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• Allometric models for biomass estimates for J. curcas have been developed.
• Most of the biomass and carbon are stored in the woody aerial parts of the trees.
• Carbon stocks reach their maximum value from the 4th year after the tree planting.
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a b s t r a c t

In Senegal, numerous initiatives exist to cultivate Jatropha curcas L. (JCL) trees as amultipur-
pose energy crop, including for fuel. Thus, research on this drought-resistant shrubhas been
predominately focused on biofuel production from its seeds, while its potential for carbon
(C) sequestration, which could be valuable in sink projects (i.e., afforestation, reforestation)
under the Clean Development Mechanism (CDM) of the Kyoto protocol, has been largely
unstudied. This study was carried out in Senegal’s Peanut basin to develop allometric
equations for estimating biomass of individual JCL shrubs, JCL plantations, and determining
their respective C storage potential. We discovered a three-stage evolution of JCL biomass
accumulation. A slow build-up stage (1–3 years), followed by a fast production of biomass
(3–4 years), and a relatively slower stage where certain fractions-root and leaf biomass-
reach a plateau (4–5 years). The ratio between belowground and aboveground biomass
varies from 53% (1 year after planting) and 26% (5 year after planting), with an average of
41%. We developed allometric models that provide a reliable estimation of the different
biomass fractions of JCL and according to tree age. The models revealed that the stocks of
biomass and C become relatively important from the fifth year with a storage capacity of
5.07 kg per tree. Most of the biomass and organic C are stored in the aboveground fractions
of trees, suggesting that JCL plantations may be valuable for C sink and CDM projects.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The rapid rise in global consumption of fossil fuels since the industrial revolution is one of the main drivers of increased
greenhouse gas (GHG) emissions directly responsible for global warming (Eggelston et al., 2006). Various strategies are used
to limit GHG emissions and mitigate impacts of global warming, including the substitution of carbon (C) intensive energy
with renewable energy, increased energy efficiency and conservation, and C capture and sequestration (Prieur et al., 2004).
Sustainable biofuels are broadly defined as a biofuel (and its associated production activities) that meets life cycle stan-
dards (Zah et al., 2009), specific environmental criteria (Markevičius et al., 2010) and governance standards (Bailis and Baka,
2011) e.g., does not compete with food and fiber production). Jatropha curcas l. (JCL, Euphorbiaceae), a semi-evergreen small
tree, is of increasing interest as a candidate species for meeting such guidelines for sustainable biofuel commercialization
owing to several factors including its drought-tolerance, ease of propagation, high oil content of seeds (27%–40% oil), and
ability to grow on marginal and degraded lands (Wani et al., 2012; Achten et al., 2013). However, less explored is the use of
JCL as a C sink for afforestation and reforestation projects, which further augments its mitigation potential (Reubens et al.,
2011). In Senegal, as inmany countries ofWest Africa, special attention is given to JCL in the framework of policies supporting
sustainable biofuel production. Here, support for the development of this species is attributed to its many andmultipurpose
advantages that collectively serve to promote integrated rural development (Diédhiou et al., 2012). For example, although the
impact of JCL on water consumption (Gerbens-Leenes et al., 2009) and GHG emissions (Eshton et al., 2013) is controversial,
its plantations are eligible for the international Clean DevelopmentMechanism (CDM) initiative, which seeks synergy across
mitigation and adaptation strategies within developing economies, under the Kyoto Protocol (Rasmussen et al., 2012).
Thus, JCL plantations developed for biofuel production may be also suitable as emission offsets within regulatory and
voluntary C markets, thereby further increasing economic and environmental resilience for JCL farmers and stakeholders
under increasing climate change threats. Consequently, it is important to develop accurate estimates of C stored by individual
JCL trees and JCL plantations. Recent studies have been conducted on this topic, using either the estimated approach (Wani
et al., 2012; Rasmussen et al., 2012; Achten et al., 2013) or the allometric method (Ghezehei et al., 2009; Achten et al.,
2010; Firdaus and Husni, 2012; Hellings et al., 2012; Makungwa et al., 2013; Gbemavo et al., 2014; Bayen et al., 2016;
Degerickx et al., 2015). The estimated approach, while fast, has the disadvantage of negatively impacting the accuracy of
estimating species C stocks (Gbemavo et al., 2014). It is a non-destructive method, based on indirect and randomized branch
sampling of the plant parts for overall biomass determination (Gregoire et al., 1995). In contrast, the allometric method has
acceptable accuracy (Rutherford, 1979) and is commonly used in forest inventories and ecological studies (Brown et al.,
1989, 1997; Ketterings et al., 2001). It is based on the development of equations or mathematical models to predict tree
biomass and its components frommeasurable tree dimensions. In West Africa, several studies have explored allometry and
the C sequestration potential of JCL: in Benin (Gbemavo et al., 2014), Burkina Faso (Bayen et al., 2016) and Mali (Degerickx
et al., 2015). In Senegal, there are no allometric equations established for JCL C stock estimation, despite countrywide
accessions (Ouattara et al., 2013) and goals to establish one billion JCL plants (Ministère de ľ’Environnement du Sénégal,
1997). Additionally, it is well known that allometric equations are influenced by both the ecological conditions of tree
growth sites (Ketterings et al., 2001) and management practices (e.g., pruning intensity, coppicing frequency, fertilization)
that combined, influence biomass allocation (Makungwa et al., 2013). In this study, our goal was to develop a site-specific
estimate of JCL C storage potential for Senegal. Specifically, our objectives were to (1) develop allometry for individual JCL
trees that accounts for tree age and respective growth, and (2) elucidate the potential role of JCL for Senegalese farmers and
stakeholders, including its use for C credits.

