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Abstract
Agroforestry systems comprise trees and crops, or trees and pastures within the same field. Globally,
they cover approximately 1 billion hectares of land and contribute to the livelihoods of over 900
million people. Agroforestry systems have the capacity to sequester large quantities of carbon (C) in
both soil and biomass.However, these systems have not yet been fully considered in the approach toC
accounting developed by the Intergovernmental Panel onClimate Change, largely due to the high
diversity of agroforestry systems and scarcity of relevant data. Our literature review identified a total of
72 scientific, peer-reviewed articles associatedwith biomass C storage (50) andwith soil organic
carbon (SOC) (122), containing a total of 542 observations (324 and 218, respectively). Based on a
synthesis of the reported observations, we are presenting a set of Tier 1 coefficients for biomass C
storage for each of the eightmain agroforestry systems identified, including alley cropping, fallows,
hedgerows,multistrata, parklands, shaded perennial-crop, silvoarable and silvopastoral systems,
disaggregated by climate and region. Using the same agroforestry classification, we are presenting a set
of stock change factors (FLU) and SOC accumulation/loss rates for threemain land use changes
(LUCs): cropland to agroforestry; forest to agroforestry; and grassland to agroforestry. Globally, the
mean SOC stock change factors (± confidence intervals)were estimated to be 1.25±0.04,
0.89±0.07, and 1.19±0.10, for the threemain LUCs, respectively. However, these average
coefficients hide huge disparities across andwithin different climates, regions, and types of
agroforestry systems, highlighting the necessity to adopt themore disaggregated coefficients provided
herein.We encourage national governments to synthesize data from localfield experiments to
generate country-specific factors formore robust estimation of biomass and SOC storage.

Introduction

According to FAO (2016), agriculture is still the main
global driver of deforestation. More precisely, com-
mercial agriculture is the main driver, followed by
subsistence agriculture (Hosonuma et al 2012). Defor-
estation is the main source of anthropogenic green-
house gases (GHGs) emissions from the Agriculture,
Forestry and Other Land Use (AFOLU) sector. For the

last decade (2007–2016), emissions from Land Use
Change (LUC), including deforestation, are estimated
at 1.3±0.7 Gt C yr−1 (Le Quéré et al 2018). Meeting
the world’s increasing demand for food and other
land-based products, without additional deforesta-
tion, will require productive landscapes that are
managed sustainably (FAO 2009, 2016), accompanied
by a modification of diets and a reduction of waste
(Smith 2013, Smith et al 2013). Increasing the presence
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ofmultipurpose systems, such as agroforestry systems,
is part of the solution (Paustian et al 2016).

Agroforestry systems are complex agro-ecosys-
tems combining trees and crops, or trees and pastures,
within the same field (Nair 1993). Agroforestry is a
generic term that includes a wide variety of systems,
varying by tree and crop species arrangements as a
function of the climate zone and region, rendering the
classification of agroforestry systems challenging
(Nair 1985, Somarriba 1992, Torquebiau 2000). Agro-
forestry systems can build soil fertility, prevent soil
erosion, enhance biodiversity and largely contribute to
the resilience of farming systems through the provi-
sion of ecosystem services, such as the diverse set of
tree products, such as fodder, fuelwood, food and
buildingmaterials.

The benefit of agroforestry systems in terms of cli-
mate change regulation is widely recognized (Albrecht
and Kandji 2003), with recent syntheses (Kumar and
Nair 2011, Lorenz and Lal 2014) and meta-analyses
(Chatterjee et al 2018, de Stefano and Jacobson 2018,
Feliciano et al 2018, Shi et al 2018) reiterating their
positive impact on SOC sequestration and global and
national carbon C budgets (Zomer et al 2016). Agro-
forestry systems also have an important role to play in
adaptation to climate change due to their contribution
to enhanced water use, storage and efficiency,
improved microclimate, and diversified income and
food sources (Lasco et al 2014).

Despite the suite of socioeconomic and environ-
mental benefits associated with agroforestry systems,
they are not widely recognized as such within the sci-
entific community and are only eligible for payment of
ecosystem services, under the Clean and Development
Mechanisms, if compliant with the definition of affor-
estation and reforestation activities (UNFCCC 2013,
2015). Indeed, the complexity of agroforestry systems
renders the estimation of their impact on GHG fluxes
challenging (Nair 2012). The capacity of soils and bio-
mass in agroforestry systems to store C depends on
several factors, including local pedoclimatic condi-
tions, previous land-use, tree density and species, har-
vesting and pruning practices and management
activities. In general, the transition from an agriculture
system to an agroforestry system is beneficial to SOC,
while the conversion of secondary or primary forests
to agroforestry systems leads to SOC losses (de Stefano
and Jacobson 2018, Feliciano et al 2018).

The IPCC Good Practice Guidance (Penman et al
2003) and National GHG Inventory Guidelines
(NGHGI) (IPCC 2006) provide recommendations on
methods and default estimates for assessing C stocks
and emissions at three tiers of detail, ranging from Tier
1 (with average emission/stock change factors for large
eco-regions of the world and globally-available data,
simplest to use) up to Tier 3 (with high resolution
methods specific for each country and repeated
through time). According to IPCC (2006) Guidelines
for NGHGIs, agroforestry systems are classified under

the category ‘perennial crops’, which comprises gath-
ered trees and shrubs, in combination with herbaceous
crops (e.g. agroforestry) or orchards, vineyards and
plantations such as cocoa, coffee, tea, oil palm, coco-
nut, rubber trees, and bananas. As a result of insuffi-
cient data, agroforestry is classified as a perennial crop.

Under the IPCC ‘perennial crops’ category, a set of
average sequestration rates per climate type are pro-
posed. The aboveground biomass growth rate was
estimated at 10 t C ha−1 yr−1 for tropical wet, 2.6 t C
ha−1 yr−1 for tropical moist, 1.8 t C ha−1 yr−1 for tro-
pical dry, and 2.1 t C ha−1 yr−1 for all temperate cli-
mates (IPCC 2006). A high level of uncertainty was
attributed to these factors (standard error range of
±75% in all climates), which represent the coefficients
to estimate aboveground biomass carbon storage
across all perennial and agroforestry systems, regard-
less of their diversity. The same knowledge gap is also
observed in the global biomass C map, where culti-
vated and managed lands are given a fixed biomass C
value of 5 tC ha−1, with no distinction for agroforestry
systems (Ruesch andGibbs 2008). No coefficients have
been proposed yet for SOC sequestration in agrofor-
estry systems.

The objectives of the paper is to (i) propose more
accurate Tier 1 emission factors for aboveground and
belowground biomass C sequestration by climate and
region for different agroforestry systems and (ii) pro-
pose response ratio (or management factors) and Tier
1 emission factors for SOC sequestration by LUC, cli-
mate and region for different agroforestry systems.

Materials andmethods

Literature search and data extraction
We conducted a literature review of available studies
that estimated SOC stocks (or the information neces-
sary to calculate them, i.e. SOC content and bulk
density), and/or biomass C stocks. The research
process included use of several research engines and
knowledge platforms, namely ISI—Web of Knowl-
edge, Google Scholar, and Scopus. A key-word search
was performed using the following keys: biomass OR
soil AND (‘carbon stock*’ OR ‘carbon pool*’ OR
‘carbon sequestration’ OR ‘carbon concentration’)
AND (agroforest* OR parkland* OR homegarden OR
multistrata OR hedgerow OR windbreak OR shelter-
belt OR ‘live fence’ OR ‘tree intercrop*’ OR silvo*ar-
able OR silvo*pasture OR ‘rotation* wood*’ OR
tree*fallow* OR (tree* AND ‘improve* fallow*

’) OR
(tree*AND relay*crop*)OR (tree*ANDalley*crop*)).

Several parameters were deemed necessary for the
data to be contained in the database, specifically:
the previous land use, the depth of measurement and
the time frame over which the LUC had occurred
should be reported. In addition, studies also had to
provide the location or climate data of the study sites
in order to classify the data by climate regimes
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according to the IPCC guidelines (IPCC 2007). If the
required data were not present in the text or in tables,
data were extracted from graphs using theWebPlotDi-
gitizer software. In the case that a study included mul-
tiple sites, they were treated as separate data points. In
general, only data fromprimary sources were collected
in the database. If data from a review of primary sour-
ces were included in the database, the data were only
reported once.

As a result of this systematic literature review, we
collected data from a collection of 50 peer reviewed
studies that reported biomass C storage and 72 studies
that reported SOC stock changes in agroforestry sys-
tems. In total, 324 and 218 observations were obtained
for biomass and SOC storage, respectively. The full
database is available in appendix 1 and 2, available
online at stacks.iop.org/ERL/13/124020/mmedia.

Changes in SOC stocks
In general, the majority of selected publications
reported SOC stock and only a few used the equivalent
soil mass approach. In the case that the SOC concen-
tration and bulk density were reported, the SOC stock
was calculated. Only six publications did not report
bulk densities, which were estimated using the mean
bulk density per soil type as proposed by Batjes (1996).

In the case that both a synchronic (SOC stocks
measured in the agroforestry and in an adjacent con-
trol plot) and diachronic (SOC stocks measured in the
same plot before and after LUC) approaches were pre-
sented for the same site, the priority was given to the
diachronic approach as the one most widely con-
sidered among the scientific literature as reliable
(Costa Junior et al 2013). In the case that SOC stocks
were presented at different periods of time, only one
date was identified in order to avoid dependency of
observations and priority was given to the most recent
measurements as SOC stock changes are usually not
detected during the first several years due to measure-
ment uncertainties (Smith 2004). In the case that SOC
stocks were measured at different depths, only the
value measured at 0–30 cm was taken into account. If
stocks were only measured at 0–20 and 0–40 cm, the
deepest depth (0–40 cm) was considered because it
included the ploughed horizon andmost tree and crop
roots. If only one depth was available but did not cor-
respond to 0–30 cm, the observations was still
considered.

Two different methods were applied to calculate
SOC storage or loss rates (figure 1). The first one
(equation (1)), used by the IPCC (2006) for the Tier 1
method, is a stock change factor (FLU, dimensionless).
It indicates a relative change in SOC stocks in the new
land use compared to the previous one. It is also called
a response ratio (Ogle et al 2004, 2005), or manage-
ment factor (Maia et al 2013). FLU higher than 1 corre-
spond to a SOC storage, while FLU lower than 1
correspond to a SOC loss.

= ( )F
Agroforestry SOC stock

Control SOC stock
. 1LU

The second method (equation (2)) was used to
estimate absolute changes in SOC stocks. SOC sto-
rage/loss rates (t C ha−1 yr−1) were then calculated
using the following formula (figure 2):

=
-

( )

/SOC storage loss rate

Agroforestry SOC stock Control SOC stock

Age
,

2

where SOC stocks are expressed in t C ha−1, and the
age corresponded to the agroforestry age in years.

Annual biomass increment
If only biomass was reported in a study, the carbon
fraction (CF) of dry matter of 0.47 was applied to
convert it into a carbon stock (IPCC 2006).

The root:shoot ratio (R) is defined as the ratio of
belowground biomass to aboveground biomass and is
the primarymethod used by nations to estimate below
ground biomass and C stocks for NGHGIs (Mokany
et al 2006). In the case that the root:shoot ratio was not
empirically-derived, default estimates for perennial
woody vegetation recommended by IPCC (2006)were
used for each climatic zone: 0.27 in Boreal, 0.26 in
Temperate, and 0.24 in Tropical (Cairns et al 1997).

Agroforestry classification
The different types of agroforestry systems considered
in this manuscript are presented in table 1. This
classification is adapted from Nair et al (2009) where
the same term ‘alley cropping’ was used for very
different agroforestry systems in tropical and tempe-
rate regions. In this study, we make a distinction
between tropical alley cropping, which involve dense

Figure 1.Calculation of SOC storage/loss rates for the
different land use changes (LUC). The different LandUse
Changes were: Cropland toAgroforestry, Control=Crop-
land (N=158); Forest to Agroforestry, Control=Forest
(N=29); Grassland toAgroforestry, Control=Grassland
(N=28); Plantation toAgroforestry, Control=Plantation
(N=3). AFS: Agroforestry systems.
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alleys of fast-growing, usually leguminous woody
species, and temperate silvoarable systems, which
contain a low numbers of trees, usually for timber, in
rows spacedwidely enough to allow formechanization
(table 1).

Data analysis
Four main land conversions were studied for SOC
storage/loss, cropland to agroforestry, forest to agrofor-
estry, grassland to agroforestry, and plantation to
agroforestry. Four publications also reported conversion
from abandoned cropland to agroforestry (Diels et al
2004, Swamy and Puri 2005, Baumert et al 2016, Bright
et al 2017). These abandoned croplands are defined as
former long-term croplands uncropped (natural fallow)
a couple of years before the establishment of the

agroforestry system. Due to insufficient data, they were
included in the category ‘cropland to agroforestry’. The
effect of the previous land use on annual biomass
increment rateswas considerednegligible (IPCC2006).

All the graphs and statistical analyses were per-
formed using R software version 3.1.1 (RDevelopment
CoreTeam2013), at a significance level of<0.05.

Results

Data on SOC stocks were collected in 31 countries,
plus 4 US states, 4 Canadian provinces and in one
French overseas department (figure 2, appendix 1).
Data on aboveground biomass were obtained from 33
different countries, plus 1 US state, and 3 Canadian
provinces (figure 2, appendix 2).

Figure 2. Sites of published studies on SOC (circles) and biomass (triangles) storage in various agroforestry systems. A few studies
reported both SOC and biomass (squares). See footnotes of tables 2 and 3 for the full list of publications.

Table 1.Description ofmajor agroforestry types (adapted fromNair et al (2009).

Type of agroforestry system Definition

Alley cropping Fast-growing, usually leguminous, woody species (mainly shrubs) grown in cropfields, usually at high
densities. Thewoody species are regularly pruned and the prunings are applied asmulch into the alleys

as a source of organicmatter and nutrients. Usually found in tropical regions. Sometimes referred as

‘intercropping systems’.

Fallows Only sequential agroforestry system considered here. Include both improved and natural fallows.

Hedgerows They consist of linear plantation around thefields. They include also shelterbelts, windbreaks and live

fences.

Multistrata systems Multistorey combinations of a large number of various trees at high density, and perennial and annual

crops. They include home gardens and agroforests.

Parklands Intercropping of agricultural crops or grazing land under low densitymature scattered trees. Typical of

dry areas like Sahel (e.g. Faidherbia albida).
Shaded perennial-crop systems Growing shade-tolerant species such as cacao and coffee under, or in between, overstorey shade trees that

can be used for timber or other commercial tree products.

Silvoarable systems Woody species planted in parallel tree rows to allowmechanization and intercroppedwith an annual

crop; usually used for timber (e.g. Juglans spp), but also for fuel (e.g.Populus spp). Usually low tree

density per hectare. Usually found in temperate regions, but not exclusively.

Silvopastures Woody species planted on permanent grasslands, often grazed.
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In the SOC database, the median and mean age of
the agroforestry systems were 11.0 and 14.1 years,
respectively, while the median and mean soil depth
were 30.0 and 32.9 cm (figure 3). In the biomass data-
base, themedian andmean age of the agroforestry sys-
tems were 8.0 and 12.0 years, respectively, while the
median and mean tree density were 1250 and 4533
trees ha−1 (figure 3).

