data with analysis of 
hyper resolution (1 m or less) satellite remote sensing data and C bookkeeping 
models to estimate landscape level biomass and C.

Conclusions

While progress has been made with the Inpang Carbon Bank project we are  
cautiously optimistic about realizing agroforestry C offset transactions and the 
potential economic benefits to rural farmers in the near term. Carbon financial 
markets that allow biotic C sequestration offsets are nascent, complex, and rapidly 
evolving. Offset allowances, market pricing, and market regulations are intertwined 
with national and international policies and legislations. Over-the-counter voluntary 
markets are perceived to be soft, and yet regulatory markets do not allow agrofo-
restry C offsets.

Widespread adoption of agroforestry C projects is, of course, not solely depen-
dent on any post-Copenhagen agreement or on US climate change legislation. 
The most basic infrastructure for the selling of biotic C as a commodity is still being 
developed. This infrastructure includes the tools and techniques to ensure C seques-
tration measurements are real and verifiable. Market accepted rules and protocols 
that support such projects are still being developed. The economic barriers to imple-
menting smallholder C offset projects are high today, but will not stay that way as 
technological advances in Internet computing are realized. Challenges in the ways 
in which payments are distributed are many and the legal frameworks for risk 
assumption are still difficult to overcome and work through. Best practices will 
emerge as project activities move forward in a path-finding manner.

The goals of promoting and developing agroforestry C offset projects, like the 
Inpang Carbon Bank are worthy of further efforts. Recognizing that the rural poor in 
developing countries are perhaps the most vulnerable to climate change impacts, it is 
possible to help tackle two important problems through a single intervention. 
Agroforestry activities that benefit farmers with a second, additional, income stream 
from selling sequestered C can help fight rural poverty and mitigate climate change. 
Agroforestry practices that transform landscapes from annual crops, which often 
require high fertilizer inputs, to C rich areas with trees and other woody perennials offer 
multiple benefits to farmers at their local level. In addition, it also helps the global com-
munity in fighting to stem the tide of greenhouse gas emissions and climate change.
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Abstract While the biological and ecological role of agroforestry (AF) on climate 
change mitigation has received considerable research attention lately, the role 
of socio-psychological factors in this context has been left largely unexplored. 
Socio-psychological variables such as culture, demography, economy, and social 
values play important roles in farmers’ decision making with the land management, 
which in turn influence the ability of AF systems to sequester carbon (C). This 
chapter presents a case study from Thrissur, Kerala, India, which examined how 
different socio-psychological factors influence soil C sequestration through land 
management decisions in tropical homegardens (HGs), a popular agroforestry 
system in the tropics. This study used the Theory of Planned Behavior (TPB) as 
the theoretical framework to understand homegarden owners’ perceptions on the 
adoption of five land management practices (i.e., tillage, tree planting, plant residue 
incorporation, manure usage, and fertilizer applications), which are known to impact 
C sequestration. Data collected using focus group and household interviews were 
analyzed by regression statistics. Results indicated that farmers’ decision making 
processes were most influenced by factors such as ancestors and education, 
followed by peers, financial condition, and economic importance of the AF land 
holding. The results of this case study will not only benefit researchers and exten-
sion practitioners, but can also contribute to the policy platform to recognize the 
role of socio-psychological factors in agricultural decision making.
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Introduction

The world’s knowledge of agroforestry (AF) has dramatically increased over the 
last several decades mainly through innovative ecological and biological research. 
This research has led to a better understanding of AF’s importance in carbon 
(C) sequestration and global climate change. However, AF’s interdisciplinary 
research should continue to expand into the social sciences in order to better under-
stand the mechanism of landowners’ AF decision making. The relationship between 
socio-psychological factors (e.g., cultural, demographic, economic, and social 
variables) and how people make decisions in practicing AF is inseparable, and must 
be considered if policy makers, extension agents, and agricultural educators hope to 
influence and improve landowners’ AF management.