2. Material and methods

2.1. Study area characteristics

The studywas conducted in Senegal’s Peanut Basin agro-ecological zone.Within this study area, measurement sites were
established within three villages: Ourour (region of Kaolack), Keur Mboucki and Dianke Souf (region of Kaffrine; Fig. 1). The
study area is characterized by a tropical semi-arid climate, with two highly contrasted seasons: a dry season of eight months
(November to June) and awet season of fourmonths (July to October). Mean annual rainfall varies between 600 and 800mm,
with high variability from year to year (Dacosta, 1989) and more than 85% of the precipitation occurring between August
and October. Mean annual minimum and maximum temperatures are 20 and 34 ◦C, respectively, with a marked seasonal
variation (Dacosta, 1989).

The soils are sandy, classified as Psamments and Calcids (Lufafa et al., 2009). They are divided into two indigenous types,
locally known as Dior and Deck (Badiane et al., 2000). Basin vegetation is shrubland with scattered trees. Here, dominant
woody species include Adansonia digitata L., Faidherbia albida (Del.) A. Chev., Balanites aegyptiaca (L.) Del., Ziziphusmauritania
Lam., Guiera seneglensis J.F. Gmel., and Combretum glutinosum Perr. ex DC. The main herbaceous species are Cenchrus biflorus
Roxb., Zornia glochidiata Reichb., Alysicarpus ovalifolius (Schumach. & Thonn.) J. Léonard, Chloris pilosa Schumach. & Thonn.,
Eragrostis ciliaris (L.) R. Br., and Dactyloctenium aegyptium (L.) Willd (Diouf and Lambin, 2001).
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Fig. 1. (A) The points in brown represent the spatial distribution of J. curcas L. in Senegal. The three villages shown as red stars are where trees were
selected from J. curcas plantations for allometric model establishment and C storage estimation. Within the extent of this map, there are a total of five
Agro-Ecological Zones present (1). Photos (B)–(D) depict data collection processes for selected trees. Part (C) explicitly shows how trees were cut at the soil
surface to determine aboveground and belowground biomass for C storage estimates. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