The mean SOC storage rate (± confidence inter-
vals) for croplands converted to agroforestry systems
was 0.75±0.19 tC ha−1 yr−1, while themean SOC loss
rate for forests converted to agroforestry systems was
−1.15±1.02 t C ha−1 yr−1, all regions, climates, and
agroforestry systems taken together (figure 4). Mean
SOC change rates for the conversion from grasslands to
agroforestry systems was not significantly different
from zero (0.23±0.25 t C ha−1 yr−1). The mean stock
change factors (± confidence intervals) were 1.25±
0.04, 0.89±0.07, 1.19±0.10, for croplands con-
verted to agroforestry, forests to agroforestry, and grass-
land to agroforestry, respectively (figure 4).

The response ratio (FLU) and SOC storage/loss
rates for different land use conversions to agroforestry
systems are presented per climate type and region in
table 2. Aboveground biomass sequestration rates are
presented in table 3.

Discussion

Landuse conversion to agroforestry systems
In general, conversion from croplands to agroforestry
systems resulted in increased SOC stock but with large
variation. A few studies however reported a SOC loss
(Baumert et al 2016), but with no clear explanation as
to the driver. It could be due to soil disturbance during
tree planting, followed by an erosive event. The SOC
storage rate depends on various agroforestry system
characteristics, such as tree density, age and species but
also on management factors (Kim et al 2016), includ-
ing pruning, soil tillage and fertilization (Feliciano et al
2018). Initial conditions such as SOC stock in the
previous cropland, and local pedoclimatic factors

Figure 3.Distribution of site ages (years) and soil depth (cm) in the SOC andbiomass databases. Upper and lower edges of boxes
indicate 75th and 25th percentiles, horizontal lines within boxes indicatemedian, whiskers below and above the boxes indicate the
10th and 90th percentiles, and crosses indicatemeans.Outliers are plotted as individual points.
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(e.g. rainfall, soil texture) are also important drivers of
SOC storage (Corbeels et al 2018, Feliciano et al 2018).
However, the amount of C input to the soil is probably
one of the main factor explaining increased SOC
stocks in croplands converted to agroforestry (Cardi-
nael et al 2018, Fujisaki et al 2018).

Conversion from forests to agroforestry systems
generally induced SOC loss. This result confirms
recent findings (Chatterjee et al 2018, de Stefano and
Jacobson 2018, Feliciano et al 2018, Shi et al 2018).
However, the loss is usually less than if forests were
converted to croplands (Schmitt-Harsh et al 2012,
Norgrove and Hauser 2013). Globally, conversion
from grasslands to agroforestry systems did not
improve SOC stocks. This result is in accordance with
Poeplau et al (2011) who found no difference in SOC
stocks of afforested grasslands in Europe, and with
Fujisaki et al (2015) who found slightly higher SOC
stocks in grasslands than in forests. However, we
did not explore here the effect of the grassland man-
agement on SOC storage. Converting degraded grass-
lands to silvopastures could increase SOC stocks
(Mangalassery et al 2014).

Challenges in estimating SOC stock changes in
agroforestry systems
As pointed out by Nair (2012), there is a significant
lack of rigorous data on C sequestration in agrofor-
estry systems. To assess changes in SOC stock and
storage/loss following a LUC, some basic data are
required: a description of the previous land use, SOC
stocks or SOC content and bulk densities in both the
previous and new land use, soil depth considered, and
time span since conversion. Unfortunately, the litera-
ture review showed that these basic data were not
always present. The concerned papers were therefore
not used to estimate the new emission factors. Many

authors have, for instance, measured SOC in agrofor-
estry but not in a reference system, preventing assess-
ment of whether soil had lost or gained organic C
(Pandey et al 2000, Roshetko et al 2002, Isaac et al
2005, Mungai et al 2006, Muñoz et al 2007, Singh and
Sharma 2007, Smiley and Kroschel 2008, Saha et al
2009, Labata et al 2012, Seddaiu et al 2013, Simón
et al 2013, Guimarães et al 2014, Sitzia et al 2014, Nath
et al 2015, Ramos et al 2018, Sun et al 2018). Some
publications compared SOC stocks in agroforestry
and in a « reference » system, but this reference system
was different from the land use present before conver-
sion to agroforestry (Drechsel et al 1991, Materechera
and Mkhabela 2001, Isaac et al 2003, Nyamadzawo
et al 2008, Takimoto et al 2008, Howlett et al 2011b,
Cardinael et al 2012, Gelaw et al 2014, Jacobi et al 2014,
Ehrenbergerová et al 2016, Rajab et al 2016). This could
be very problematic, such as when a forest is converted
to either a shaded-perennial crop systemor amonocrop
plantation. Comparing SOC stocks in the agroforestry
and in the plantation could result in an apparent SOC
storage, while in reality the conversion of the forest to
the agroforestry systemusually leads to a loss in SOC.

The age of the agroforestry system or the time span
since conversion from a previous land use is also often
missing in most studies, making it impossible to esti-
mate the rate of change in SOC stock (Kater et al 1992,
Kessler 1992, Walter et al 2003, Wade et al 2010,
Labata et al 2012, Alvarado et al 2013, Simón et al 2013,
Frazão et al 2014, Goswami et al 2014, Rocha et al
2014, Sitzia et al 2014, Baah-Acheamfour et al 2015,
Jadan et al 2015, Asase and Tetteh 2016, Tumwebaze
and Byakagaba 2016). Several articles only reported
SOC content, and bulk densities were missing
(Drechsel et al 1991, Mazzarino et al 1993, Chander
et al 1998, Kang et al 1999, Kaur et al 2000, Pandey et al
2000, Singh and Sharma 2007, Kumar et al 2010,

Figure 4. Soil organic carbon (SOC) storage/loss rates and stock change factors (FLU) for different land uses converted to agroforestry
systems. AFS: AgroForestry Systems. All climates and types of agroforestry systems aremixed in this graph.Upper and lower edges of
boxes indicate 75th and 25th percentiles, horizontal lineswithin boxes indicatemedian, whiskers below and above the boxes indicate
the 10th and 90th percentiles, and crosses indicatemean SOC storage rate per type of subsystem.Outliers are plotted as individual
points. *represents SOC storage rates significantly different from0 (P�0.05).
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Table 2.Response ratio (FLU) and SOC storage/loss rates per climate type and region for different land use conversions to agroforestry systems. SOC storage rates for hedgerows are presented per kilometer of hedgerows, not per hectare of
agriculturalfield. The tree density represents total tree density of the agroforestry system, including perennial crops (coffee, cacao) in the case of shaded perennial andmultistrata systems. For hedgerows, tree density is presented per
kilometer of hedgerows. N: number of observations; SD: standard deviation; CI: confidence interval;Min:minimumobserved SOC storage rate;Max:maximumobserved SOC storage rate. Ab. Cropland: AbandonedCropland (former
cropland uncultivated (natural fallow) for a couple of years before conversion to agroforestry).

Climate Tree density
Response ratio (FLU) SOC storage/loss rate

(# ha−1)
(tC ha−1 yr−1)

Region Land use change N Mean±SD Mean±SD 95%CI Min Max Mean±SD 95%CI Min Max

Cool temperate (n=35)
Asia Cropland to Silvoarable 2 833±0 1.05±0.11 — 0.97 1.12 0.24±0.49 — −0.11 0.59

Europe Cropland toHedgerow 4 125±0 1.41±0.20 0.19 1.22 1.65 0.68±0.34 0.36 0.26 0.99

Cropland to Silvoarable 1 99 1.05 — — — 0.51 — — —

Grassland to Silvopasture 5 260±134 1.08±0.14 0.13 0.92 1.28 0.19±0.41 0.18 −0.27 0.76

NorthAmerica Cropland toHedgerow 6 546±373 1.24±0.10 0.08 1.15 1.41 0.67±0.23 0.18 0.37 1.02

Cropland to Silvoarable 16 231±149 1.08±0.22 0.11 0.76 1.77 0.19±1.54 0.75 −3.07 4.20

SouthAmerica Grassland to Silvopasture 1 400 1.09 — — — 0.93 — — —

All regions Cropland toHedgerow 10 406±363 1.30±0.16 0.10 1.15 1.65 0.67±0.26 10 0.26 1.02

Cropland to Silvoarable 19 287±238 1.08±0.20 0.09 0.76 0.77 0.21±1.41 0.63 −3.07 4.20

Grassland to Silvopasture 6 283±133 1.08±0.13 0.10 0.92 1.28 0.31±0.48 0.38 −0.27 0.93

Warm temperate (n=32)
Asia Cropland to Silvoarable 7 333±121 1.40±0.22 0.16 1.02 1.68 1.33±1.47 1.09 0.14 3.80

Europe Cropland toHedgerow 8 125±0 1.11±0.22 0.94 1.62 0.15±0.23 0.16 −0.14 0.51

Cropland to Silvoarable 6 88±50 1.12±0.17 0.13 1.01 1.45 0.28±0.16 0.13 0.10 0.46

Cropland to Silvopasture 4 1667±962 1.17±0.13 0.13 1.03 1.35 1.93±1.54 1.51 0.38 4.05

Grassland to Silvopasture 2 35 1.03±0.16 0.22 0.92 1.14 −0.34±0.54 — −0.72 0.05

NorthAmerica Cropland toHedgerow 3 1111 1.16±0.14 0.16 1.05 1.32 0.52±0.72 0.81 0.10 1.35

Grassland toHedgerow 1 1333 1.14 — — — 0.68 — — —

Grassland to Silvopasture 1 571 0.94 — — — −0.60 — — —

All regions Cropland toHedgerow 11 235± 329 1.13±0.19 0.11 0.94 1.62 0.25±0.41 0.24 −0.14 1.35

Cropland to Silvoarable 13 220±156 1.27±0.24 0.13 1.01 1.68 0.85±1.18 0.64 0.10 3.80

Cropland to Silvopasture 4 1667±962 1.17±0.13 0.13 1.03 1.35 1.93±1.54 1.51 0.38 4.05

Grassland toHedgerow 1 1333 1.14 — — — 0.68 — — —

Grassland to Silvopasture 3 303±379 1.00±0.12 0.14 0.92 1.14 −0.42±0.41 0.47 −0.72 0.05

Temperate (all) (n=67)
Cropland toHedgerow 21 320±347 1.21±0.20 0.08 0.94 1.65 0.45±0.40 0.17 −0.14 1.35

Cropland to Silvoarable 32 260±208 1.16±0.23 0.08 0.76 1.77 0.47±1.34 0.46 −3.07 4.20

Cropland to Silvopasture 4 1667±962 1.17±0.13 0.13 1.03 1.35 1.93±1.54 1.51 0.38 4.05

Grassland toHedgerow 1 1333 1.14 — — — 0.68 — — —
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Table 2. (Continued.)

Climate Tree density
Response ratio (FLU) SOC storage/loss rate

(# ha−1)
(tC ha−1 yr−1)

Region Land use change N Mean±SD Mean±SD 95%CI Min Max Mean±SD 95%CI Min Max

Grassland to Silvopasture 9 288±182 1.05±0.13 0.08 0.92 1.28 0.07±0.57 0.37 −0.72 0.93

Tropical dry (n=68)
Africa Cropland toAlley cropping 6 2999±3107 1.63±0.15 0.12 1.36 1.83 0.49±0.49 0.39 0.16 1.14

Cropland to Fallow 19 10 000±0 1.40±0.24 0.11 1.04 1.97 0.99±0.59 0.27 0.11 2.52

Cropland to Silvoarable 10 726±436 1.06±0.14 0.09 0.81 1.28 0.36±1.57 0.98 −2.41 3.89

Grassland to Parkland 5 198±78 1.15±0.18 0.16 0.98 1.44 0.07±0.08 0.07 −0.03 0.19

Asia Cropland to Silvoarable 22 518±233 1.23±0.22 0.09 0.96 1.80 0.92±1.48 0.62 −0.08 6.10

Grassland to Silvopasture 4 278±0 1.44±0.18 0.18 1.30 1.70 0.48±0.16 0.16 0.33 0.69

SouthAmerica Forest toAlley cropping 1 200 0.67 — — — −4.91 — — —

Forest to Silvopasture 1 260 0.93 — — — −1.00 — — —

All regions Cropland toAlley cropping 6 2999±3107 1.63±0.15 0.12 1.36 1.83 0.49±0.49 0.39 0.16 1.14

Cropland to Fallow 19 10 000±0 1.40±0.24 0.11 1.04 1.97 0.99±0.59 0.27 0.11 2.52

Cropland to Silvoarable 32 589±326 1.17±0.21 0.07 0.81 1.80 0.74±1.51 0.52 −2.41 6.10

Forest toAlley cropping 1 200 0.67 — — — −4.91 — — —

Forest to Silvopasture 1 260 0.93 — — — −1.00 — — —

Grassland to Parkland 5 198±78 1.15±0.18 0.16 0.98 1.44 0.07±0.08 0.07 −0.03 0.19

Grassland to Silvopasture 4 278±0 1.44±0.18 0.18 1.30 1.70 0.48±0.16 0.16 0.33 0.69

Tropicalmoist (n=47)
Africa Cropland toAlley cropping 12 8148±2735 1.25±0.23 0.13 0.98 1.65 0.21±0.12 0.07 −0.04 0.34

Forest to Shaded Perennial 2 1397±73 1.09±0.19 — 0.95 1.22 0.07±0.25 — −0.11 0.24

Asia Cropland toAlley cropping 4 4000±0 1.47±0.17 0.17 1.28 1.67 1.92±0.74 0.73 1.12 2.78

Cropland to Fallow 3 — 1.13±0.16 0.18 0.96 1.27 0.75±1.31 1.48 −0.75 1.68

Cropland toHedgerow 2 40 000± 0 1.17±0.09 — 1.10 1.23 0.60±0.33 — 0.37 0.83

Cropland to Silvoarable 1/2 859±357 1.08 — — — 1.32±1.27 — 0.42 2.21

Central America Cropland to Fallow 2 998±85 1.00±0.14 — 0.90 1.10 −0.60±1.51 — −1.67 0.47

Cropland to Silvoarable 1 425 1.19 — — — 2.91 — — —

Grassland to Silvopasture 3 12 000±0 1.25±0.32 0.36 0.91 1.54 0.97±1.32 1.49 −0.44 2.17

NorthAmerica Grassland to Silvopasture 4 — 1.33±0.50 0.49 0.98 2.07 0.19±0.31 0.30 −0.02 0.64

SouthAmerica Cropland toAlley cropping 1 — 1.09 — — — 1.01 — — —

Cropland toMultistrata 2 — 2.24±0.06 — 2.19 2.28 3.14±0.95 — 2.47 3.81

Forest to Shaded Perennial 6 1220±444 1.07±0.17 0.14 0.87 1.24 1.60±2.65 2.12 −0.34 6.55

Forest to Silvopasture 2 250±0 1.01±0.04 — 0.98 1.03 1.30±2.45 — −0.43 3.03
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Table 2. (Continued.)