Although research has not examined the wide range of socio-psychological 
variables that affect farmers’ AF decision making in terms of C sequestration, past 
research has shown that the demographic, social, economic, and cultural make-up 
of a land-owner shape how they manage land (Fig. 1). Within each of these broad 
categories a variety of specific variables can be identified and measured to better 
explain why and how landowners make land management decisions. For example, 
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Fig. 1 Interaction between socio-psychological factors and empowerment of farmers in agricultural 
decisions making that consequently affects carbon sequestration
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demographic factors, including age, education, ethnicity, and gender, likely influence 
what a person plants, how he or she manages and harvests the crops, and how he 
or she might use those crops. Similarly, economic factors (e.g., household income, 
sources of income, and availability/ownership of resources), social elements 
(e.g., connections to ancestors, peers, extension officers, and availability of agricul-
tural networks or organizations), and cultural variables (e.g., influence of ancestors 
and peers, religious beliefs, women’s role in household tasks, family labor and food 
habits) also influence farmers’ beliefs, perceptions, and behavior. Although many of 
these socio-psychological factors play indirect and hidden roles in AF management, 
they are extremely important in land management decisions, which in turn affect the 
sequestration of C in AF systems. As more information is gained on the biophysical 
aspects of AF and C sequestration, it is time for the social sciences to step in 
and begin to uncover the role these social variables play. The goal of this chapter 
is to present a case study of a research project designed to shed light on this 
important issue.

The extent of C stored (and sequestered) in an agricultural system including AF 
is influenced by a number of land management practices including tillage, plant 
residue management, manure usage, and fertilizer application (FAO 2004; Nair 
et al. 2010). Tillage decreases C stocks in agricultural soils through the destruction 
of aggregates and exposure of stored C to microbial degradation (Six et al. 2000). 
Application of manures and other organic materials to soils increases the formation 
and stabilization of soil macroaggregates (Whalen and Chang 2002), which are 
beneficial to the storage of soil C (Six et al. 2002). In general, fertilizer application 
is likely to enhance C sequestration (Lal et al. 1999) because of enhanced biomass 
production and consequent increase in biomass addition to soil; however, nitro-
genous fertilizers are considered to generate nitrous oxide (N

2
O), a greenhouse 

gas (Robertson et al. 2000). The adoption and intensity of these management prac-
tices are influenced by a variety of socio-psychological factors, thereby, indirectly 
affecting the soil C stocking.

Socio-psychological factors such as farmer’s economic and educational status, 
demography, social connections, culture, and resource availability are important to 
understand why and how farmers select certain management practices (Seabrook 
et al. 2008). Agricultural decisions made by individuals (or farmers) are often 
influenced by their economic opportunities (Lambin et al. 2001). Similarly, the 
positive effects of education on adoption of desirable land management prac-
tices have been reported (Anjichi et al. 2007; Matata et al. 2008). Availability  
of resources such as raw materials, labor, and domestic animals also influence 
farmers’ decision to adopt specific practices (Williams 1999). Social connection 
(ancestors, peers, extension agents) is another important factor in this context. 
Aguilar-Støen et al. (2009) reported that connections with peers increased plant 
diversity in the smallholder farms of Oaxaca, Mexico. Farmers’ contacts with exten-
sion agents and participation in extension workshops have been reported to promote 
adoption of improved agricultural technologies such as mixed intercropping in 
Malawi (Thangata and Alavalapati 2003), and composting technology in Burkina 
Faso (Somda et al. 2002).
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Although the socio-psychological factors have the potential to influence the AF 
management practices, the magnitude of such influence depends largely on the 
economic importance of the system. In commercial AF systems, in which manage-
ment decisions are made with the goal of higher production and profit maximization, 
the influence of cultural, demographic, and social factors are seldom considered. 
The management of AF systems, which are practiced predominantly in smallholder 
farms, however, is influenced by a number of socio-psychological factors other than 
economics. The homegarden (HG) is one such system, where profit maximization 
is not generally the main objective and socio-psychological factors have strong 
influence on farmers’ decisions regarding the management practices.