2.2. Allometric equations development

The trees within the JCL plantations observed in this study were established from seedlings, between 2007 and 2012
by the African National Oil Corporation at a density of 1250 trees ha−1. Each row of trees was spaced 4 m apart and trees
within a single row were spaced 2 m apart. Individual JCL trees were non-randomly selected for measurement to reflect
soil and rainfall heterogeneity in the study area. The allometric equations were developed based on 39 sampled trees,
which were chosen to reflect the full range of circumferences encountered across all sites. Measurements were made at
the peak of the rainy season (15 August–20 September 2013), when trees have maximum foliage. For each selected tree,
we measured height, two crown diameters (taken in two perpendicular directions, i.e., north–south and east–west), and
trunk circumference. Next, we cut each tree where it met the soil surface and immediately: (i) separated two fractions
of aboveground biomass (i.e., stems and leaves); (ii) weighed each fraction (total fresh weight) using a hanging field-scale
(Golden Larkmodel, precision 200 g, China) and (iii) collected a sample of 1000 g from each fraction of aboveground biomass
and stored each sample in a paper bag, which was subsequently weighed with a precision balance (Kern 440-55N, precision
0.2 g, Germany). If the total fresh weight of a given fraction was under 1000 g, all of it was collected and bagged. Next, we
excavated its root system within 1 m radius of the stem and at 50 cm of depth. According to Krishnamurthy et al. (2012),
the root system of JCL is shallow, with the majority of roots concentrated in the surface soil (0–30 cm). All roots with a
diameter greater than 5 mmwere harvested and rinsed with water in a sieve before weighing for fresh weight (Firdaus and
Husni, 2012). For each tree, we measured the total fresh weight of the roots with a precision balance and then measured
and collected a 1000 g sample (in a paper bag). We took all samples (leaves, stems, and roots) of the biomass fractions to the
Crop Production Laboratory of the National Agricultural School (University of Thies, Senegal) and oven dried them at 85 ◦C
until a constant weight was reached. We performed a blank test to determine the time required to obtain a constant weight
for each fraction of the biomass at 85 ◦C. For each tree, we used the sampled dry weight data to calculate the total dry weight
of each fraction of biomass using the following formulas:

• Total dry weight of the fraction = (Total fresh weight of the fraction) × (Dry weight of the fraction sample/Fresh
weight of the fraction sample);

• Dry weight of aboveground biomass = (Total dry weight of leaves) + (Total dry weight of stems);

• Dry weight of total biomass= (Total dry weight of leaves)+ (Total dry weight of stems)+ (Total dry weight of roots).
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Table 1
Best-fit J. curcas L tree biomass predictive equations by biomass fraction including statistical parameters.

Biomass fraction Predictive equation MSE Ajusted R2 P value r value

I Leaves Log Y = −5.093 + 2.181Log (mcd) 0.14 0.97 >0.05 0.95
II Stem Log Y = −2.806 + 0.046ct + 0.640Log (ht) + 1.046Log (mcd) 0.19 0.98 >0.05 0.99
III Aboveground Log Y = −0.940 + 0.049ct + 1.344Log (mcd) 0.11 0.98 >0.05 0.99
IV Belowground Log Y = −2.720 + 1.828Log (ct) + 0.611Log (mcd) 0.10 0.97 >0.05 0.98
V Total Biomass Log Y = −3.284 + 1.708Log (ct) + 0.327Log(ht) + 0.735Log(mcd) 0.06 0.98 0.99

*Y = dry weight of biomass; mcd: mean crown diameter, ct: trunk circumference, ht: height, MSE: Mean Squared Error, SW: Shapiro Wilks, BP: Breusch-
Pagan and r value: Pearson correlation coefficient.

Both the dependent variable biomass fractions (leaves, stems, roots, aboveground and total biomass) and independent
variable biomass fractions (trunk circumference, mean crown diameter and height) were log transformed to obtain a
normal distribution of the residuals from regression analysis.We performed several regressionmodels with log transformed
data to estimate leaves, stems, roots, aboveground, and total biomass on the basis of trunk circumference, mean crown
diameter, and height. We selected optimal biomass predictive regressions based on the adjusted R2 andMean Squared Error
(MSE), indicating significance of the allometric models and p-value indicating significance of the regression coefficients.
Log transformed data were homoscedastic (p < 0.05) and normal, including residuals (p < 0.05), as determined by
Breusch–Pagan and Shapiro Wilks (p < 0.05), respectively. For each fraction of the biomass, we prioritized models using
the correlation coefficient (r) of the regression between predicted biomass and observed biomass.