Climate Tree density
Response ratio (FLU) SOC storage/loss rate

(# ha−1)
(tC ha−1 yr−1)

Region Land use change N Mean±SD Mean±SD 95%CI Min Max Mean±SD 95%CI Min Max

Grassland to Shaded Perennial 1 1233 0.95 — — — −1.56 — — —

All regions Cropland toAlley cropping 17 16 111±14 436 1.29±0.23 0.11 0.98 1.67 0.79±0.91 0.49 −0.04 2.78

Cropland to Fallow 5 998±85 1.08±0.15 0.13 0.90 1.27 0.21±1.40 1.23 −1.67 1.68

Cropland toHedgerow 2 4000± 0 1.17±0.09 — 1.10 1.23 0.60±0.33 — 0.37 0.83

Cropland toMultistrata 2 — 2.24±0.06 — 2.19 2.28 3.14±0.95 — 2.47 3.81

Cropland to Silvoarable 2/3 714±356 1.14±0.08 0.09 1.08 1.19 1.85±1.28 1.45 0.42 2.91

Forest to Shaded Perennial 8 1264±385 1.07±0.16 0.11 0.87 1.24 1.21±2.35 1.63 −0.34 6.55

Forest to Silvopasture 2 250±0 1.01±0.04 — 0.98 1.03 1.30±2.45 — −0.43 3.03

Grassland to Shaded Perennial 1 1233 0.95 — — — −1.56 — — —

Grassland to Silvopasture 7 12 000±0 1.29±0.40 0.91 2.07 0.52±0.89 0.66 −0.44 2.17

Tropicalmontane (n=20)
Africa Cropland to Fallow 0/2 — — — — — 0.39±0.02 — 0.37 0.40

Cropland toMultistrata 8 — 1.35±0.41 0.28 0.95 2.20 1.21±1.04 0.72 −0.17 2.77

Forest to Parkland 10 5±0 0.74±0.08 0.05 0.65 0.89 −3.67±2.09 1.29 −6.42 −0.88

Tropical wet (n=16)
Africa Forest to Shaded Perennial 1 1477 0.99 −0.01 — — —

Asia Forest to Shaded Perennial 2 — 0.76±0.14 0.20 0.66 0.86 −1.23±0.71 — −1.73 −0.72

Central America Cropland toAlley cropping 5 2222±1521 1.19±0.15 0.14 1.04 1.38 0.90±0.86 0.77 0.26 2.34

Forest toMultistrata 1 — 1.00 — — — 0.00 — — —

Forest to Shaded Perennial 1 10 102 0.85 — — — −0.17 — — —

Grassland toHedgerow 1 1110 1.11 — — — 0.80 — — —

Plantation to Shaded Perennial 3 1019±641 1.07±0.06 0.07 1.01 1.13 0.61±0.52 0.59 0.13 1.17

SouthAmerica Forest toMultistrata 1 577 0.96 — — — −0.26 — — —

Forest to Silvoarable 1 — 0.95 — — — −0.26 — — —

All regions Cropland toAlley cropping 5 2222±1521 1.19±0.15 0.14 1.04 1.38 0.90±0.86 0.77 0.26 2.34

Forest toMultistrata 2 577 0.98±0.03 0.04 0.96 1.00 −0.13±0.18 — −0.26 0.00

Forest to Shaded Perennial 4 5790±6099 0.84±0.14 0.13 0.66 0.99 −0.66±0.77 0.76 −1.73 −0.01

Forest to Silvoarable 1 — 0.95 — — — −0.26 — — —

Grassland toHedgerow 1 1110 1.11 — — — 0.80 — — —

Plantation to Shaded Perennial 3 1019±641 1.07±0.06 0.07 1.01 1.13 0.61±0.52 0.59 0.13 1.17

Tropical (all) (n=151)
Cropland toAlley cropping 28 10 625±12 960 1.35±0.25 0.09 0.98 1.83 0.67±0.75 0.28 −0.04 2.78
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Table 2. (Continued.)

Climate Tree density
Response ratio (FLU) SOC storage/loss rate

(# ha−1)
(tC ha−1 yr−1)

Region Land use change N Mean±SD Mean±SD 95%CI Min Max Mean±SD 95%CI Min Max

Cropland to Fallow 24/26 8875±3075 1.34±0.26 0.10 0.90 1.97 0.79±0.83 0.32 −1.67 2.52

Cropland toHedgerow 2 4000± 0 1.17±0.09 — 1.10 1.23 0.60±0.33 — 0.37 0.83

Cropland toMultistrata 10 — 1.53±0.52 0.32 0.95 2.28 1.59±1.27 0.79 −0.17 3.81

Cropland to Silvoarable 34/35 601±325 1.17±0.21 0.07 0.81 1.80 0.84±1.50 0.50 −2.41 6.10

Forest toAlley cropping 1 200 0.67 — — — −4.91 — — —

Forest toMultistrata 2 577 0.98±0.03 0.04 0.96 1.00 −0.13±0.18 — −0.26 0.00

Forest to Parkland 5 5±0 0.74±0.08 0.07 0.65 0.84 −2.64±1.94 1.70 −5.58 −0.88

Forest to Shaded Perennial 12 2169±2809 1.00±0.19 0.66 1.24 0.59±2.13 1.20 −1.73 6.55

Forest to Silvoarable 1 — 0.95 — — — −0.26 — — —

Forest to Silvopasture 3 253±6 0.98±0.05 0.06 0.93 1.03 0.53±2.18 2.47 −1.00 3.03

Grassland toHedgerow 1 1110 1.11 — — — 0.80 — — —

Grassland to Parkland 5 198±78 1.15±0.18 0.16 0.98 1.44 0.07±0.08 0.07 −0.03 0.19

Grassland to Shaded Perennial 1 1233 0.95 — — — −1.56 — — —

Grassland to Silvopasture 11 4185±6053 1.34±0.33 0.20 0.91 2.07 0.50±0.70 0.41 −0.44 2.17

Plantation to Shaded Perennial 3 1019±641 1.07±0.06 0.07 1.01 1.13 0.61±0.52 0.59 0.13 1.17

a. Based on information from the following studies:1)LandUse Change=Cropland to Agroforestry; Control=Cropland Adhikary et al (2017), Bambrick et al (2010), Baumert et al (2016), Benbi et al (2012), Bertalot et al (2014), Bright et al
(2017), Cardinael et al (2015a), Cardinael et al (2017), Chander et al (1998), Chauhan et al (2010), de Lima et al (2011), Dhillon & Van Rees (2017), Diels et al (2004), Fernández-Núñez et al (2010), Gupta et al (2009), Kang et al (1999),
Kaonga & Coleman (2008), Kaur et al (2000), Kimaro et al (2011), Lasco & Suson (1999), Lenka et al (2012), Lu et al (2015), Maikhuri et al (2000), Makumba et al (2007), Mao et al (2012), Mazzarino et al (1993), Oelbermann et al (2004),
Oelbermann et al (2006), Pardon et al (2017), Peichl et al (2006), Raddad et al (2006), Ramesh et al (2015), Rimhanen et al (2016), Sauer et al (2007), Seitz et al (2017), Singh &Gill (2014) Soto-Pinto et al (2010), Swamy & Puri (2005), Thiel
et al (2015), Upson&Burgess (2013), Verchot et al (2011),Wang et al (2015),Wiesmeier et al (2018),Winans et al (2014),Winans et al (2016),Wotherspoon et al (2014). 2)LandUse Change= Forest to Agroforestry; Control= Forest Alegre

&Rao (1996), Demessie et al (2013), Gama-Rodrigues et al (2010), Hertel et al (2009), Kirby & Potvin (2007),Maia et al (2007), Monroe et al (2016), Nijmeijer et al (2018), Norgrove &Hauser (2013), Schmitt-Harsh et al (2012), Schroth et al
(2002), Singh et al (2010), Tonucci et al (2011) .3)LandUse Change=Grassland to Agroforestry; Control=Grassland Abaker et al (2016), Beckert et al (2016), Cardinael et al (2017), Dube et al (2012), Fornara et al (2018), Haile et al (2008),
Howlett et al (2011a), Mangalassery et al (2014), Monroe et al (2016), Paudel et al (2012), Sharrow & Ismail (2004), Sierra & Nygren (2005), Soto-Pinto et al (2010), Upson et al (2016), Villanueva-López et al (2015) .4)Land Use

Change=Plantation toAgroforestry; Control=Plantation Beer et al (1990), Hergoualc’h et al (2012).
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Table 3.Aboveground and belowground biomass increment rates for different agroforestry systems per climate type and regions. Biomass storage rates and tree density for hedgerows are presented per kilometer of hedgerows, not per
hectare of agriculturalfield. The tree density represents total tree density of the agroforestry system, including perennial crops (coffee, cacao) in the case of shaded perennial andmultistrata systems. N: number of observations; ABG:
aboveground; BLG: belowground; SD: standard deviation; CI: confidence interval;min:minimumobserved SOC storage rate;Max:maximumobserved SOC storage rate.

Climate region

Agroforestry

system N

Tree density (#
ha−1)

ABGbiomass storage rate (tC ha−1 yr−1) BLGbiomass storage rate (tC ha−1 yr−1)

Mean±SD Mean±SD
95%

CI Min Max Mean±SD
95%

CI Min Max

Cool temperate (n=27)
Asia Silvoarable 2 833±0 2.97±0.02 — 2.96 2.98 0.77±0.00 — 0.77 0.78

Europe Silvopasture 4 225±126 2.17±1.05 1.03 1.12 3.17 0.56±0.28 0.27 0.29 0.83

NorthAmerica Hedgerow 12 816±853 0.87±0.75 0.42 0.31 3.15 0.23±0.19 0.11 0.08 0.82

Silvoarable 7 111±0 0.59±0.23 0.17 0.40 0.99 0.14±0.04 0.03 0.09 0.22

Silvopasture 1 571 0.97 — — — 0.11 — — —

SouthAmerica Silvopasture 1 400 1.18 — — — 0.52 — — —

All regions Hedgerow 12 400±0 0.87±0.75 0.42 0.31 3.15 0.23±0.19 0.11 0.08 0.82

Silvoarable 9 271±318 1.12±1.07 0.70 0.40 2.98 0.28±0.28 0.18 0.09 0.78

Silvopasture 6 312±175 1.81±0.99 0.80 0.97 3.17 0.48±0.28 0.23 0.11 0.83

Warm temperate (n=9)
Europe Silvoarable 5 76±38 0.52±0.60 0.53 0.00 1.48 0.14±0.15 0.13 0.00 0.37

Silvopasture 4 1667±962 3.11±2.88 2.82 0.73 7.16 1.03±1.01 0.99 0.21 2.44

Temperate (all) (n=36)
Hedgerow 12 816±853 0.87±0.75 0.42 0.31 3.15 0.23±0.19 0.11 0.08 0.82

Silvoarable 14 202±269 0.91±0.91 0.50 0.00 2.98 0.23±0.25 0.13 0.00 0.78

Silvopasture 10 854±903 2.33±1.94 1.20 0.73 7.16 0.70±0.68 0.42 0.11 2.44

Tropical dry (n=101)
Africa Alley cropping 20 1000±0 1.88±1.21 0.53 0.42 4.53 0.45±0.29 0.13 0.10 1.09

Fallow 22 — 5.61±2.78 1.16 2.32 11.33 2.54±2.28 0.95 0.56 10.40

Hedgerow 2 1667±471 0.48±0.18 — 0.36 0.61 0.12±0.04 0.06 0.09 0.15

Multistrata 3 2771±1413 1.63±0.38 0.43 1.19 1.91 0.46±0.11 0.12 0.33 0.53

Parkland 7 152±102 0.59±0.46 0.34 0.22 1.54 0.21±0.11 0.08 0.10 0.38

Asia Alley cropping 15 10 430±2746 2.79±1.35 0.68 1.09 5.81 0.67±0.32 0.16 0.26 1.40

Fallow 9 1250±0 5.61±5.05 3.30 1.22 17.43 0.53±0.24 0.16 0.17 0.95

Silvoarable 6 540±98 6.24±2.77 2.22 3.59 9.71 1.62±0.68 0.54 0.81 2.41

Silvopasture 17 1609±938 3.07±3.99 2.02 0.06 13.21 0.84±1.02 0.49 0.02 3.26

All regions Alley cropping 35 5041±5052 2.27±1.33 0.44 0.42 5.81 0.54±0.32 0.11 0.10 1.40

Fallow 31 1250±0 5.61±3.50 1.23 1.22 17.43 1.95±2.13 0.75 0.17 10.40

Hedgerow 2 5833±1179 0.48±0.18 — 0.36 0.61 0.12±0.04 0.06 0.09 0.15

Multistrata 3 2771±1413 1.63±0.38 0.43 1.19 1.91 0.46±0.11 0.12 0.33 0.53
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Table 3. (Continued.)

Climate region

Agroforestry

system N

Tree density (#
ha−1)

ABGbiomass storage rate (tC ha−1 yr−1) BLGbiomass storage rate (tC ha−1 yr−1)

Mean±SD Mean±SD
95%

CI Min Max Mean±SD
95%

CI Min Max

Parkland 7 152±102 0.59±0.46 0.34 0.22 1.54 0.21±0.11 0.08 0.10 0.38

Silvoarable 6 540±98 6.24±2.77 2.22 3.59 9.71 1.62±0.68 0.54 0.81 2.41

Silvopasture 17 1609±938 3.07±3.99 1.90 0.06 13.21 0.84±1.02 0.49 0.02 3.26

Tropicalmoist (n=97)
Africa Alley cropping 28 7233±1805 2.75±1.63 0.60 0.30 6.58 0.59±0.38 0.14 0.07 1.58

Multistrata 3 1902±1253 2.98±0.74 0.84 2.15 3.58 0.72±0.18 0.20 0.52 0.86

Shaded Perennial 5 — 1.82±0.71 0.62 0.63 2.38 0.44±0.17 0.15 0.15 0.57

Silvoarable 5 — 5.09±2.27 1.99 1.35 6.76 1.22±0.54 0.48 0.32 1.62

Asia Fallow 1 — 5.30 — — — 1.27 — — —

Multistrata 21 628±247 3.03±2.09 0.89 0.42 9.29 0.73±0.50 0.21 0.10 2.23

Shaded Perennial 2 1481±0 2.07±0.54 — 1.69 2.45 0.50±0.13 — 0.41 0.59

Silvoarable 11 1065±152 1.50±1.12 0.66 0.64 4.61 0.35±0.27 0.16 0.15 1.11

Central America Alley cropping 15 25 000±0 2.28±1.04 0.52 0.45 4.41 0.55±0.25 0.13 0.11 1.06

SouthAmerica Shaded Perennial 6 4131±779 3.06±2.51 2.01 1.07 7.64 0.71±0.57 0.46 0.26 1.76

All regions Alley cropping 43 13 733±8781 2.59±1.45 0.43 0.30 6.58 0.58±0.34 0.11 0.07 1.68

Fallow 1 — 5.30 — — — 1.27 — — —

Multistrata 24 802±634 3.02±1.96 0.78 0.42 9.29 0.73±0.47 0.19 0.10 2.23

Shaded Perennial 13 3071±1552 2.43±1.79 0.97 0.63 7.64 0.57±0.40 0.22 0.15 1.76

Silvoarable 16 1065±152 2.63±2.27 1.11 0.64 6.76 0.62±0.55 0.27 0.15 1.62

Tropicalmon-

tane (n=30)
Africa Fallow 30 7521±4182 3.12±1.31 0.47 0.56 6.35 1.12±0.74 0.26 0.14 4.50

Tropical wet (n=60)
Africa Fallow 3 — 6.21±2.92 3.31 2.90 8.46 1.49±0.70 0.79 0.70 2.03

Multistrata 2 — 2.89±0.94 — 2.23 3.55 0.69±0.22 — 0.53 0.85

Shaded Perennial 1 1477 3.16 — — — 0.71 — — —

Asia Fallow 2 — 2.00±2.52 — 0.22 3.78 0.48±0.60 — 0.05 0.91

Multistrata 11 — 4.83±4.05 2.40 0.51 15.51 1.16±0.97 0.58 0.12 3.72

Shaded Perennial 2 1608±188 1.79±1.21 — 0.93 2.64 0.42±0.18 — 0.29 0.54

Silvopasture 1 — 0.06 — — — 0.01 — — —

Central America Alley cropping 12 1203±1000 1.88±1.70 0.96 0.13 4.57 0.45±0.41 0.23 0.03 1.10

Hedgerow 1 1110 0.43 — — — 0.10 — — —

Multistrata 1 — 3.25 — — — 0.78 — — —
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Table 3. (Continued.)