Homegardens are intimate, multistory combinations of various trees and crops, 
sometimes in association with domestic animals, around the homesteads (Kumar and 
Nair 2004). These integrated systems are distributed in tropical areas like Asia, Africa, 
Central America, the Caribbean, and the Pacific Islands (Nair and Kumar 2006). 
They represent a traditional agroforestry land use that has been practiced in Kerala, 
India, from time immemorial. The 4.32 million HGs in Kerala covering 1.4 Mha 
(Kumar 2006) provide an array of products for the immediate consumption by the 
homegardener (homegardeners are farmers of their own garden and henceforth used 
synonymously) as well as a supplemental source of income. Homegardens in Kerala 
have been recognized for their ecological and socioeconomic sustainability values 
(Nair and Sreedharan 1986; Jose and Shanmugaratnam 1993; Kumar et al. 1994; 
Peyre et al. 2006) and have high levels of C in the soil (Saha et al. 2009) comparable 
to natural systems (Saha et al. 2010). It is in this scenario that the present study was 
undertaken in the HGs in Kerala state with the specific objectives of analyzing the 
effects of cultural, demographic, economic, and social factors on farmers’ decisions 
with homegarden management practices, which are known to have a relatively high 
impact on soil C sequestration.

The Conceptual Framework: Theory of Planned  
Behavior (TPB)

In order to assess how various traditional beliefs of farmers influence their decision 
making in relation to land management practices, we used the Theory of Planned 
Behavior (TPB) (Ajzen 1985, 1991) as the conceptual framework (Fig. 2). The 
TPB assumes that people behave in accordance to their belief, which are based on 
their experiences, social or peer influence, and availability of resources (Ajzen 
1985). The underlying beliefs of TPB are associated with the social factors that 
influence human behavior (Ajzen 1991) and any cultural, demographic, economic, 
or social differences among people should, if relevant to the behavior, be reflected 
in their beliefs (Beedell and Rehman 2000). Although numerous social, psychologi-
cal, and economic studies have used TPB to understand the human behavior, only 
few have applied this theory in the field of agriculture to explain farmer behavior 
(Beedell and Rehman 2000; Burton 2004; Colemont and Van den Broucke 2008).
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Ajzen (1991) identified three basic beliefs that influence the outcome of a behavior: 
behavioral belief, normative belief, and control belief. Behavioral belief is the belief 
by an individual that a specific behavior will result in a given outcome (e.g., application 
of manure will help plants to grow and develop). Behavioral belief in association 
with subjective values of expected outcomes determine the positivity or negativity 
of attitude towards the behavior. Factors such as education and experience of 
the farmer influence his or her behavioral beliefs. Normative belief refers to the 
perceived behavioral expectations of such important referent individuals or groups 
(e.g., my father applied manure and my peers apply it, too). It is believed that the 
normative beliefs in combination with the person’s motivation determine the pre-
vailing subjective norm, which is the perceived positive or negative social pressure 
about a behavior. In this study normative beliefs refer to referent individuals or groups 
such as ancestors, peers, agricultural extension agents, and experts from the farmers’ 
club. Control beliefs refer to the perceived presence of factors that may facilitate or 
impede performance of a behavior (e.g., I have household cattle, so I will have supply 
of manure). It is assumed that these control beliefs, in combination with the perceived 
power of each control factor determine the prevailing perceived behavioral control, 
which refers to people’s perceptions of their ability to perform a given behavior. 
Control beliefs in this study refer to the financial condition (e.g., availability of funds 
to perform an action), availability of family labor, cattle, and raw materials such as 
plant residue and manure. Actual behavioral control, which is similar to perceived 
behavioral control, refers to the extent to which a person has the skills, resources, 
and other prerequisites needed to perform a given behavior.

