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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,) 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™! year™' aboveground,
and 30-300 Mg C ha™! 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 [PCC (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,



Methodological Challenges in Estimating Carbon... 5

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,, 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, 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).



6 P.K.R. Nair

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;
Fernandez-Nuiiez 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=10° 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, 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

Inthe wake of increasing global initiatives and agreements suchas 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, 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,) 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:

e 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,
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, 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! year™!), whereas C stock (Mg ha™')
does not have the time factor.

e 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
agroforestry 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
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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™'. These data are derived by multiplying
the analytical data, which is usually in mass per unit mass of soil (g C 100 g soil™)
with the soil’s bulk density (BD), which is expressed in mass per volume of soil
(g em™ or Mg m=), 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' 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™, but with different
BD values, 1.0 and 1.2 Mg m~, respectively. The total soil C stock to 1 m depth in
the two soils will be as follows:

Soil A:2.0 g 100g™' x1.0 Mg m™ x1 m =200 Mg ha™
Soil B:2.0 g 100g™' x1.2 Mg m ™ x1 m =240 Mgha™

[Note that the units of ha (=10,000 m?) 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™).
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 (10"*g=megatons) of CO, 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™l. 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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