Climate region

Agroforestry

system N

Tree density (#
ha−1)

ABGbiomass storage rate (tC ha−1 yr−1) BLGbiomass storage rate (tC ha−1 yr−1)

Mean±SD Mean±SD
95%

CI Min Max Mean±SD
95%

CI Min Max

Shaded Perennial 10 5967±1724 2.28±1.53 1.07 0.73 6.00 0.51±0.38 0.23 0.18 1.44

SouthAmerica Fallow 2 — 4.76±1.19 1.65 3.92 5.60 1.14±0.29 — 0.94 1.34

Multistrata 10 475±159 2.60±1.77 1.09 0.88 7.26 0.70±0.41 0.25 0.28 1.74

Shaded Perennial 2 — 2.96±1.15 — 2.14 3.77 0.71±0.28 — 0.51 0.90

All regions Intercropping 12 1203±1000 1.88±1.70 0.96 0.13 4.57 0.45±0.41 0.23 0.03 1.10

Fallow 7 — 4.59±2.77 2.06 0.22 8.46 1.10±0.67 0.49 0.05 2.03

Hedgerow 1 1110 0.43 — — — 0.10 — — —

Multistrata 24 475±159 3.67±3.10 1.24 0.51 15.51 0.91±0.73 0.29 0.12 3.72

Shaded Perennial 15 4766±2513 2.36±1.36 0.69 0.73 6.00 0.54±0.33 0.17 0.18 1.44

Silvopasture 1 — 0.06 — — — 0.01 — — —

Tropical (all) (n=288)
Alley cropping 90 8568±8403 2.37±1.45 0.30 0.13 6.58 0.55±0.34 0.07 0.03 1.68

Fallow 69 6074±4529 4.42±2.86 0.68 0.22 17.43 1.49±1.56 0.37 0.05 10.40

Hedgerow 3 1481±463 0.47±0.13 0.15 0.36 0.61 0.11±0.03 0.04 0.09 0.15

Multistrata 51 929±901 3.25±2.54 0.70 0.42 15.51 0.80±0.60 0.16 0.10 3.72

Parkland 7 152±102 0.59±0.46 0.34 0.22 1.54 0.21±0.11 0.08 0.10 0.38

Shaded Perennial 28 4236±2347 2.40±1.54 0.57 0.63 7.64 0.55±0.36 0.13 0.15 1.76

Silvoarable 22 880±290 3.61±2.87 1.20 0.64 9.71 0.89±0.73 0.31 0.15 2.41

Silvopasture 18 1609±938 2.91±3.94 1.82 0.06 14.05 0.79±1.01 0.47 0.01 3.26

a. Based on information from the following studies: Abaker et al (2016), Adesina et al (1999), Aihou et al (1999), Albrecht &Kandji (2003), Beckert et al (2016), Brakas & Aune (2011), Bright et al (2017), Cardinael et al (2017), Chauhan et al
(2010), Diels et al (2004), Dube et al (2012), Ehrenbergerová et al (2016), Fernández-Núñez et al (2010), Isaac et al (2003), Isaac et al (2005), Kang, (1997), Kaonga&Bayliss-Smith (2009), Kaur et al (2002), Kimaro et al (2011), Kirby &Potvin

(2007), Kort & Turnock (1999), Kumar et al (1998), Lasco & Suson (1999), Maikhuri et al (2000), Makumba et al (2007), Mangalassery et al (2014), Mao et al (2012), Mittal & Singh (1989), Negash & Kanninen (2015), Norgrove & Hauser

(2013), Nyadzi et al (2003), Oelbermann et al (2005), Palm et al (1999), Peichl et al (2006), Polzot, (2004), Rajab et al (2016), Rao et al (1991), Roshetko et al (2002), Schmitt-Harsh et al (2012), Schroth et al (2002), Sharrow & Ismail (2004),
Siles et al (2010), Singh&Gill (2014), Smiley&Kroschel (2008), Somarriba et al (2013), Swamy&Puri (2005), Takimoto et al (2008), Villanueva-López et al (2015),Wade et al (2010),Wotherspoon et al (2014).
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Mao et al 2012, Cardinali et al 2014, Sitzia et al 2014,
Dubiez et al 2018,Nijmeijer et al 2018, Sun et al 2018).

The loss of SOC following a LUC can be very quick
while it usually takes much longer to gain SOC
(Smith 2004), especially with low tree densities. The
studies using a diachronic approach to quantify SOC
changes in agroforestry are rare (Beer et al 1990, Maz-
zarino et al 1993, Maikhuri et al 2000, Oelbermann
et al 2004, Sierra and Nygren 2005, Swamy and
Puri 2005, Raddad et al 2006, Lenka et al 2012, Singh
and Gill 2014, Wang et al 2015), most of them have
been performed using a synchronic or chronose-
quence approach. The diachronic approach has been
recognized to be a more accurate method to assess
SOC changes than other methods (Costa Junior et al
2013). More agroforestry trials using this approach
should be established. LUC is often associated with a
modification of soil bulk density, and a calculation of
SOC stocks on an equivalent soil mass basis instead of
on a fixed depth is recommended (Ellert and Bet-
tany 1995, Ellert et al 2002, Wendt and Hauser 2013).
Surprisingly, very few studies on SOC storage in agro-
forestry followed this recommendation (Bambrick
et al 2010, Cardinael et al 2015a, Upson et al 2016, Car-
dinael et al 2017,Wiesmeier et al 2018).

The main difficulty to properly assess SOC chan-
ges in agroforestry systems compared to other land
uses is the spatial heterogeneity. Scattered trees induce
a gradient in organic inputs to the soil (Cardinael et al
2018), and an large number of soil samples have to be
taken to explore this heterogeneity (Cardinael et al
2015a, Upson et al 2016). Developing technologies,
such as visible and near-infrared spectroscopy could
be used to reduce the cost and the time to monitor
SOC changes (Cambou et al 2016, Viscarra Rossel et al
2016).

Deep roots and carbon storage
Roots of agroforestry trees can grow very deep in the
soil due to competition with the associated crops and
to soil tillage (Cardinael et al 2015b). Great uncertain-
ties exist on the fate of fresh organic inputs in deep soil
layers and on their interaction with older soil organic
matter, such as priming effect (Fontaine et al 2007).
However, since a large amount of root inputs can be
incorporated into these systems (Germon et al 2016,
Cardinael et al 2018), it would probably be very
valuable to expand research on this topic. Cardinael
et al (2018) indeed found that SOCprofiles (2 mdepth)
in a long-term agroforestry systems where only well
described if priming effect was included in the model.
Only few studies have measured SOC storage in deep
soil layers of agroforestry systems (Haile et al 2008,
Howlett et al 2011a, Upson and Burgess 2013, Cardi-
nael et al 2015a), more studies are required.Moreover,
very few studies have quantified both above and
belowground biomass of agroforestry systems, and the
use of the root:shoot ratio determined on forest

ecosystems could be problematic. Due to their low
density, agroforestry trees usually grow faster than
forest trees (Balandier andDupraz 1998), and they also
benefit from crop inputs (fertilization), and their root
systems compete with annual crops. Moreover, agro-
forestry trees are often pruned. Carbon allocation
between aerial and belowground parts of the trees
might therefore be modified. The use of non-destruc-
tive and repeatable methods, such as ground penetrat-
ing radar could be a good way to acquire more data on
agroforestry root systems (Borden et al 2014).

Revised stock change factors for agroforestry
Several tools use tier coefficients to provide an estima-
tion of the C-balance associated with the adoption of
improved land management options, as compared
with a ‘business as usual’ scenario. This is for instance
the case of the EX-ACT (EX-Ante Carbon-balance
Tool) tool developed by the Food and Agriculture
Organization of the United Nations (FAO), providing
ex-ante measurements of the mitigation impact of
agriculture and forestry development projects, esti-
mating net C balance from GHG emissions and C
sequestration (Bernoux et al 2010). EX-ACT has been
developed using primarily the IPCC (2006)Guidelines
for NGHGIs (IPCC 2006), complemented by other
existing methodologies and reviews of default coeffi-
cients. Default estimates for mitigation options in the
agriculture sector are mostly from the 4th Assessment
Report of IPCC (2007) (Smith et al 2007).

Our newly derived factors can be used to improve
these tools to estimate C sequestration in any country
with a minimal amount of data by using the IPCC
method. These factors may have systematic biases
when not representative of management effects, cli-
mate, or soils in a particular region. Consequently,
nations with available resources should consider syn-
thesizing data from local field experiments to generate
country-specific factors. However, these new esti-
mates certainly represent a significant improvement to
better account for the diversity of agroforestry sys-
tems. They were all previously included into the ‘per-
ennial crops’ category, together with vineyards and
orchards, and are now split into eight main types of
agroforestry systems per climate and region. The pre-
sentation of emission factors for the biomass and soil
using the same classification of agroforestry systems
represents another important added value of this
study.

Acknowledgments

The authors would like to thank all members of the
EX-ACT and MICCA teams at FAO who helped us to
undertake this study. Gratitude is especially owned to
Krystal Crumpler for reviewing an initial version. The
study was supported through funding by the French
Development Agency, the Food and Agriculture

14

Environ. Res. Lett. 13 (2018) 124020



Organization of the United Nations (FAO), in part-
icular through the Agricultural Development Eco-
nomics Division (ESA) and the Climate and
Environment (CBC) Division supported by the Fed-
eral Ministry of Agriculture of Germany under the
projects GCP/GLO/500/GER and GCP/GLO/
875/GER.

ORCID iDs

RémiCardinael https://orcid.org/0000-0002-
9924-3269

References

AbakerWE, Berninger F, SaizG, Braojos V and StarrM2016
Contribution of Acacia senegal to biomass and soil carbon in
plantations of varying age in Sudan For. Ecol.Manage. 368
71–80

Adesina FA, SiyanbolaWO,Oketola FA, PelemoDA,
Momodu SA, Adegbulugbe AOandOjo LO1999 Potential
of agroforestry techniques inmitigating CO2 emissions in
Nigeria: some preliminary estimatesGlob. Ecol. Biogeogr. 8
163–73

Adhikary P P,HombegowdaHC, BarmanD, Jakhar P and
MadhuM2017 Soil erosion control and carbon sequestration
in shifting cultivated degraded highlands of eastern India:
performance of two contour hedgerow systemsAgrofor. Syst.
91 757–71

AihouK, SangingaN,Vanlauwe B, LyasseO,Diels J andMerckx R
1999Alley cropping in themoist savanna ofWest-Africa: I.
Restoration andmaintenance of soil fertility on ‘terre de
barre’ soils in Benin RepublicAgrofor. Syst. 42 213–27

Albrecht A andKandji S T 2003Carbon sequestration in tropical
agroforestry systemsAgric. Ecosyst. Environ. 99 15–27

Alegre J C andRaoMR1996 Soil andwater conservation by contour
hedging in the humid tropics of PeruAgric. Ecosyst. Environ.
57 17–25

Alvarado J, AndradeH and SeguraM2013Almacenamiento de
carbono orgánico en los suelos en sistemas de producción de
café (Coffea arabica L) en elMunicipio del Líbano, Tolima,
ColombiaColomb. For. 16 21–31

Asase A andTettehDA2016Tree diversity, carbon stocks, and soil
nutrients in cocoa-dominated andmixed food crops
agroforestry systems compared to natural forest in southeast
GhanaAgroecol. Sustain. Food Syst. 40 96–113

Baah-AcheamfourM,Chang SX, Carlyle CNandBork EW2015
Carbon pool size and stability are affected by trees and
grassland cover types within agroforestry systems ofwestern
CanadaAgric. Ecosyst. Environ. 213 105–13

Balandier P andDupraz C 1998Growth ofwidely spaced trees. A
case study from young agroforestry plantations in France
Agrofor. Syst. 43 151–67

Bambrick AD,Whalen J K, Bradley R L, CogliastroA, GordonAM,
Olivier A andThevathasanNV2010 Spatial heterogeneity of
soil organic carbon in tree-based intercropping systems in
Quebec andOntario, CanadaAgrofor. Syst. 79 343–53

BatjesNH1996Total carbon and nitrogen in the soils of theworld
Eur. J. Soil Sci. 47 151–63

Baumert S, KhamzinaA andVlek P LG 2016 Soil organic carbon
sequestration in Jatropha curcas systems in burkina faso
L.Degrad.Dev. 27 1813–9

BeckertMR, Smith P, Lilly A andChapman S J 2016 Soil and tree
biomass carbon sequestration potential of silvopastoral and
woodland-pasture systems inNorth East ScotlandAgrofor.
Syst. 90 371–83

Beer J, BonnemannA, ChavezW, FassbenderHW, ImbachACand
Maertel I 1990Modelling agroforestry systems of cacao

(Theobroma cacao)with laures (Cordia alliodora) or poro
(Erythrina poeppigiana) in Costa RicaAgrofor. Syst. 12 229–49

BenbiDK, Brar K, ToorA S, Singh P and SinghH2012 Soil carbon
pools under poplar-based agroforestry, rice-wheat, and
maize-wheat cropping systems in semi-arid IndiaNutr. Cycl.
Agroecosyst. 92 107–18

BernouxM,BrancaG, CarroA, Lipper L, SmithG andBockel L
2010 Ex-ante greenhouse gas balance of agriculture and
forestry development programs Sci. Agric. 67 31–40

BertalotM JA,Guerrini I A,Mendoza E and PintoMSV2014
Productivity, leaf nutrient content and soil carbon stocked in
agroforestry and traditionalmanagement ofmaize (Zeamays
L.)Am. J. Plant Sci. 5 884–98

BordenKA, IsaacME, ThevathasanNV,GordonAMand
Thomas SC2014 Estimating coarse root biomass with
ground penetrating radar in a tree-based intercropping
systemAgrofor. Syst. 88 657–69

Brakas SG andAune J B 2011 Biomass and carbon accumulation in
land use systems of Claveria, the PhilippinesCarbon
Sequestration Potential of Agroforestry Systems ed
BMKumar and PRNair (Berlin: Springer) pp 163–75

BrightMBH,Diedhiou I, Bayala R, Assigbetse K, Chapuis-Lardy L,
Ndour Y andDick RP 2017 Long-termPiliostigma
reticulatum intercropping in the Sahel: crop productivity,
carbon sequestration, nutrient cycling, and soil qualityAgric.
Ecosyst. Environ. 242 9–22

CairnsMA, Brown S,Helmer EH, BaumgardnerGA,CairnsMA,
Brown S,Helmer EH andBaumgardnerGA1997Root
biomass allocation in theworld’s upland forestsOecologia
111 1–11

CambouA, Cardinael R, Kouakoua E, VilleneuveM,DurandC and
Barthès BG2016 Prediction of soil organic carbon stock
using visible and near infrared reflectance spectroscopy
(VNIRS) in thefieldGeoderma 261 151–9

Cardinael R, Chevallier T, Barthès BG, SabyNPA, Parent T,
Dupraz C, BernouxMandChenuC2015a Impact of alley
cropping agroforestry on stocks, forms and spatial
distribution of soil organic carbon—a case study in a
Mediterranean contextGeoderma 259–260 288–99

Cardinael R, Chevallier T, CambouA, Béral C, Barthès BG,
Dupraz C,DurandC,Kouakoua E andChenuC2017
Increased soil organic carbon stocks under agroforestry: a
survey of six different sites in FranceAgric. Ecosyst. Environ.
236 243–55

Cardinael R,GuenetB,ChevallierT,DuprazC,Cozzi T andChenuC
2018Highorganic inputs explain shallowanddeep SOCstorage
in a long-termagroforestry system—combining experimental
andmodeling approachesBiogeosciences15 297–317