Considering manure application to a homegarden as an example to explain TPB, 
the behavioral belief (education/experience) of the farmer will contribute to the 
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intention of applying manure. It is likely that the farmer has learned that plants get 
nutrition through manure, which in turn promotes growth and yield; therefore, the 
farmer will have a positive attitude toward the behavior and apply manure if other 
factors remain constant. The farmer will make a decision by observing the peers, 
learning from ancestors, and working with the local agricultural office (normative 
beliefs). These factors will create a perceived social pressure (i.e., subjective norm) 
that influences the farmer’s decision (in this case positive). Here, control beliefs 
relate to the perceived presence of factors such as availability of funds, labor, 
manure, and cattle. Perceived behavioral control will refer to a farmer’s ability to 
perform the behavior. If a farmer has cattle, then producing manure is free, then the 
control belief will act as a positive factor on the farmer’s intention to perform 
the behavior of applying manure (positive perceived behavioral control). Assuming 
that all three beliefs result positively, one can predict a positive intention to perform 
the behavior, and the farmer will apply manure to the crop.

Methods

Study Area

The study was conducted in the district of Thrissur in the central part of the State of 
Kerala (Fig. 3). Three villages (Pandiparambu, Chirakkakode, and Vellanikkara) in 
Madakkathara Panchayath (a panchayath is the smallest administrative unit) located 
at 10º 32¢ and 10º 36¢N latitudes and 76º 14¢ and 76º 18¢E longitudes in the northeast 
part of Thrissur district were chosen randomly for the study. The major land use 
types of the panchayath include rice-paddy (Oryza sativa L.) fields, rubber (Hevea 
brasiliensis Kunth. Muell.) plantations, cashew (Anacardium occidentale L.) plan-
tations, vegetable fields, banana (Musa paradisiaca L.) intercropped with coconuts 
(Cocos nucifera L.), forests, and homegardens. Monocultures of rice-paddy, rubber, 
cashew, and banana cover 15%, 16%, 4.5%, and 4% of cultivable land, respectively. 
Mixed plantations with coconut and homegardens cover about 34% of cultivable land 
(Government of Kerala 2005). The majority of the land holdings are small (< 1 ha) and 
45% of the population are involved in farming, of which only 30% depends entirely 
on agriculture for their livelihood (Government of Kerala 2005). Total population is 
more than 20,000 in Madakkathara panchayath and literacy is about 85.4%.

Focus Group Meeting

In order to get an overview of the agricultural, cultural, demographic, economic, 
and social information of the area, a focus group meeting was arranged with ten 
representative homegardeners (eight males, two females) at the agricultural office 
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of Madakkathara panchayath. The demographic information of the participants was 
collected followed by a discussion session with open ended questions. Questions 
were asked in local language (Malayalam) and the responses were translated to 
English. Active responses were obtained and the meeting generated information 
that enriched the knowledge base as well as helped in fine tuning the questionnaire 

Fig. 3 Geographical location of the study site (Thrissur, Kerala, India) (Source: http://maps.
locateindia.com, http://hikerala.googlepages.com. Last accessed October 2010)
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for the household survey. Based on the responses from the focus group, five land 
management practices (i.e., tillage, plant residue application, manure application, 
fertilizer application, and planting trees) known to influence C sequestration (Nair 
et al. 2010) were selected.

Household Survey

A questionnaire for surveying households was developed and refined based on the 
results of the focus group meeting and was used as the primary instrument for 
recording the importance farmers placed on socio-psychological (ancestors, peers, 
education etc.) and situational (e.g., availability of plant residue, location of HG) 
factors related to HG management decisions. The survey covered 65 homegardens 
selected randomly from the three study villages. All surveyed households had 
male members as the head of the family, who participated in the survey. The ques-
tionnaire included a wide range of questions and respondents were asked to use 
Likert scales to respond. The Likert scale is a type of response measurement sys-
tem or scale where respondents specify their level of agreement to a statement 
(Likert 1932).