2.3. Plantations biomass estimation

We sampled trees in five plantations of different age (1, 2, 3, 4, and 5 years) at the Ourour site in September 2013. In
each plantation, four lines of trees were identified and 15 trees were randomly selected. In total, 60 trees per plantation
were used for the plantation biomass estimation. We measured trunk circumference, mean crown diameter, and height of
each sampled tree and the mean values of these parameters were calculated for each plantation to estimate the biomass of
medium trees and plantation biomass per hectare, based on a planting density of 1250 trees ha−1.

2.4. Biomass carbon estimation

Carbon stocks in each biomass fractions were calculated for each plantation by multiplying the biomass of the fraction
by 0.47 (Skog and Nicholson, 1998).

2.5. Biomass and carbon data analysis

To determine the effect of JCL age on biomass production and C storage, we performed an analysis of variance (ANOVA)
for biomass and C parameters using Statistix Ver. 8.1 (Anonymous, 2005). Significant means were separated by the Tukey’s
test at the 5% probability level.

3. Results

3.1. Allometric models

Weregressed biomass against various formpredictors (i.e.,mean crowndiameter, trunk circumference, height) and found
that the best-fit allometric models of JCL biomass are log–log type or a combination of linear and log–log and are highly
significant (p > 0.05; Table 1). The coefficients of determination (R2) of these models are high and range between 0.97 (leaf
biomass and belowground biomass) and 0.98 (aboveground biomass and total biomass). Values of the residual standard error
(RSE) are relatively low (Table 1).

With the exception of leaf biomass, the best-fit allometric models to estimate JCL biomass are obtained when combining
either all three predictors (e.g., stem biomass [II] and total biomass [IV]) or mean crown diameter and trunk circumference
(e.g., aboveground biomass [III] and belowground biomass [IV]).

Trunk circumference and crown diameter are the most frequent parameters across all five equations. Height is present
in two equations only, including those for estimation of the stem biomass and total biomass. This suggests that trunk
circumference and mean crown diameter are the best predictors of biomass fractions of JCL. The Pearson correlation
coefficients (r) showed that there is a significant correlation between the JCL biomass predicted values and those measured
for all five allometric equations (Table 1). However,we found that the bestmodels give anunderestimation of JCL leaf biomass
and total biomass for values higher than 1000 g (Fig. 2).
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Fig. 2. Unity plots of observed and predicted biomass for J. curcas. Solid lines represent unity. Dashed lines represent regression line between observed and
predicted biomass.

3.2. Plantation peak-season biomass

Age has a highly significant effect on the biomass of JCL components (leaves, stems, belowground, aboveground, and total
biomass) in plantations and we found two distinct JCL age groups (Tukey’s mean comparison test, 5% probability; Table 2).
Specifically, four and 5-year-old JCL plantations have significantly greater values.

On the other hand, for stem biomass, results from Tukeyś means comparison test (p < 0.05) identified four groups,
including the 5-year-old plantation, which gave themost significant biomass results (8792 kg ha−1), followed by the 4-year-
old, then the 3-year-old, and finally the 1- and 2-year-old plantations whose values are significantly lower.

Our results also suggest that 5-year old JCL trees produce 12 times more leaf biomass and 13 times more belowground
biomass than 1-year-old trees. The values of aboveground (9610 kg ha−1) and total biomass (13,496 kg ha−1) of the 5-year-
old JCL plantation are respectively 25 and 24 times that of the 1-year-old plantation. Moreover, the total dry weight of a
JCL tree varies between 0.45 (1-year-old plantation) and 11 kg (5-year-old plantation); the total dry weight of a tree of 3
years old or less does not exceed 2 kg. In the aboveground tree compartment, stem biomass is far more important than leaf
biomass and the proportion of JCL plantation stem biomass in the aboveground biomass increases with tree age (Table 2).
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Table 2
J. curcas L plantation dry weight biomass (kg ha−1) by age (1–5 years) and biomass fraction (leaves, stems, belowground biomass of roots <5 mm, above-
ground [leaves + stems], and total).