Cardinael R,MaoZ, Prieto I, Stokes A, DuprazC, Kim JH and
JourdanC2015bCompetitionwithwinter crops induces
deeper rooting of walnut trees in aMediterranean alley
cropping agroforestry systemPlant Soil 391 219–35

Cardinael R, ThevathasanN,GordonA,ClinchR,
Mohammed I and SiddersD 2012Growingwoody biomass
for bioenergy in a tree-based intercropping system in
southernOntario, CanadaAgrofor. Syst. 86 279–86

Cardinali A, Carletti P, Nardi S andZaninG 2014Design of riparian
buffer strips affects soil quality parametersAppl. Soil Ecol. 80
67–76

ChanderK, Goyal S, NandalD P andKapoorKK1998 Soil organic
matter,microbial biomass and enzyme activities in a tropical
agroforestry systemBiol. Fertil. Soils 27 168–72

ChatterjeeN,Nair PKR,Chakraborty S andNair VD2018Changes
in soil carbon stocks across the forest-agroforest-agriculture/
pasture continuum in various agroecological regions: ameta-
analysisAgric. Ecosyst. Environ. 266 55–67

Chauhan SK, Sharma SC, ChauhanR,GuptaN andRitu 2010
Accounting poplar andwheat productivity for carbon
sequestration in agri-silvicultural system Indian For. 136
1174–82

CorbeelsM, Cardinael R,Naudin K,GuibertH andTorquebiau E
2018The 4 per 1000 goal and soil carbon storage under

15

Environ. Res. Lett. 13 (2018) 124020

https://orcid.org/0000-0002-9924-3269
https://orcid.org/0000-0002-9924-3269
https://orcid.org/0000-0002-9924-3269
https://orcid.org/0000-0002-9924-3269
https://orcid.org/0000-0002-9924-3269
https://doi.org/10.1016/j.foreco.2016.03.003
https://doi.org/10.1016/j.foreco.2016.03.003
https://doi.org/10.1016/j.foreco.2016.03.003
https://doi.org/10.1016/j.foreco.2016.03.003
https://doi.org/10.1046/j.1365-2699.1999.00122.x
https://doi.org/10.1046/j.1365-2699.1999.00122.x
https://doi.org/10.1046/j.1365-2699.1999.00122.x
https://doi.org/10.1046/j.1365-2699.1999.00122.x
https://doi.org/10.1007/s10457-016-9958-3
https://doi.org/10.1007/s10457-016-9958-3
https://doi.org/10.1007/s10457-016-9958-3
https://doi.org/10.1023/A:1006114116095
https://doi.org/10.1023/A:1006114116095
https://doi.org/10.1023/A:1006114116095
https://doi.org/10.1016/S0167-8809(03)00138-5
https://doi.org/10.1016/S0167-8809(03)00138-5
https://doi.org/10.1016/S0167-8809(03)00138-5
https://doi.org/10.1016/0167-8809(95)01012-2
https://doi.org/10.1016/0167-8809(95)01012-2
https://doi.org/10.1016/0167-8809(95)01012-2
https://doi.org/10.14483/udistrital.jour.colomb.for.2013.1.a02
https://doi.org/10.14483/udistrital.jour.colomb.for.2013.1.a02
https://doi.org/10.14483/udistrital.jour.colomb.for.2013.1.a02
https://doi.org/10.1080/21683565.2015.1110223
https://doi.org/10.1080/21683565.2015.1110223
https://doi.org/10.1080/21683565.2015.1110223
https://doi.org/10.1016/j.agee.2015.07.016
https://doi.org/10.1016/j.agee.2015.07.016
https://doi.org/10.1016/j.agee.2015.07.016
https://doi.org/10.1023/A:1026480028915
https://doi.org/10.1023/A:1026480028915
https://doi.org/10.1023/A:1026480028915
https://doi.org/10.1007/s10457-010-9305-z
https://doi.org/10.1007/s10457-010-9305-z
https://doi.org/10.1007/s10457-010-9305-z
https://doi.org/10.1111/j.1365-2389.1996.tb01386.x
https://doi.org/10.1111/j.1365-2389.1996.tb01386.x
https://doi.org/10.1111/j.1365-2389.1996.tb01386.x
https://doi.org/10.1002/ldr.2310
https://doi.org/10.1002/ldr.2310
https://doi.org/10.1002/ldr.2310
https://doi.org/10.1007/s10457-015-9860-4
https://doi.org/10.1007/s10457-015-9860-4
https://doi.org/10.1007/s10457-015-9860-4
https://doi.org/10.1007/BF00137286
https://doi.org/10.1007/BF00137286
https://doi.org/10.1007/BF00137286
https://doi.org/10.1007/s10705-011-9475-8
https://doi.org/10.1007/s10705-011-9475-8
https://doi.org/10.1007/s10705-011-9475-8
https://doi.org/10.1590/S0103-90162010000100005
https://doi.org/10.1590/S0103-90162010000100005
https://doi.org/10.1590/S0103-90162010000100005
https://doi.org/10.4236/ajps.2014.56101
https://doi.org/10.4236/ajps.2014.56101
https://doi.org/10.4236/ajps.2014.56101
https://doi.org/10.1007/s10457-014-9722-5
https://doi.org/10.1007/s10457-014-9722-5
https://doi.org/10.1007/s10457-014-9722-5
https://doi.org/10.1016/j.agee.2017.03.007
https://doi.org/10.1016/j.agee.2017.03.007
https://doi.org/10.1016/j.agee.2017.03.007
https://doi.org/10.1007/s004420050201
https://doi.org/10.1007/s004420050201
https://doi.org/10.1007/s004420050201
https://doi.org/10.1016/j.geoderma.2015.07.007
https://doi.org/10.1016/j.geoderma.2015.07.007
https://doi.org/10.1016/j.geoderma.2015.07.007
https://doi.org/10.1016/j.geoderma.2015.06.015
https://doi.org/10.1016/j.geoderma.2015.06.015
https://doi.org/10.1016/j.geoderma.2015.06.015
https://doi.org/10.1016/j.geoderma.2015.06.015
https://doi.org/10.1016/j.geoderma.2015.06.015
https://doi.org/10.1016/j.agee.2016.12.011
https://doi.org/10.1016/j.agee.2016.12.011
https://doi.org/10.1016/j.agee.2016.12.011
https://doi.org/10.5194/bg-15-297-2018
https://doi.org/10.5194/bg-15-297-2018
https://doi.org/10.5194/bg-15-297-2018
https://doi.org/10.1007/s11104-015-2422-8
https://doi.org/10.1007/s11104-015-2422-8
https://doi.org/10.1007/s11104-015-2422-8
https://doi.org/10.1007/s10457-012-9572-y
https://doi.org/10.1007/s10457-012-9572-y
https://doi.org/10.1007/s10457-012-9572-y
https://doi.org/10.1016/j.apsoil.2014.04.003
https://doi.org/10.1016/j.apsoil.2014.04.003
https://doi.org/10.1016/j.apsoil.2014.04.003
https://doi.org/10.1016/j.apsoil.2014.04.003
https://doi.org/10.1007/s003740050416
https://doi.org/10.1007/s003740050416
https://doi.org/10.1007/s003740050416
https://doi.org/10.1016/j.agee.2018.07.014
https://doi.org/10.1016/j.agee.2018.07.014
https://doi.org/10.1016/j.agee.2018.07.014


agroforestry and conservation agriculture systems in sub-
SaharanAfrica Soil Tillage Res. accepted (https://doi.org/
10.1016/j.still.2018.02.015)

Costa Junior C, CorbeelsM, BernouxM, PiccoloMC,NetoMS,
Feigl B J, Cerri C EP,Cerri CC, Scopel E and Lal R 2013
Assessing soil carbon storage rates under no-tillage :
comparing the synchronic and diachronic approaches Soil
Tillage Res. 134 207–12

de Lima S S, Carvalho Leite L F, DasChagasOliveira F and
daCostaDB2011Chemical properties and carbon and
nitrogen stocks in an acrisol under agroforestry system and
slash and burn practices in northern Piaui stateRev.Árvore 35
51–60

de StefanoA and JacobsonMG2018 Soil carbon sequestration in
agroforestry systems: ameta-analysisAgrofor. Syst. 92 285–99

Demessie A, Singh BR andLal R 2013 Soil carbon and nitrogen
stocks under chronosequence of farm and traditional
agroforestry land uses inGamboDistrict, Southern Ethiopia
Nutr. Cycl. Agroecosyst. 95 365–75

DhillonGS andVanRees KC J 2017 Soil organic carbon
sequestration by shelterbelt agroforestry systems in
SaskatchewanCan. J. Soil Sci. 97 394–409

Diels J, Vanlauwe B, VanDerMeerschMK, SangingaN and
Merckx R 2004 Long-term soil organic carbon dynamics in a
subhumid tropical climate: 13C data inmixedC3/C4

cropping andmodelingwith ROTHC Soil Biol. Biochem. 36
1739–50

Drechsel P, Glaser B andZechW1991Effect of fourmultipurpose
tree species on soil amelioration during tree fallow inCentral
TogoAgrofor. Syst. 16 193–202

Dube F, EspinosaM, StolpeNB, Zagal E, ThevathasanNVand
GordonAM2012 Productivity and carbon storage in
silvopastoral systemswith Pinus ponderosa andTrifolium
spp., plantations and pasture on anAndisol in Patagonia,
ChileAgrofor. Syst. 86 113–28

Dubiez E, FreyconV,Marien J-N, Peltier R andHarmand J-M2018
Long term impact of Acacia auriculiformis woodlots growing
in rotationwith cassava andmaize on the carbon and nutrient
contents of savannah sandy soils in the humid tropics
(Democratic Republic of Congo)Agrofor. Syst. accepted
(https://doi.org/10.1007/s10457-018-0222-x)

EhrenbergerováL,Cienciala E,KučeraA,GuyL andHabrováH2016
Carbon stock in agroforestry coffee plantationswithdifferent
shade trees inVilla Rica, PeruAgrofor. Syst.90433–45

Ellert B, JanzenH and Entz T 2002Assessment of amethod to
measure temporal change in soil carbon storage Soil Sci. Soc.
Am. 66 1687–95

Ellert BH andBettany J R 1995Calculation of organicmatter and
nutrients stored in soils under contrastingmanagement
regimesCan. J. Soil Sci. 75 529–38

FAO2009How to feed theworld in 2050 Insights from an Expert
Meet. FAO 2050 1–35

FAO2016 State of theWorld’s Forests 2016 (Forests and agriculture:
land-use challenges and opportunities) (Rome)

FelicianoD, LedoA,Hillier J andNayakDR2018Which
agroforestry options give the greatest soil and above ground
carbon benefits in different world regions?Agric. Ecosyst.
Environ. 254 117–29

Fernández-Núñez E, Rigueiro-Rodríguez A and
Mosquera-LosadaMR2010Carbon allocation dynamics one
decade after afforestationwithPinus radiataD.Don and
Betula alba L. under two stand densities inNWSpainEcol.
Eng. 36 876–90

Fontaine S, Barot S, Barré, Bdioui N,Mary B andRumpel C 2007
Stability of organic carbon in deep soil layers controlled by
fresh carbon supplyNature 450 277–80

FornaraDA,Olave R, Burgess P, DelmerA,UpsonMand
McAdam J 2018 Land use change and soil carbon pools:
evidence from a long-term silvopastoral experimentAgrofor.
Syst. 92 1035–46

Frazão LA, PaustianK, Cerri C EP andCerri CC 2014 Soil carbon
stocks under oil palmplantations in Bahia State, Brazil
Biomass Bioenergy 62 1–7

Fujisaki K, Chevallier T, Chapuis-Lardy L, Albrecht A,
Razafimbelo T,MasseD,Ndour YB andChotte J-L 2018 Soil
carbon stock changes in tropical croplands aremainly driven
by carbon inputs: a synthesisAgric. Ecosyst. Environ. 259
147–58

Fujisaki K, Perrin A S,Desjardins T, BernouxM, Balbino LC and
BrossardM2015 From forest to cropland and pasture
systems: a critical review of soil organic carbon stocks changes
inAmazoniaGlob. Chang. Biol. 21 2773–86

Gama-Rodrigues E F,Nair PKR,Nair VD,Gama-Rodrigues AC,
Baligar VC andMachadoRCR2010Carbon storage in soil
size fractions under two cacao agroforestry systems in Bahia,
BrazilEnviron.Manage. 45 274–83

GelawAM, Singh BR and Lal R 2014 Soil organic carbon and total
nitrogen stocks under different land uses in a semi-arid
watershed in Tigray, Northern EthiopiaAgric. Ecosyst.
Environ. 188 256–63

GermonA,Cardinael R, Prieto I,MaoZ, Kim J, Stokes A, Dupraz C,
Laclau J-P and JourdanC2016Unexpected phenology and
lifespan of shallow and deep fine roots of walnut trees grown
in a silvoarableMediterranean agroforestry systemPlant Soil
401 409–26

Goswami S, VermaK S andKaushal R 2014 Biomass and carbon
sequestration in different agroforestry systems of aWestern
HimalayanwatershedBiol. Agric. Hortic. 30 88–96

GuimarãesGP, de SáMendonça E, Ribeiro Passos R and
VazAndrade F 2014 Soil aggregation and organic carbon of
oxisols under coffee in agroforestry systemsRev. Bras. Cienc.
Solo 38 278–87

GuptaN, Kukal S S, Bawa S S andDhaliwal G S 2009 Soil organic
carbon and aggregation under poplar based agroforestry
system in relation to tree age and soil typeAgrofor. Syst. 76
27–35

Haile SG,Nair PKR andNair VD2008Carbon Storage of different
soil-size fractions in Florida Silvopastoral systems J. Environ.
Qual. 37 1789

Hergoualc’hK, Blanchart E, SkibaU,Hénault C andHarmand JM
2012Changes in carbon stock and greenhouse gas balance in
a coffee (Coffea arabica)monoculture versus an agroforestry
systemwith Inga densiflora, inCosta RicaAgric. Ecosyst.
Environ. 148 102–10

Hertel D,HarteveldMA and Leuschner C 2009Conversion of a
tropical forest into agroforest alters thefine root-related
carbon flux to the soil Soil Biol. Biochem. 41 481–90

HosonumaN,HeroldM,De SyV,De Fries R S, BrockhausM,
Verchot L, AngelsenA andRomijn E 2012An assessment of
deforestation and forest degradation drivers in developing
countriesEnviron. Res. Lett. 7 1–12

Howlett D S,MorenoG,Mosquera LosadaMR,Nair PKR and
Nair VD2011a Soil carbon storage as influenced by tree
cover in theDehesa cork oak silvopasture of central-western
Spain J. Environ.Monit. 13 1897

Howlett D S,Mosquera-LosadaMR,Nair PKR,Nair VD and
Rigueiro-Rodríguez A 2011b Soil carbon storage in
silvopastoral systems and a treeless pasture inNorthwestern
Spain J. Environ.Qual. 40 825

IPCC2006Volume 4: agriculture, forestry and other land use
(AFOLU). Chapter 5: Cropland IPCCGuidelines forNational
Greenhouse Gas Inventories edHEggleston, L Buendia,
KMiwa, TNgara andKTanabe (Kanagawa: IGES)p 66

IPCC2007Climate Change 2007:Mitigation. Contribution of
WorkingGroup III to the Fourth Assessment Report of the Inter-
Governmental Panel onClimate Change ed BMetz,
ORDavidson, PRBosch, RDave and LAMeyer (Cambridge:
CambridgeUniversity Press)

Isaac L,WoodC and ShannonD2003Hedgerow species and
environmental conditions effects on soil total C andNandC
andNmineralization patterns of soils amendedwith their
pruningsNutr. Cycl. Agroecosyst. 65 73–87