The entire questionnaire was translated to Malayalam. Each interview lasted 
approximately 30 min. Due to some incomplete responses by the interviewees 
and inadequate information, six of the survey responses were discarded and infor-
mation received from 59 respondents was analyzed. The HG characteristics and 
management intensities as gathered from the questionnaire survey are summarized 
in Tables 1 and 2.

The focus group meeting identified the factors that influence HG decision making. 
These included ancestors, peers, agricultural office, education level, financial con-
dition, economic importance of homegarden, farmers’ clubs, availability of farm 
labor, availability to plant residue, ownership of cattle, location of homegarden, and 
environmental awareness (Table 3). Participants in the household survey were asked to 
rate the importance of each factor in affecting their decision to employ each manage-
ment practice using a 1–5 Likert-type scale (1 = not important and 5 = extremely 
important).

Statistical Analysis

Independent factors were the items (e.g., ancestors, peers, education, financial 
resources etc.) that were identified by the focus group participants as the determining 
factors in HG management decision making. The dependent factors were the inten-
sity of five management practices (i.e., tillage, plant residue application, manure 
application, inorganic fertilizer application, and tree planting). A regression analysis 
was performed to determine the relationship the independent factors had with the 
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dependent variables. Statistical tests were performed with software package SPSS 
(ver. 11 2001) and differences were considered significant at p value < 0.1.

Results and Discussion

The socio-psychological and situational factors had significant influence on farmers’ 
decision with all five management practices (Table 4). Ancestors had the most influ-
ence on farmers’ decisions about HG management practices, followed by education 
(Fig. 4). Peers, financial condition, and economic importance of homegarden carried 
equal importance in influencing farmers’ decision. Finally, the agricultural office 
and the farmers’ club resulted in comparatively less effects on the farmers’ decision 
regarding the HG management practices (Fig. 4). Using the Theory of Planned 
Behavior as the underlying theoretical framework, we examined how different belief 

Table 1 Basic information about the household and homegardens (HG) in Thrissur, Kerala, India

Characteristics Mean Median Mode Lowest Highest

Age of HG (years) 71.75 60 100 10 200
Area of HG (ha) 0.22 0.12 0.04 0.016 2.4
Total annual income (USD) 679.7 375 250 75 7,500
Annual income from HG (USD) 166.4 125 125 0 2,500
Age of the homegardener (years) 54.37 58 60 24 82
Size of family 4.57 4 4 2 12
Male members in family 2.07 2 2 0 6
Annual plant residue application  

(kg ha−1)
2,306 1,339 1,250 0 10,000

Annual manure application (kg ha−1) 1,742 1,250 1,250 0 7,500
Annual fertilizer application (kg ha−1) 172.5 93.75 0 0 781.3
Tree cover in HG (%) 48.5 40 40 20 90

Table 2 Homegarden (HG) and homegardener characteristics in Thrissur, Kerala, India

Characteristics Low Medium High
aIncome from HG 55.2 27.6 12
bEducation of homegardener 37.3 47.5 11.9
cPlant residue application 34.5 44.8 20.7
dManure application 39 44 17
eFertilizer application 45.8 23.7 30.5
fTree population in HG 23.7 49.2 27.1
aLow = 1–33, medium = 33–66, high = 66–100% of total income. 5.2% of the surveyed farmers did 
not have any income from HG
bLow = primary, medium = secondary, high = post-secondary education. 3.4% of the surveyed farmers 
did not have any formal education (below primary)
cLow = 0–1,000, medium = 1,001–2,500, high = >2,500 kg ha−1 year−1

dLow = 0–1,000, medium = 1,001–2,500, high = >2,500 kg ha−1 year−1

eLow = 0–100, medium = 101–250, high = >250 kg ha−1 year−1

fLow = 0–30, medium = 31–60, high = 60–100% tree cover in the homegarden
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mechanisms (ancestors, peers, education, financial condition, agricultural office etc.) 
might have impacted each of the five management practices.