Age (years) Biomass stock (kg ha−1)

Leaves Stem Belowground Aboveground Total

1 97.56b 275.62c 199.60b 379.12b 567.88b

2 210.43b 549.31bc 386.86b 762.69b 1158.08b

3 373.71b 1102.88bc 662.56b 1476.63b 2348.44b

4 1129.55a 6397.10ab 2302.05a 7471.17a 11422.44a

5 1214.74a 8791.68a 2539.56a 9609.69a 13495.94a

* Values followed by the same letter within a column are not significantly different at p < 0.05.

Table 3
Variations of belowground/aboveground biomass ratio according to J. curcas
L tree age.

Age (years) Belowground/Aboveground ratio

1 0.53
2 0.51
3 0.45
4 0.31
5 0.26
Mean 0.41

Fig. 3. Biomass allocation (in dry weight kg ha−1) for stem, leaf, and roots of a J. curcas L plantation by age (years).

On average, stem biomass represents four times leaf biomass; however, this proportion (stem biomass/leaf biomass) varies
slightly from years 1 to 3. After the third year, it increases to reach values of 6 and 7, respectively, in 4- and 5-year-old trees.

We found that accumulation of JCL biomass in the studied plantations occurs in three phases (Fig. 3). The first phase,
represents a slow, incremental increase in biomass, across all fractions, occurring from 1 to 3 years after planting. The
second phase, represents a period of high biomass accumulation, particularly for JCL stems, occurring from 3 to 4 years
after planting. The third phase represents a period of incremental stem biomass accumulation and a plateau of growth for
root and leaf biomass, occurring from 4 to 5 years after planting. Our results indicate allocation of biomass across all fractions
of JCL trees is strikingly greater in the aboveground parts (leaves and stems vs. roots, <5 mm diameter), which represent
approximately 2/3 of the total plantation biomass. The average ratio between belowground and aboveground JCL plantation
biomass is 0.41 (Table 3). This parameter decreases with increasing plantation age: 0.53 for the 1-year-old plantation to 0.26
for 5-year-old plantations.

3.3. Biomass carbon stocks

Similar to biomass, age has a significant effect on carbon storage (Table 4). However, biomass C stocks for 1–3 year-old
JCL plantations are not significantly different and remain low no matter what fraction of biomass is considered. The storage
of C reaches its highest levels between the fourth and fifth year. Thus, the 5-year-old plantation stores 6343 kg ha−1 of C in
the total biomass; representing 24 times the total biomass C stock of a 1-year-old plantation (266.90 kg ha−1).

The total quantity of C stored by each individual JCL trees in the young plantations (1–3 years) is less than 1 kg (0.21–
0.88 kg). In the 4–5 years old plantations, this value is 5.07 kg. Carbon is mainly stored in the aboveground biomass. The
proportion of C stored in this compartment compared to that stored in the total biomass varies between 63% (3-year-old
plantation) and 71% (5-year-old plantation). The majority of C in the aboveground compartment is stored as stem biomass
with a minimum of 72% (2 year old plantation) and a maximum of 91% (5 year old plantation).
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Table 4
Variations of J. curcas L plantation biomass carbon stocks (kg ha−1) according to age and biomass fractions.

Age (years) Carbon stock (kg ha−1)

Leaves Stem Belowground Aboveground Total

1 45.85bb 129.54c 93.81b 178.17b 266.90b

2 98.90b 258.17bc 181.82b 358.46b 544.30b

3 175.64b 518.35bc 311.40b 694.02b 1103.77b

4 530.89a 3006.64ab 1081.96a 3511.45a 5368.55a

5 570.93a 4132.09a 1193.59a 4516.56a 6343.09a

* Values followed by the same letter within a column are not significantly different at p < 0.05.