IsaacME,GordonAM,ThevathasanN,Oppong SK and
Quashie-Sam J 2005Temporal changes in soil carbon and
nitrogen inwest Africanmultistrata agroforestry systems: a
chronosequence of pools and fluxesAgrofor. Syst. 65 23–31

16

Environ. Res. Lett. 13 (2018) 124020

https://doi.org/10.1016/j.still.2018.02.015
https://doi.org/10.1016/j.still.2018.02.015
https://doi.org/10.1016/j.still.2013.08.010
https://doi.org/10.1016/j.still.2013.08.010
https://doi.org/10.1016/j.still.2013.08.010
https://doi.org/10.1007/s10705-013-9570-0
https://doi.org/10.1007/s10705-013-9570-0
https://doi.org/10.1007/s10705-013-9570-0
https://doi.org/10.1139/cjss-2016-0094
https://doi.org/10.1139/cjss-2016-0094
https://doi.org/10.1139/cjss-2016-0094
https://doi.org/10.1016/j.soilbio.2004.04.031
https://doi.org/10.1016/j.soilbio.2004.04.031
https://doi.org/10.1016/j.soilbio.2004.04.031
https://doi.org/10.1016/j.soilbio.2004.04.031
https://doi.org/10.1007/BF00119316
https://doi.org/10.1007/BF00119316
https://doi.org/10.1007/BF00119316
https://doi.org/10.1007/s10457-011-9471-7
https://doi.org/10.1007/s10457-011-9471-7
https://doi.org/10.1007/s10457-011-9471-7
https://doi.org/10.1007/s10457-018-0222-x
https://doi.org/10.1007/s10457-015-9865-z
https://doi.org/10.1007/s10457-015-9865-z
https://doi.org/10.1007/s10457-015-9865-z
https://doi.org/10.2136/sssaj2002.1687
https://doi.org/10.2136/sssaj2002.1687
https://doi.org/10.2136/sssaj2002.1687
https://doi.org/10.4141/cjss95-075
https://doi.org/10.4141/cjss95-075
https://doi.org/10.4141/cjss95-075
https://doi.org/10.1016/j.agee.2017.11.032
https://doi.org/10.1016/j.agee.2017.11.032
https://doi.org/10.1016/j.agee.2017.11.032
https://doi.org/10.1016/j.ecoleng.2010.03.007
https://doi.org/10.1016/j.ecoleng.2010.03.007
https://doi.org/10.1016/j.ecoleng.2010.03.007
https://doi.org/10.1038/nature06275
https://doi.org/10.1038/nature06275
https://doi.org/10.1038/nature06275
https://doi.org/10.1016/j.biombioe.2014.01.031
https://doi.org/10.1016/j.biombioe.2014.01.031
https://doi.org/10.1016/j.biombioe.2014.01.031
https://doi.org/10.1016/j.agee.2017.12.008
https://doi.org/10.1016/j.agee.2017.12.008
https://doi.org/10.1016/j.agee.2017.12.008
https://doi.org/10.1016/j.agee.2017.12.008
https://doi.org/10.1111/gcb.12906
https://doi.org/10.1111/gcb.12906
https://doi.org/10.1111/gcb.12906
https://doi.org/10.1007/s00267-009-9420-7
https://doi.org/10.1007/s00267-009-9420-7
https://doi.org/10.1007/s00267-009-9420-7
https://doi.org/10.1016/j.agee.2014.02.035
https://doi.org/10.1016/j.agee.2014.02.035
https://doi.org/10.1016/j.agee.2014.02.035
https://doi.org/10.1007/s11104-015-2753-5
https://doi.org/10.1007/s11104-015-2753-5
https://doi.org/10.1007/s11104-015-2753-5
https://doi.org/10.1080/01448765.2013.855990
https://doi.org/10.1080/01448765.2013.855990
https://doi.org/10.1080/01448765.2013.855990
https://doi.org/10.1590/S0100-06832014000100028
https://doi.org/10.1590/S0100-06832014000100028
https://doi.org/10.1590/S0100-06832014000100028
https://doi.org/10.1007/s10457-009-9219-9
https://doi.org/10.1007/s10457-009-9219-9
https://doi.org/10.1007/s10457-009-9219-9
https://doi.org/10.1007/s10457-009-9219-9
https://doi.org/10.2134/jeq2007.0509
https://doi.org/10.1016/j.agee.2011.11.018
https://doi.org/10.1016/j.agee.2011.11.018
https://doi.org/10.1016/j.agee.2011.11.018
https://doi.org/10.1016/j.soilbio.2008.11.020
https://doi.org/10.1016/j.soilbio.2008.11.020
https://doi.org/10.1016/j.soilbio.2008.11.020
https://doi.org/10.1088/1748-9326/7/4/044009
https://doi.org/10.1088/1748-9326/7/4/044009
https://doi.org/10.1088/1748-9326/7/4/044009
https://doi.org/10.1039/c1em10059a
https://doi.org/10.2134/jeq2010.0145
https://doi.org/10.1023/A:1021837216311
https://doi.org/10.1023/A:1021837216311
https://doi.org/10.1023/A:1021837216311
https://doi.org/10.1007/s10457-004-4187-6
https://doi.org/10.1007/s10457-004-4187-6
https://doi.org/10.1007/s10457-004-4187-6


Jacobi J, Andres C, SchneiderM, PillcoM,Calizaya P andRist S 2014
Carbon stocks, tree diversity, and the role of organic
certification in different cocoa production systems inAlto
Beni, BoliviaAgrofor. Syst. 88 1117–32

JadanO,CifuentesM, Torres B, Selesi D, Veintimilla D and
Günter S 2015 Influence of tree cover on diversity, carbon
sequestration and productivity of cocoa systems in the
EcuadorianAmazonBois Forêts des Trop. 325 35–47

Kang BT 1997Alley cropping—soil productivity and nutrient
recycling For. Ecol.Manage. 91 75–82

Kang BT, Caveness F E, TianG andKolawoleGO1999 Longterm
alley croppingwith four hedgerow species on anAlfisol in
southwesternNigeria—effect on crop performance, soil
chemical properties and nematode populationNutr. Cycl.
Agroecosyst. 54 145–55

KaongaML andBayliss-Smith TP 2009Carbon pools in tree
biomass and the soil in improved fallows in eastern Zambia
Agrofor. Syst. 76 37–51

KaongaML andColemanK 2008Modelling soil organic carbon
turnover in improved fallows in eastern Zambia using the
RothC-26.3model For. Ecol.Manage. 256 1160–6

Kater L JM,Kante S andBudelmanA 1992Karite (Vittellaria
paradoxa) and nere (Parkia biglobosa) associates with crops in
SouthMaliAgrofor. Syst. 18 89–105

Kaur B, Gupta SR and SinghG2000 Soil carbon,microbial activity
and nitrogen availability in agroforestry systems on
moderately alkaline soils in northern IndiaAppl. Soil Ecol. 15
283–94

Kaur B, Gupta SR and SinghG2002Carbon storage and nitrogen
cycling in silvopastoral systems on a sodic soil in
northwestern IndiaAgrofor. Syst. 54 21–9

Kessler J J 1992The influence of karite (Vitellaria paradoxa) and
nere (Parkia biglobosa) trees on sorghumproduction in
Burkina FasoAgrofor. Syst. 17 97–118

KimDG,KirschbaumMUF andBeedy T L 2016Carbon
sequestration and net emissions of CH4 andN2Ounder
agroforestry: synthesizing available data and suggestions for
future studiesAgric. Ecosyst. Environ. 226 65–78

KimaroAA, IsaacME andChamshama SAO2011Carbon pools in
tree biomass and soils under rotational woodlot systems in
Eastern TanzaniaCarbon Sequestration Potential of
Agroforestry Systems ed BMKumar and PKRNair (Berlin:
Springer) pp 129–43

KirbyKR and PotvinC 2007Variation in carbon storage among
tree species: implications for themanagement of a small-scale
carbon sink project For. Ecol.Manage. 246 208–21

Kort J andTurnockR 1999Carbon reservoir and biomass in
Canadian prairie shelterbeltsAgrofor. Syst. 44 175–86

Kumar BM,George S J, JamaludheenV and Suresh TK1998
Comparison of biomass production, tree allometry and
nutrient use efficiency ofmultipurpose trees grown in
woodlot and silvopastoral experiments inKerala, India For.
Ecol.Manage. 112 145–63

Kumar BMandNair PKR (ed) 2011Carbon Sequestration Potential
of Agroforestry Systems—Opportunities andChallenges (Berlin:
Springer)

Kumar S, Udawatta R P andAnderson SH2010Root length density
and carbon content of agroforestry and grass buffers under
grazed pasture systems in aHapludalfAgrofor. Syst. 80 85–96

LabataM,Aranico E andTabaranza A 2012Carbon stock
assessment of three selected agroforestry systems in
Bukidnon, PhilippinesAESBioflux 4 5–11

Lasco RD,DelfinoR J P, CatacutanDC, Simelton E S and
WilsonDM2014Climate risk adaptation by smallholder
farmers: the roles of trees and agroforestryCurr. Opin.
Environ. Sustain. 6 83–8

Lasco RD and Suson PD1999A Leucaena leucocephala-based
indigenous fallow system in central Philippines: theNaalad
system Int. Tree Crop. J. 10 161–74

LenkaNK,Dass A, Sudhishri S and PatnaikU S 2012 Soil carbon
sequestration and erosion control potential of hedgerows and
grassfilter strips in sloping agricultural lands of eastern India
Agric. Ecosyst. Environ. 158 31–40

LeQuéré C et al 2018Global carbon budget 2017Earth Syst. Sci.
Data 10 405–48

LorenzK and Lal R 2014 Soil organic carbon sequestration in
agroforestry systems. A reviewAgron. Sustain. Dev. 34 443–54

Lu S,Meng P, Zhang J, YinC and Sun S 2015Changes in soil organic
carbon and total nitrogen in croplands converted towalnut-
based agroforestry systems and orchards in southeastern
Loess Plateau of ChinaEnviron.Monit. Assess. 187

Maia SMF, Carvalho J LN,Cerri C EP, Lal R, BernouxM,
GaldosMVandCerri CC2013Contrasting approaches for
estimating soil carbon changes inAmazon andCerrado
biomes Soil Tillage Res. 133 75–84

Maia SMF, Xavier F A S, Oliveira T S,Mendonça E S and
Araújo Filho J A 2007Organic carbon pools in a Luvisol
under agroforestry and conventional farming systems in the
semi-arid region of Ceará, BrazilAgrofor. Syst. 71 127–38

Maikhuri RK, Semwal R L, RaoKS, SinghK and SaxenaKG2000
Growth and ecological impacts of traditional agroforestry
tree species inCentralHimalaya, IndiaAgrofor. Syst. 48
257–72

MakumbaW,Akinnifesi FK, Janssen B andOenemaO2007 Long-
term impact of a gliricidia-maize intercropping systemon
carbon sequestration in southernMalawiAgric. Ecosyst.
Environ. 118 237–43

Mangalassery S, DayalD,Meena S L andRamB2014Carbon
sequestration in agroforestry and pasture systems in arid
northwestern IndiaCurr. Sci. 107 1290–3

MaoR, ZengDH, Li L J andHuYL 2012Changes in labile soil
organicmatter fractions following land use change from
monocropping to poplar-based agroforestry systems in a
semiarid region ofNortheast ChinaEnviron.Monit. Assess.
184 6845–53

Materechera SA andMkhabela T S 2001 Influence of land-use on
properties of a ferralitic soil under low external input farming
in southeastern Swaziland Soil Tillage Res. 62 15–25

MazzarinoM J, Szott L and JimenezM1993Dynamics of soil total C
andN,microbial biomass, andwater-soluble C in tropical
agroecosystems Soil Biol. Biochem. 25 205–14

Mittal S P and Singh P 1989 Intercropping field crops between rows
of Leucaena leucocephala under rainfed conditions in
northern IndiaAgrofor. Syst. 8 165–72

MokanyK, Raison R J and Prokushkin A S 2006Critical analysis of
root:shoot ratios in terrestrial biomesGlob. Chang. Biol. 12
84–96

Monroe PHM,Gama-Rodrigues E F, Gama-Rodrigues AC and
Marques J R B 2016 Soil carbon stocks and origin under
different cacao agroforestry systems in Southern Bahia, Brazil
Agric. Ecosyst. Environ. 221 99–108

MungaiNW,Motavalli P P andKremer R J 2006 Soil organic
carbon and nitrogen fractions in temperate alley cropping
systemsCommun. Soil Sci. Plant Anal. 37 977–92

MuñozC, Zagal E andOvalle C 2007 Influence of trees on soil
organicmatter inMediterranean agroforestry systems: an
example from the ‘Espinal’ of central Chile Eur. J. Soil Sci. 58
728–35

Nair PKR 1985Classification of agroforestry systemsAgrofor. Syst.
3 97–128

Nair PKR 1993An introduction to Agroforestry (Dordrecht: Kluwer)
Nair PKR 2012Carbon sequestration studies in agroforestry

systems: a reality-checkAgrofor. Syst. 86 243–53
Nair PKR, Kumar BMandNair VD2009Agroforestry as a strategy

for carbon sequestration J. Plant Nutr. Soil Sci. 172 10–23
NathA J, Lal R andDas AK2015 Ethnopedology and soil properties

in bamboo (Bambusa sp.) based agroforestry system inNorth
East India Sci. Total Environ. 521–522 372–9

NegashMandKanninenM2015Modeling biomass and soil carbon
sequestration of indigenous agroforestry systems using
CO2FIX approachAgric. Ecosyst. Environ. 203 147–55

Nijmeijer A, Lauri P É,Harmand JMand Saj S 2018Carbon
dynamics in cocoa agroforestry systems in central Cameroon:
afforestation of savannah as a sequestration opportunity
Agrofor. Syst. accepted (https://doi.org/10.1007/s10457-
017-0182-6)