Tillage Operations

Tillage is a popular practice in the homegardens of Kerala with over 86% of respon-
dents saying they till their homegardens. Tillage, however, is known to inversely 
affect the soil C sequestration (Six et al. 2000). Therefore, factors promoting tillage 
are in turn negatively influencing the process of soil C sequestration. The decision 
on whether to practice tillage seemed to be significantly influenced by ancestors 
(p = 0.001) and peers (p = 0.075) (Table 4). These two factors come under normative 
beliefs and show how social norms, as mentioned in the TPB, influence farmer 
behavior. Tillage is a traditional practice and the current generation of farmers have 
observed their ancestors performing it for reasons such as soil aeration, better root 
growth, and improved plant health. Therefore, it is likely that recommendations from 
the ancestors would influence the farming decisions today. Similarly, if neighbors/
peers practice tillage on their lands, peer pressure would influence the farmer to till 
his homegarden.

Decision on tilling was also positively influenced by the economic importance 
of the homegarden (p = 0.025). The more economically important the HG is, the 
more likely the farmer will till the land. Most of the homegardeners, who said that 
they did not till had little income from the HG. Out of eight farmers, who negatively 
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Fig. 4 Importance of socioeconomic and demographic factors in homegarden management 
decision in Kerala, India. AOF agricultural office, ANC ancestors, ECN economic importance of 
homegarden, EDU education, FIN financial solvency of the farmer, PER peers, FCB farmers’ club. 
The importance values refer to the participants’ rating of importance of each factor in affecting 
their decision to employ each HG management practice using a 1–5 Likert-type scale (1 = Not 
Important; 5 = Extremely Important)



293The Socioeconomic Context of Carbon Sequestration in Agroforestry…

responded about tilling, six had less than 12% of their total income from the 
homegardens. The decision to till was inversely influenced by education (p = 0.082) 
(Table 4). This is supported by the results of Anjichi et al. (2007), who observed that 
formal education was a critical factor in influencing the efficacy of the farmers’ 
decision to adopt soil conservation measures in Kenya.

Plant Residue Application

Plant residues supply C to the soil through gradual decomposition (Brady and Weil 
2008) and contribute to the process of soil C sequestration. Out of the 59 surveyed 
homegardeners, 95% applied plant residue with varying amounts. Factors such as 
ancestors (p = 0.018) and peers (p = 0.05), which are normative beliefs under TPB, 
positively influenced the decision of plant residue application (Table 4). Application 
of plant residue is an age-old practice in the HGs and generally, there is no external 
purchase of plant residues. Thus, irrespective of the economic importance of the 
HGs, farmers may apply plant residues.

Availability of plant residues, which falls under the control belief is also a factor 
significantly influencing the farmers’ decision (p = 0.053) (Table 4). The main 
source of plant residue is the HG itself, however, due to fragmentation of holdings 
or sparse tree growth, a HG may not be self-sufficient in producing plant residues. 
In such cases, farmers collect residues from external sources such as nearby public 
lands or from neighbors. The amount of plant residues applied is much higher than 
manure and fertilizers (Table 1), and, on the other hand, there is no organized way of 
buying or selling plant residues. Therefore, the ease of availability of plant residues 
is very important in making a decision about the intensity of its application.

Another control belief, financial solvency of the farmer, was observed to nega-
tively influence the decision on plant residue application (p = 0.01) (Table 4). This 
could be due to two reasons. First, the resource-rich farmers can buy concentrated 
organic fertilizers, in turn replacing plant residues as a source of nourishment. 
Second, resource-rich homegardeners often may have other sources of employment 
and the income from the HGs may not be substantial. This would discourage them 
from investing time and labor for maintaining HGs.