4. Discussion

This work was performed to develop allometric models for JCL and to determine relationships among age, biomass, and
C stock of JCL plants and plantations in Senegal’s Peanut Basin. This study conferred the development of five allometric
models for the estimation of JCL tree-level biomass in this region. The models obtained are principally log–log form. These
findings are in agreement with those of Makungwa et al. (2013) and Firdaus and Husni (2012) on JCL, as well as numerous
previous studies, which showed the superiority of the log–log or quadratic models for the prediction of shrub and tree
biomass (Bentley et al., 1970; Rittenhouse and Sneva, 1977; Bryant and Kothmann, 1979). However, other works on JCL
showed that the powermodel allows a good estimation of total or aboveground biomass of JCL (Ghezehei et al., 2009; Achten
et al., 2010; Hellings et al., 2012; Bayen et al., 2016). However, this model is the arithmetical type of the regression of the
log–log model (Murray and Jacobson, 1982).

Concerning the allometric equations, our results also showed that, excepting the leaf biomass component fromwhichwe
obtain a good prediction with a single independent variable (mean crown diameter), other components of JCL biomass are
better predicted by the combination of two (i.e., trunk circumference andmean crowndiameter) or three variables (i.e., trunk
circumference and mean crown diameter and height). In contrast, other studies have developed significant models using
only trunk diameter (Ghezehei et al., 2009; Achten et al., 2010; Firdaus and Husni, 2012; Hellings et al., 2012; Makungwa et
al., 2013; Bayen et al., 2016) or crown area (Degerickx et al., 2015) as the independent variable. However, the comparison
between our models and those of these authors revealed that the combination of independent variables increases the
coefficients of determination (R2). Indeed, our values for R2 vary between 0.96 and 0.98, while those from these studies range
from 0.56 to 0.95. The differences observed between our allometric equations and others could be explained by differences
in sites, tree age, and management. These factors influence growth and accumulation of tree biomass and thus can modify
allometric relationships for the same species (Henry et al., 2011). In our study carried out in a semiarid agroecosystem,
trees were one to five years old in plantations (1250 trees ha−1) likely subjected to idiosyncratic management styles. But
in the work of Hellings et al. (2012), trees were sampled from hedgerows and plantations (from cuttings and seeds) and no
information on its management was available. Achten et al. (2010) have developed their equations on young plants (116
days) grown in a greenhouse while Ghezehei et al. (2009) used only twelve sample trees planted in a research station.

We discovered a three-stage evolution of JCL biomass accumulation. A slow build-up stage (1–3 years), followed by a
fast production of biomass (3–4 years), and a relatively slower stage where certain fractions – root and leaf biomass – reach
a plateau (4–5 years). This result demonstrates that the JCL tree may reach maturity around 5 years and that JCL allocates
most of the biomass to aboveground parts (2/3 of total biomass). This result is similar to observations of Firdaus et al. (2010)
in Malaysia. The ratio between belowground and aboveground biomass was 0.41, similar to the results found by Hellings et
al. (2012) and Degerickx et al. (2015) who report ratios of 0.40 and 0.48, respectively. However, this ratio decreased from
young to old plantations. It was 0.53 for 1–3 year and 0.26 for 4–5 year old plantations. Poupon (1980) also noted in two
Sahelian species (Guiera senegalensis and B. aegyptiaca) that the biomass allocation to aerial parts increases with age; the
aboveground biomass fraction was triple that of belowground fractions in old trees. This could be explained by the fact that
young JCL allocate more energy towards developing a strong root system to ensure proper establishment. However, at adult
stage, the root system has reachedmaximum growth and its weight remains relatively constant (Heller, 1996; Firdaus et al.,
2010).