17

Environ. Res. Lett. 13 (2018) 124020

https://doi.org/10.1007/s10457-013-9643-8
https://doi.org/10.1007/s10457-013-9643-8
https://doi.org/10.1007/s10457-013-9643-8
https://doi.org/10.19182/bft2015.325.a31271
https://doi.org/10.19182/bft2015.325.a31271
https://doi.org/10.19182/bft2015.325.a31271
https://doi.org/10.1016/S0378-1127(96)03886-8
https://doi.org/10.1016/S0378-1127(96)03886-8
https://doi.org/10.1016/S0378-1127(96)03886-8
https://doi.org/10.1023/A:1009757830508
https://doi.org/10.1023/A:1009757830508
https://doi.org/10.1023/A:1009757830508
https://doi.org/10.1007/s10457-008-9185-7
https://doi.org/10.1007/s10457-008-9185-7
https://doi.org/10.1007/s10457-008-9185-7
https://doi.org/10.1016/j.foreco.2008.06.017
https://doi.org/10.1016/j.foreco.2008.06.017
https://doi.org/10.1016/j.foreco.2008.06.017
https://doi.org/10.1007/BF00115407
https://doi.org/10.1007/BF00115407
https://doi.org/10.1007/BF00115407
https://doi.org/10.1016/S0929-1393(00)00079-2
https://doi.org/10.1016/S0929-1393(00)00079-2
https://doi.org/10.1016/S0929-1393(00)00079-2
https://doi.org/10.1016/S0929-1393(00)00079-2
https://doi.org/10.1023/A:1014269221934
https://doi.org/10.1023/A:1014269221934
https://doi.org/10.1023/A:1014269221934
https://doi.org/10.1007/BF00053116
https://doi.org/10.1007/BF00053116
https://doi.org/10.1007/BF00053116
https://doi.org/10.1016/j.agee.2016.04.011
https://doi.org/10.1016/j.agee.2016.04.011
https://doi.org/10.1016/j.agee.2016.04.011
https://doi.org/10.1016/j.foreco.2007.03.072
https://doi.org/10.1016/j.foreco.2007.03.072
https://doi.org/10.1016/j.foreco.2007.03.072
https://doi.org/10.1023/A:1006226006785
https://doi.org/10.1023/A:1006226006785
https://doi.org/10.1023/A:1006226006785
https://doi.org/10.1016/S0378-1127(98)00325-9
https://doi.org/10.1016/S0378-1127(98)00325-9
https://doi.org/10.1016/S0378-1127(98)00325-9
https://doi.org/10.1007/s10457-010-9312-0
https://doi.org/10.1007/s10457-010-9312-0
https://doi.org/10.1007/s10457-010-9312-0
https://doi.org/10.1016/j.cosust.2013.11.013
https://doi.org/10.1016/j.cosust.2013.11.013
https://doi.org/10.1016/j.cosust.2013.11.013
https://doi.org/10.1080/01435698.1999.9753002
https://doi.org/10.1080/01435698.1999.9753002
https://doi.org/10.1080/01435698.1999.9753002
https://doi.org/10.1016/j.agee.2012.05.017
https://doi.org/10.1016/j.agee.2012.05.017
https://doi.org/10.1016/j.agee.2012.05.017
https://doi.org/10.5194/essd-10-405-2018
https://doi.org/10.5194/essd-10-405-2018
https://doi.org/10.5194/essd-10-405-2018
https://doi.org/10.1007/s13593-014-0212-y
https://doi.org/10.1007/s13593-014-0212-y
https://doi.org/10.1007/s13593-014-0212-y
https://doi.org/10.1007/s10661-014-4131-9
https://doi.org/10.1016/j.still.2013.06.002
https://doi.org/10.1016/j.still.2013.06.002
https://doi.org/10.1016/j.still.2013.06.002
https://doi.org/10.1007/s10457-007-9063-8
https://doi.org/10.1007/s10457-007-9063-8
https://doi.org/10.1007/s10457-007-9063-8
https://doi.org/10.1023/A:1006344812127
https://doi.org/10.1023/A:1006344812127
https://doi.org/10.1023/A:1006344812127
https://doi.org/10.1023/A:1006344812127
https://doi.org/10.1016/j.agee.2006.05.011
https://doi.org/10.1016/j.agee.2006.05.011
https://doi.org/10.1016/j.agee.2006.05.011
https://doi.org/10.1007/s10661-011-2462-3
https://doi.org/10.1007/s10661-011-2462-3
https://doi.org/10.1007/s10661-011-2462-3
https://doi.org/10.1016/S0167-1987(01)00202-1
https://doi.org/10.1016/S0167-1987(01)00202-1
https://doi.org/10.1016/S0167-1987(01)00202-1
https://doi.org/10.1016/0038-0717(93)90028-A
https://doi.org/10.1016/0038-0717(93)90028-A
https://doi.org/10.1016/0038-0717(93)90028-A
https://doi.org/10.1007/BF00123119
https://doi.org/10.1007/BF00123119
https://doi.org/10.1007/BF00123119
https://doi.org/10.1111/j.1365-2486.2005.001043.x
https://doi.org/10.1111/j.1365-2486.2005.001043.x
https://doi.org/10.1111/j.1365-2486.2005.001043.x
https://doi.org/10.1111/j.1365-2486.2005.001043.x
https://doi.org/10.1016/j.agee.2016.01.022
https://doi.org/10.1016/j.agee.2016.01.022
https://doi.org/10.1016/j.agee.2016.01.022
https://doi.org/10.1080/00103620600584230
https://doi.org/10.1080/00103620600584230
https://doi.org/10.1080/00103620600584230
https://doi.org/10.1111/j.1365-2389.2006.00858.x
https://doi.org/10.1111/j.1365-2389.2006.00858.x
https://doi.org/10.1111/j.1365-2389.2006.00858.x
https://doi.org/10.1111/j.1365-2389.2006.00858.x
https://doi.org/10.1007/BF00122638
https://doi.org/10.1007/BF00122638
https://doi.org/10.1007/BF00122638
https://doi.org/10.1007/s10457-011-9434-z
https://doi.org/10.1007/s10457-011-9434-z
https://doi.org/10.1007/s10457-011-9434-z
https://doi.org/10.1002/jpln.200800030
https://doi.org/10.1002/jpln.200800030
https://doi.org/10.1002/jpln.200800030
https://doi.org/10.1016/j.catena.2015.07.001
https://doi.org/10.1016/j.catena.2015.07.001
https://doi.org/10.1016/j.catena.2015.07.001
https://doi.org/10.1016/j.catena.2015.07.001
https://doi.org/10.1016/j.catena.2015.07.001
https://doi.org/10.1016/j.agee.2015.02.004
https://doi.org/10.1016/j.agee.2015.02.004
https://doi.org/10.1016/j.agee.2015.02.004
https://doi.org/10.1007/s10457-017-0182-6
https://doi.org/10.1007/s10457-017-0182-6


Norgrove L andHauser S 2013Carbon stocks in shadedTheobroma
cacao farms and adjacent secondary forests of similar age in
CameroonTrop. Ecol. 54 15–22

Nyadzi G I,Otsyina RM, Banzi FM, Bakengesa S S, GamaBM,
Mbwambo L andAsengaD2003Rotational woodlot
technology in northwestern Tanzania: tree species and crop
performanceAgrofor. Syst. 59 253–63

NyamadzawoG,ChikowoR,Nyamugafata P,Nyamangara J and
Giller K E 2008 Soil organic carbon dynamics of improved
fallow-maize rotation systems under conventional and no-
tillage inCentral ZimbabweNutr. Cycl. Agroecosyst. 81 85–93

OelbermannM,Voroney RP andKassDCL 2004Gliricidia sepium
carbon inputs and soil carbon pools in a costa rican alley
cropping system Int. J. Agric. Sustain. 2 33–42

OelbermannM,Voroney RP, KassDCL and Schlönvoigt AM2005
Above-and below-ground carbon inputs in 19-, 10- and
4-year-old Costa Rican Alley cropping systemsAgric. Ecosyst.
Environ. 105 163–72

OelbermannM,Voroney RP, ThevathasanNV,GordonAM,
KassDCL and Schlönvoigt AM2006 Soil carbon dynamics
and residue stabilization in aCosta Rican and southern
Canadian alley cropping systemAgrofor. Syst. 68 27–36

Ogle SM, Breidt F J and PaustianK 2005Agriculturalmanagement
impacts on soil organic carbon storage undermoist and dry
climatic conditions of temperate and tropical regions
Biogeochemistry 72 87–121

Ogle SM,Conant RT andPaustianK 2004Deriving grassland
management factors for a carbon accountingmethod
developed by the intergovernmental panel on climate change
Environ.Manage. 33 474–84

PalmCA1999Carbon Sequestration andTraceGas Emissions in
Slash-and-Burn andAlternative Land-Uses in theHumid
Tropics: ASBClimate ChangeWorkingGroup Final Report
(Phase 2) (Nairobi, Kenya)

PandeyCB, SinghAK and SharmaDK2000 Soil properties under
Acacia nilotica trees in a traditional agroforestry system in
central IndiaAgrofor. Syst. 49 53–61

PardonP, Reubens B, ReheulD,Mertens J, De Frenne P,
Coussement T, Janssens P andVerheyenK 2017Trees
increase soil organic carbon and nutrient availability in
temperate agroforestry systemsAgric. Ecosyst. Environ. 247
98–111

Paudel BR,Udawatta RP, Kremer R J andAnderson SH2012 Soil
quality indicator responses to row crop, grazed pasture, and
agroforestry buffermanagementAgrofor. Syst. 84 311–23

PaustianK, Lehmann J, Ogle S, ReayD, RobertsonGP and Smith P
2016Climate-smart soilsNature 532 49–57

PeichlM, ThevathasanNV,GordonAM,Huss J and
Abohassan RA 2006Carbon sequestration potentials in
temperate tree-based intercropping systems, southern
Ontario, CanadaAgrofor. Syst. 66 243–57

Penman J et al 2003Good Practice Guidance for LandUse, Land-Use
Change and Forestry (Japan: Institute forGlobal
Environmental Strategies)

PoeplauC,DonA, Vesterdal L, Leifeld J, VanWesemael B,
Schumacher J andGensior A 2011Temporal dynamics of soil
organic carbon after land-use change in the temperate zone—
carbon response functions as amodel approachGlob. Chang.
Biol. 17 2415–27

Polzot C L 2004Carbon Storage in Coffee Agroecosystems of Southern
Costa Rica: Potential Applications for the CleanDevelopment
Mechanism (TorontoON: YorkUniversity)

RDevelopment Core Team2013R: A Language and Environment for
Statistical Computing (Vienna: R Foundation for Statistical
Computing)

Raddad EY, LuukkanenO, Salih AA,KaarakkaV and ElfadlMA
2006 Productivity and nutrient cycling in youngAcacia
senegal farming systems on vertisol in the blue nile region,
SudanAgrofor. Syst. 68 193–207

Rajab YA, Leuschner C, BarusH, TjoaA andHertel D 2016Cacao
cultivation under diverse shade tree cover allows high carbon
storage and sequestrationwithout yield losses PLoSOne 11
1–22

RameshT,ManjaiahKM,Mohopatra KP, Rajasekar K and
Ngachan SV 2015Assessment of soil organic carbon stocks
and fractions under different agroforestry systems in
subtropical hill agroecosystems of north-east IndiaAgrofor.
Syst. 89 677–90

RamosHMN,Vasconcelos S S, KatoOR andCastellani DC2018
Above-and belowground carbon stocks of two organic,
agroforestry-based oil palmproduction systems in eastern
AmazoniaAgrofor. Syst. 92 221–237

RaoMR,OngCK, Pathak P and SharmaMM1991 Productivity of
annual cropping and agroforestry systems on a shallowAlfisol
in semi-arid IndiaAgrofor. Syst. 15 51–63

RimhanenK, Ketoja E, Yli-HallaM andKahiluotoH2016 Ethiopian
agriculture has greater potential for carbon sequestration
than previously estimatedGlob. Chang. Biol. 22 3739–49

RochaGP, Fernandes LA,CabacinhaCD, Lopes IDP, Ribeiro JM,
Frazão LA and SampaioRA 2014Characterization and
carbon storage of agroforestry systems in brazilian savannas
ofMinasGerais, BrazilCiência Rural 44 1197–203

Roshetko JM,DelaneyM,HairiahK andPurnomosidhi P 2002
Carbon stocks in Indonesian homegarden systems: can
smallholder systems be targeted for increased carbon storage?
Am. J. Altern. Agric. 17 138–48

RueschA andGibbsHK2008New IPCCTier-1 Global Biomass
CarbonMap For the Year 2000 (OakRidge, TN:OakRidge
National Laboratory)CarbonDioxide InformationAnalysis
Center (http://cdiac.ess-dive.lbl.gov)

Saha SK,Nair PKR,Nair VD andKumar BM2009 Soil carbon
stock in relation to plant diversity of homegardens inKerala,
IndiaAgrofor. Syst. 76 53–65

Sauer T J, Cambardella CA andBrandle J R 2007 Soil carbon and
tree litter dynamics in a red cedar-scotch pine shelterbelt
Agrofor. Syst. 71 163–74

Schmitt-HarshM, Evans T P,Castellanos E andRandolph J C 2012
Carbon stocks in coffee agroforests andmixed dry tropical
forests in thewestern highlands ofGuatemalaAgrofor. Syst.
86 141–57

SchrothG,D’Angelo SA, TeixeiraWG,HaagD and Lieberei R 2002
Conversion of secondary forest into agroforestry amd
monoculture plantations in Amazonia: consequesces for
biomass, litter and soil carbon stocks after 7 years For. Ecol.
Manage. 163 131–50

SeddaiuG, PorcuG, Ledda L, Roggero P P, Agnelli A andCorti G
2013 Soil organicmatter content and composition as
influenced by soilmanagement in a semi-aridMediterranean
agro-silvo-pastoral systemAgric. Ecosyst. Environ. 167 1–11

Seitz B, Carrand E, Burgos S, Tatti D,Herzog F, JägerM and Sereke F
2017Augmentation des stocks d’humus dans un systeme
agroforestier de sept ans en Suisse centraleAgrar. Schweiz 8
318–23

Sharrow SHHand Ismail S 2004Carbon and nitrogen storage in
agroforests, tree plantations, and pastures inwesternOregon,
USAAgrofor. Syst. 60 123–30

Shi L, FengW,Xu J andKuzyakov Y 2018Agroforestry systems:
meta-analysis of soil carbon stocks, sequestration processes,
and future potentials L.Degrad. Dev. accepted (https://doi.
org/10.1002/ldr.3136)

Sierra J andNygren P 2005Role of root inputs from adinitrogen-
fixing tree in soil carbon and nitrogen sequestration in a
tropical agroforestry systemAust. J. Soil Res. 43 667–75

Siles P,Harmand JMandVaast P 2010 Effects of Inga densiflora on
themicroclimate of coffee (Coffea arabica L.) and overall
biomass under optimal growing conditions in Costa Rica
Agrofor. Syst. 78 269–86

SimónN,Montes F, Díaz-Pinés E, Benavides R, Roig S andRubioA
2013 Spatial distribution of the soil organic carbon pool in a
Holmoak dehesa in Spain Plant Soil 366 537–49

Singh B andGill R I S 2014Carbon sequestration and nutrient
removal by some tree species in an agrisilviculture system in
Punjab, IndiaRangeManag. Agrofor. 35 107–14

Singh B and SharmaKN2007Tree growth and nutrient status of
soil in a poplar (Populus deltoidesBartr.)-based agroforestry
system in Punjab, IndiaAgrofor. Syst. 70 125–34