Manure Application

Application of manure supplies organic matter, which in turn promotes C seque-
stration in soil (Whalen and Chang 2002; Six et al. 2002). The results indicated 
that 93% of the farmers under the survey applied manure to the HGs in the past 
year; however, the intensity varied. Factors that significantly affected the farmer’s 
decision to apply manure, were the availability of manure (p = 0.019) and owner-
ship of the household cattle (p = 0.022) (Table 4). Both these factors fall under the 
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control belief of the TPB, because they directly relate to the ability of the farmers to 
control this behavior. This finding is consistent with that of Williams (1999), who 
observed that in semiarid West Africa, the likelihood of applying manure increased 
with the herd size of animals. Traditionally, manure is produced from raw materials 
such as animal/leaf litter that are obtained from the HG itself. Manure is also pro-
cured from friends, neighbors, and relatives, and sometimes purchased externally.

Inorganic Fertilizer Application

Application of fertilizers promotes biomass production, which consequently may 
get incorporated in soil and influence the C sequestration process (Lal et al. 1999). 
Our results indicate that 53% of the homegardeners applied inorganic fertilizers 
within the last year and factors such as economic importance of HG, ancestors, and 
education significantly impacted the application. Fertilizer application decision 
was positively ( p = 0.005) influenced by the economic importance of HGs (Table 4). 
The more important economic factors were (i.e. more the expectation of monetary 
returns from the HG), the more the farmer invested in HGs. Unlike plant residues 
and manure, fertilizer has to be purchased at a price. To meet the recommended 
dosage of fertilizers for any homegarden crop, the farmer may have to spend a consi-
derable amount of money and most of the farmers would make decisions to earmark 
funds for a complete package of fertilizers only if he or she is expecting significant 
economic returns from the HG. This is in agreement with the observations of Lambin 
et al. (2001) who found that the agricultural decisions made by individuals are 
mostly influenced by economic opportunities.

Our results also indicate that the ancestor factor, which represents normative 
belief, has an impact (p = 0.089) on the farmers’ decision to apply fertilizers (Table 4). 
Farmers have learned and experienced the benefits of fertilizers from their ances-
tors, which encouraged them to use fertilizers. The decision to apply fertilizer was 
inversely associated with a behavioral belief, which is education of the farmer 
(p = 0.008). This means the higher the farmers’ education level (or exposure to new 
developments), the more likely he or she will apply fertilizers more judiciously than 
the less educated farmers, as observed by Welch (1970).

Tree Planting

Trees play a major role in sequestering C both above- and belowground (Montagnini 
and Nair 2004; Nair et al. 2010); therefore, farmers’ decisions to plant trees affect the 
total C sequestration of the HG. Tree cover percentage in HGs in our study varied 
from 20% to as high as 90%. Our results showed that the decision to plant trees is 
influenced (p = 0.053) by the education (behavioral belief) of the farmer (Table 4) 
and are consistent with the findings of Pichon (1997) and Geoghegan et al. (2001). 
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In South America, they observed that higher education had a negative effect on the 
levels of cutting trees. Matata et al. (2008) reported that almost all the participants 
in new agroforestry activities (planting trees with crops) in Tanzania had primary 
education. The fact that education influences tree planting means that the more 
educated the farmer is, the more likely will he or she be inclined to plant (more) 
trees. It is possible that farmers who are educated and exposed to new developments 
understand the additional environmental benefits of trees. However, it should not be 
concluded that less or uneducated farmers are unaware of tree’s environmental 
benefits. The difference, though, is that educated farmers have more access and 
exposure to external scientific information from various sources, which strengthen 
their knowledge base and may increase environmental awareness.