18

Environ. Res. Lett. 13 (2018) 124020

https://doi.org/10.1023/B:AGFO.0000005226.62766.05
https://doi.org/10.1023/B:AGFO.0000005226.62766.05
https://doi.org/10.1023/B:AGFO.0000005226.62766.05
https://doi.org/10.1007/s10705-007-9154-y
https://doi.org/10.1007/s10705-007-9154-y
https://doi.org/10.1007/s10705-007-9154-y
https://doi.org/10.1080/14735903.2004.9684565
https://doi.org/10.1080/14735903.2004.9684565
https://doi.org/10.1080/14735903.2004.9684565
https://doi.org/10.1016/j.agee.2004.04.006
https://doi.org/10.1016/j.agee.2004.04.006
https://doi.org/10.1016/j.agee.2004.04.006
https://doi.org/10.1007/s10457-005-5963-7
https://doi.org/10.1007/s10457-005-5963-7
https://doi.org/10.1007/s10457-005-5963-7
https://doi.org/10.1007/s10533-004-0360-2
https://doi.org/10.1007/s10533-004-0360-2
https://doi.org/10.1007/s10533-004-0360-2
https://doi.org/10.1007/s00267-003-9105-6
https://doi.org/10.1007/s00267-003-9105-6
https://doi.org/10.1007/s00267-003-9105-6
https://doi.org/10.1023/A:1006314411454
https://doi.org/10.1023/A:1006314411454
https://doi.org/10.1023/A:1006314411454
https://doi.org/10.1016/j.agee.2017.06.018
https://doi.org/10.1016/j.agee.2017.06.018
https://doi.org/10.1016/j.agee.2017.06.018
https://doi.org/10.1016/j.agee.2017.06.018
https://doi.org/10.1007/s10457-011-9454-8
https://doi.org/10.1007/s10457-011-9454-8
https://doi.org/10.1007/s10457-011-9454-8
https://doi.org/10.1038/nature17174
https://doi.org/10.1038/nature17174
https://doi.org/10.1038/nature17174
https://doi.org/10.1007/s10457-005-0361-8
https://doi.org/10.1007/s10457-005-0361-8
https://doi.org/10.1007/s10457-005-0361-8
https://doi.org/10.1111/j.1365-2486.2011.02408.x
https://doi.org/10.1111/j.1365-2486.2011.02408.x
https://doi.org/10.1111/j.1365-2486.2011.02408.x
https://doi.org/10.1007/s10457-006-9009-6
https://doi.org/10.1007/s10457-006-9009-6
https://doi.org/10.1007/s10457-006-9009-6
https://doi.org/10.1371/journal.pone.0149949
https://doi.org/10.1371/journal.pone.0149949
https://doi.org/10.1371/journal.pone.0149949
https://doi.org/10.1371/journal.pone.0149949
https://doi.org/10.1007/s10457-015-9804-z
https://doi.org/10.1007/s10457-015-9804-z
https://doi.org/10.1007/s10457-015-9804-z
https://doi.org/10.1007/s10457-017-0131-4
https://doi.org/10.1007/s10457-017-0131-4
https://doi.org/10.1007/s10457-017-0131-4
https://doi.org/10.1007/BF00046278
https://doi.org/10.1007/BF00046278
https://doi.org/10.1007/BF00046278
https://doi.org/10.1111/gcb.13288
https://doi.org/10.1111/gcb.13288
https://doi.org/10.1111/gcb.13288
https://doi.org/10.1590/0103-8478cr20130804
https://doi.org/10.1590/0103-8478cr20130804
https://doi.org/10.1590/0103-8478cr20130804
https://doi.org/10.1079/AJAA200116
https://doi.org/10.1079/AJAA200116
https://doi.org/10.1079/AJAA200116
http://cdiac.ess-dive.lbl.gov
https://doi.org/10.1007/s10457-009-9228-8
https://doi.org/10.1007/s10457-009-9228-8
https://doi.org/10.1007/s10457-009-9228-8
https://doi.org/10.1007/s10457-007-9072-7
https://doi.org/10.1007/s10457-007-9072-7
https://doi.org/10.1007/s10457-007-9072-7
https://doi.org/10.1007/s10457-012-9549-x
https://doi.org/10.1007/s10457-012-9549-x
https://doi.org/10.1007/s10457-012-9549-x
https://doi.org/10.1016/S0378-1127(01)00537-0
https://doi.org/10.1016/S0378-1127(01)00537-0
https://doi.org/10.1016/S0378-1127(01)00537-0
https://doi.org/10.1016/j.agee.2013.01.002
https://doi.org/10.1016/j.agee.2013.01.002
https://doi.org/10.1016/j.agee.2013.01.002
https://doi.org/10.1023/B:AGFO.0000013267.87896.41
https://doi.org/10.1023/B:AGFO.0000013267.87896.41
https://doi.org/10.1023/B:AGFO.0000013267.87896.41
https://doi.org/10.1002/ldr.3136
https://doi.org/10.1002/ldr.3136
https://doi.org/10.1071/SR04167
https://doi.org/10.1071/SR04167
https://doi.org/10.1071/SR04167
https://doi.org/10.1007/s10457-009-9241-y
https://doi.org/10.1007/s10457-009-9241-y
https://doi.org/10.1007/s10457-009-9241-y
https://doi.org/10.1007/s11104-012-1443-9
https://doi.org/10.1007/s11104-012-1443-9
https://doi.org/10.1007/s11104-012-1443-9
https://doi.org/10.1007/s10457-007-9048-7
https://doi.org/10.1007/s10457-007-9048-7
https://doi.org/10.1007/s10457-007-9048-7


Singh BR,Wele AD andLal R 2010 Soil carbon sequestration under
chronosequences of agroforestry and agricultural lands in
Southern Ethiopia 19thWorld Congress of Soil Science, Soil
Solutions for a ChangingWorld (Brisbane, 1–6 August 2010)
64–6

Sitzia T, PizzeghelloD,DaineseM, Ertani A, Carletti P,
Semenzato P,Nardi S andCattaneoD 2014Topsoil organic
matter properties in contrasted hedgerow vegetation types
Plant Soil 383 337–48

SmileyGL andKroschel J 2008Temporal change in carbon stocks
of cocoa-gliricidia agroforests inCentral Sulawesi, Indonesia
Agrofor. Syst. 73 219–31

Smith P 2004How long before a change in soil organic carbon can
be detected?Glob. Chang. Biol. 10 1878–83

Smith P 2013Delivering food security without increasing pressure
on landGlob. Food Sec. 2 18–23

Smith P et al 2007AgricultureMitigation of Climate Change:
Contribution ofWorkingGroup III to the Fourth Assessment
Report of the Intergovernmental Panel onClimate Change ed
BMetz, ORDavidson, PRBosch, RDave andAMeyer (New
York: CambridgeUniversity Press)p 851

Smith P et al 2013Howmuch land-based greenhouse gasmitigation
can be achievedwithout compromising food security and
environmental goals?Glob. Chang. Biol. 19 2285–302

Somarriba E 1992Revisiting the past: an essay on agroforestry
definitionAgrofor. Syst. 19 233–40

SomarribaE et al2013Carbon stocks and cocoa yields in agroforestry
systemsofCentralAmericaAgric. Ecosyst. Environ. 173 46–57

Soto-Pinto L, AnzuetoM,Mendoza J, Ferrer G J and de Jong B 2010
Carbon sequestration through agroforestry in indigenous
communities of Chiapas,MexicoAgrofor. Syst. 78 39–51

SunH,Koal P, Gerl G, Schroll R, Gattinger A, JoergensenRG and
Munch J C 2018Microbial communities and residues in
robinia- and poplar-based alley-cropping systems under
organic and integratedmanagementAgrofor. Syst. 92 35–46

Swamy S L and Puri S 2005 Biomass production and
C-sequestration ofGmelina arborea in plantation and
agroforestry system in IndiaAgrofor. Syst. 64 181–95

TakimotoA,Nair PKR andNair VD2008Carbon stock and
sequestration potential of traditional and improved
agroforestry systems in theWest African SahelAgric. Ecosyst.
Environ. 125 159–66

Thiel B, Smukler SM,KrzicM,Gergel S andTerpsmaC 2015Using
hedgerowbiodiversity to enhance the carbon storage of
farmland in the Fraser River delta of British Columbia J. Soil
Water Conserv. 70 247–56

Tonucci RG,Nair PKR,Nair VD,Garcia R andBernardino F S
2011 Soil carbon storage in silvopasture and related land-use
systems in the Brazilian Cerrado J. Environ. Qual. 40 833

Torquebiau E F 2000A renewed perspective on agroforestry
concepts and classificationC. R. Acad. Sci. III 323 1009–17

Tumwebaze S B andByakagaba P 2016 Soil organic carbon stocks
under coffee agroforestry systems and coffeemonoculture in
UgandaAgric. Ecosyst. Environ. 216 188–93

UNFCCC2013Afforestation andReforestation Projects under the
CleanDevelopmentMechanism: AReferenceManual (Bonn,
Germany)

UNFCCC2015Measurements for Estimation of Carbon Stocks in
Afforestation andReforestation Project Activities under the
CleanDevelopmentMechanism: A FieldManual (Bonn,
Germany)

UpsonMAandBurgess P J 2013 Soil organic carbon and root
distribution in a temperate arable agroforestry systemPlant
Soil 373 43–58

UpsonMA, Burgess P J andMorison J I L 2016 Soil carbon changes
after establishingwoodland and agroforestry trees in a grazed
pastureGeoderma 283 10–20

Verchot LV,Dutaur L, ShepherdKD andAlbrecht A 2011Organic
matter stabilization in soil aggregates: understanding the
biogeochemicalmechanisms that determine the fate of
carbon inputs in soilsGeoderma 161 182–93

Villanueva-LópezG,Martínez-Zurimendi P, Casanova-Lugo F,
Ramírez-Avilés L andMontañez-Escalante P I 2015Carbon
storage in livestock systemswith andwithout live fences of
Gliricidia sepium in the humid tropics ofMexicoAgrofor.
Syst. 89 1083–96

Viscarra Rossel RA et al 2016A global spectral library to
characterize theworld’s soil Earth-Sci. Rev. 155 198–230

WadeA S I, Asase A,Hadley P,Mason J, Ofori-FrimpongK,
PreeceD, SpringN andNorris K 2010Management strategies
formaximizing carbon storage and tree species diversity in
cocoa-growing landscapesAgric. Ecosyst. Environ. 138
324–34

Walter C,Merot P, Layer B andDutinG2003The effect of
hedgerows on soil organic carbon storage in hillslopes Soil
UseManag. 19 201–7

WangG,WelhamC, FengC, Chen L andCao F 2015 Enhanced soil
carbon storage under agroforestry and afforestation in
subtropical China Forests 6 2307–23

Wendt JW andHauser S 2013An equivalent soilmass procedure for
monitoring soil organic carbon inmultiple soil layers Eur. J.
Soil Sci. 64 58–65

WiesmeierM, LunguM,Cerbari V, Boincean B,Hübner R and
Kögel-Knabner I 2018Rebuilding soil carbon in degraded
steppe soils of Eastern Europe: the importance of windbreaks
and improved croplandmanagement L.Degrad. Dev. 29
875–83

WinansK,Whalen J, Rivest D, Cogliastro A andBradley R 2016
Carbon sequestration and carbonmarkets for tree-based
intercropping systems in SouthernQuebec, Canada
Atmosphere 7 17

WinansK,Whalen J K, Cogliastro A, Rivest D andRibaudo L 2014
Soil carbon stocks in two hybrid poplar-hay crop systems in
SouthernQuebec, Canada Forests 5 1952–66

Wotherspoon A, Thevathasan NV, Gordon AM and
Voroney R P 2014 Carbon sequestration potential of five
tree species in a 25-year-old temperate tree-based
intercropping system in southern Ontario, Canada
Agrofor. Syst. 88 631–43

Zomer R J,Neufeldt H, Xu J, Ahrends A, BossioD, TrabuccoA,
VanNoordwijkMandWangM2016Global tree cover and
biomass carbon on agricultural land: the contribution of
agroforestry to global and national carbon budgets Sci. Rep. 6
1–12

19

Environ. Res. Lett. 13 (2018) 124020

https://doi.org/10.1007/s11104-014-2177-7
https://doi.org/10.1007/s11104-014-2177-7
https://doi.org/10.1007/s11104-014-2177-7
https://doi.org/10.1007/s10457-008-9144-3
https://doi.org/10.1007/s10457-008-9144-3
https://doi.org/10.1007/s10457-008-9144-3
https://doi.org/10.1111/j.1365-2486.2004.00854.x
https://doi.org/10.1111/j.1365-2486.2004.00854.x
https://doi.org/10.1111/j.1365-2486.2004.00854.x
https://doi.org/10.1016/j.gfs.2012.11.008
https://doi.org/10.1016/j.gfs.2012.11.008
https://doi.org/10.1016/j.gfs.2012.11.008
https://doi.org/10.1111/gcb.12160
https://doi.org/10.1111/gcb.12160
https://doi.org/10.1111/gcb.12160
https://doi.org/10.1007/BF00118781
https://doi.org/10.1007/BF00118781
https://doi.org/10.1007/BF00118781
https://doi.org/10.1016/j.agee.2013.04.013
https://doi.org/10.1016/j.agee.2013.04.013
https://doi.org/10.1016/j.agee.2013.04.013
https://doi.org/10.1007/s10457-009-9247-5
https://doi.org/10.1007/s10457-009-9247-5
https://doi.org/10.1007/s10457-009-9247-5
https://doi.org/10.1007/s10457-016-0009-x
https://doi.org/10.1007/s10457-016-0009-x
https://doi.org/10.1007/s10457-016-0009-x
https://doi.org/10.1007/s10457-004-1999-3
https://doi.org/10.1007/s10457-004-1999-3
https://doi.org/10.1007/s10457-004-1999-3
https://doi.org/10.1016/j.agee.2007.12.010
https://doi.org/10.1016/j.agee.2007.12.010
https://doi.org/10.1016/j.agee.2007.12.010
https://doi.org/10.2489/jswc.70.4.247
https://doi.org/10.2489/jswc.70.4.247
https://doi.org/10.2489/jswc.70.4.247
https://doi.org/10.2134/jeq2010.0162
https://doi.org/10.1016/S0764-4469(00)01239-7
https://doi.org/10.1016/S0764-4469(00)01239-7
https://doi.org/10.1016/S0764-4469(00)01239-7
https://doi.org/10.1016/j.agee.2015.09.037
https://doi.org/10.1016/j.agee.2015.09.037
https://doi.org/10.1016/j.agee.2015.09.037
https://doi.org/10.1007/s11104-013-1733-x
https://doi.org/10.1007/s11104-013-1733-x
https://doi.org/10.1007/s11104-013-1733-x
https://doi.org/10.1016/j.geoderma.2016.07.002
https://doi.org/10.1016/j.geoderma.2016.07.002
https://doi.org/10.1016/j.geoderma.2016.07.002
https://doi.org/10.1016/j.geoderma.2010.12.017
https://doi.org/10.1016/j.geoderma.2010.12.017
https://doi.org/10.1016/j.geoderma.2010.12.017
https://doi.org/10.1007/s10457-015-9836-4
https://doi.org/10.1007/s10457-015-9836-4
https://doi.org/10.1007/s10457-015-9836-4
https://doi.org/10.1016/j.earscirev.2016.01.012
https://doi.org/10.1016/j.earscirev.2016.01.012
https://doi.org/10.1016/j.earscirev.2016.01.012
https://doi.org/10.1016/j.agee.2010.06.007
https://doi.org/10.1016/j.agee.2010.06.007
https://doi.org/10.1016/j.agee.2010.06.007
https://doi.org/10.1016/j.agee.2010.06.007
https://doi.org/10.1111/j.1475-2743.2003.tb00305.x
https://doi.org/10.1111/j.1475-2743.2003.tb00305.x
https://doi.org/10.1111/j.1475-2743.2003.tb00305.x
https://doi.org/10.3390/f6072307
https://doi.org/10.3390/f6072307
https://doi.org/10.3390/f6072307
https://doi.org/10.1111/ejss.12002
https://doi.org/10.1111/ejss.12002
https://doi.org/10.1111/ejss.12002
https://doi.org/10.1002/ldr.2902
https://doi.org/10.1002/ldr.2902
https://doi.org/10.1002/ldr.2902
https://doi.org/10.1002/ldr.2902
https://doi.org/10.3390/atmos7020017
https://doi.org/10.3390/f5081952
https://doi.org/10.3390/f5081952
https://doi.org/10.3390/f5081952
https://doi.org/10.1007/s10457-014-9719-0
https://doi.org/10.1007/s10457-014-9719-0
https://doi.org/10.1007/s10457-014-9719-0
https://doi.org/10.1038/srep29987
https://doi.org/10.1038/srep29987
https://doi.org/10.1038/srep29987
https://doi.org/10.1038/srep29987

	Introduction
	Materials and methods
	Literature search and data extraction
	Changes in SOC stocks
	Annual biomass increment
	Agroforestry classification
	Data analysis

	Results
	Discussion
	Land use conversion to agroforestry systems
	Challenges in estimating SOC stock changes in agroforestry systems
	Deep roots and carbon storage
	Revised stock change factors for agroforestry

	Acknowledgments
	References