Another factor that significantly (p = 0.088) influenced the decision to plant trees 
was peers (normative belief: Table 4). Several management decisions of HG are 
influenced by friends, relatives, and neighbors. The profitability from a particular 
tree species does not remain the same forever, and selection of potential new species 
with a market demand takes place in course of time. Kerala homegardens are highly 
dynamic and the cropping patterns change depending on the market demand. For 
example, cacao (Theobroma cacao L.) was once a profitable species in Thrissur 
HGs; but, with time, it was replaced with nutmeg (Myristica fragrans Houtt.), 
although they still coexist in some places. This information on change in market 
trend and preference to a new species circulates through people and the peer factor 
influences the farmers. Typically, a few farmers introduce a new species and the rest 
of the farmers learn from the opportunities and make a similar decision. Thus, when 
it comes to selecting any type of tree, the farmer is influenced by peers. In addition, 
farmers learn about the additional environmental benefits of the trees from their 
educated peers and this might also affect their decision to plant trees.

Summary and Conclusions

The cultural, demographic, economic, and social factors associated with agroforestry 
have influenced the land management decisions to varying degrees, which in turn 
have the potential to affect soil C sequestration in the homegarden systems. Factors 
such as ancestors (normative belief) influenced tillage, plant residue application, 
and fertilizer application, and had an overall high impact on decision making. This 
was followed by education (behavioral belief), which influenced the decision on 
tree planting in a positive manner and affected the decision with tillage and fertilizer 
application in a negative manner. Other important factors influencing the farmer 
behavior were peers (normative belief), financial conditions (control belief) of the 
farmer, and economic importance of the HG.

To put these results in an appropriate context, it must be understood that farmers 
do not make their decisions on land management practices based on which practice 
has the most C sequestration potential. Carbon sequestration is a relatively new 
issue and it is not widely discussed among agricultural extension officers, who 
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usually bring new ideas to farmers, in Kerala and in many areas throughout the 
world. Therefore, the effect of land management practices on C sequestration is 
mostly indirect, in the sense that any practice that contributes to higher productivity 
will indirectly lead to higher C sequestration. Since some management practices 
(e.g., soil tillage) are known to have a greater bearing on soil C sequestration, we 
focused on those practices in this study to better explain the factors influencing 
those practices. The impact of farm management on C sequestration per se was not 
the objective of this study.

An important outcome of this study is that landowners place great importance 
on socio-psychological factors (i.e., ancestors, peers, and education), which 
influence how they manage the HGs (i.e., tillage, plant residue application, use of 
fertilizer, etc.). With an understanding of these connections, policies could incor-
porate past history and learning from friends and family to encourage farmers to 
conduct C sequestration friendly (CSF) practices. For example, policies should be 
enacted to work with social groups to educate on the benefit of C sequestration and 
how it might be related to traditional land use practices. Educating them on this 
unexplored virtue could be a way to enhance their confidence in their traditional 
life-style. Homegarden farming is an essential aspect of such traditional life style, but 
has been overlooked by modern development paradigms and commodity-oriented 
chemical agriculture. Efforts leading to a better and deserving appreciation, and 
even amplification, of the role of traditional knowledge and elaborating the possi-
bility of future financial gains as compensation for C sequestration would be 
of consi derable advantage to the subsistence farming community. These issues 
will need to be built into the training curricula of extension officers, who are 
seldom required or encouraged to appreciate and promote such ‘out-of-the-box’ 
and ‘non-modern’ practices.

Further research along these lines is required in other agricultural and social 
systems and geographic locations to understand the detailed effects of individual 
socioeconomic and demographic factors on management practices and how TPB can 
be applied to explain agricultural decision making. Such studies will provide answers 
to a number of interesting questions such as how traditional knowledge influences 
the adoption of CSF practices, if more education may lead to promotion of organic 
agriculture and C sequestration friendly practices, and if strengthening the agricul-
tural extension service and farmers’ clubs may promote eco-friendly agriculture. 
Such information will have implications to Clean Development Mechanism (CDM) 
in developing emission reduction projects in the context of climate change migration 
and adaptation through Reduced Emission from Deforestation and Degradation 
(REDD) of UNFCCC.
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