The average stem biomass calculated for a 48-month old plant (2.56 kg/shrub) falls within the range of values obtained by
Bayen et al. (2016) in Burkina Faso (5.46 kg/shrub) and (Degerickx et al., 2015) inMali (2.55–3.43 kg/shrub), research that, like
our study, also occurred in the Sudano-Sahelian region of West Africa. However, the aboveground biomass (stems + leaves)
of JCL plants measured in this study (2.99 kg/shrub) is approximately 2.6 times lower than that (7.72 kg/shrub) of similar
age (46 months) in Malaysia (Firdaus and Husni, 2012). The dry weight of three-year old JCL trees is also 4 times lower than
those (Firdaus et al., 2010) observed. These differences in biomass may be explained by differences in ecological conditions
at the respective study sites; our study was conducted in the Sahel (semi-arid with 600–800 mm annual precipitation) with
Psamments and Calcid soils: nutrient poor, sandy soils whereas Malaysia is characterized by a humid climate with 2200mm
annual average rainfall with Paleudult soil (e.g., sandy clay, sandy clay loam). Also, Achten et al. (2010) demonstrated that
JCL stops growing in extremely dry conditions like our study site with a long dry season (8 months). Hellings et al. (2012)
similarly observed that non-irrigated trees produced up to 15 times less biomass than irrigated trees.
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Regarding C storage potential in the different fractions of the biomass, results follow similar trends to those of biomass.
Thus, C stocks appear small up to 3 years and become relatively important from the fifth year with a total stock of 6343 kg
C ha−1 and a storage capacity of 5.07 kg per tree.

In JCL plantations, organic C is mainly stored in aboveground biomass. Carbon stored in this fraction ranged from 63%
to 71% of that found in the total biomass for 3 and 5-year-old trees, respectively. As for biomass, these results corroborate
studies that have been carried out in Sudano-Sahelian of West Africa (Bayen et al., 2016; Degerickx et al., 2015) but are
different from those conducted in Malaysian wetlands (Firdaus and Husni, 2012). In addition to the ecological conditions
mentioned above, differences of the C stocks of the two studies could also be attributable to the agronomic practices of the
two plantations. For example, the experimental site of Firdaus and Husni (2012) was prepared with two repetitions of soil
plowing, whichwas not the case for our site. These and our results underscore the importance to use site- andmanagement-
specific allometry for C measurements in JCL plantations. Our results show that aboveground C storage potential of JCL is
significantly higher than other species commonly used in agroforestry systems in Senegal. This is the case of G. senegalensis
(0.66 kgC/shrub) and Piliostigma reticulatum (0.69 kgC/shrub),which are the dominant shrubs in agroecosystemsof Senegal’s
northern and southern Peanut Basin, respectively (Lufafa et al., 2009). In contrast, the C storage potential of Acacia senegal
(18.35 kg C/shrub) is higher than that of JCL. However, JCL has significant advantages for the storage of carbon in agroforestry
systems. It is a hardy species, well adapted to semi-arid conditions, easy and inexpensive to cultivate, and with high growth
rates; this is not the case of most indigenous agroforestry species (Acacia tortilis, A. senegal, F. albida, B. aegyptiaca, etc.)
whose growth is slow; for example, A. senegal reached its maximum growth after 12 years (Thiam et al., 2016). Moreover,
as bioenergy species, JCL has two, complementary benefits for the mitigation of climate change; not only does it sequester
C in biomass and soil but also the use of biodiesel as a substitute for fossil fuel contributes to reducing GHG emissions with
a 70% CO2 saving (Jossart et al., 2005). The Senegal national biofuel program included planting JCL on 321 million ha with
spacing of 3 m × 3 m; a total of 356,666,667 trees. With a potential C storage of 5.07 kg per tree, the program would yield
approximately 1808 Gg of C storage (after five years), offsetting potentially 11% of total CO2 emissions of Senegal in 2010
(Ministère de ľ’Environnement du Sénégal, 1997).

These estimates suggest that JCL plantations, which now cover around 25,000 ha in Senegal (Diédhiou et al., 2012),
contribute to reducing GHG emissions and may be valuable for carbon credits thereby improving the resilience of rural
communities and support for environmental protection. However, such a perspective requires additional studies to establish
overall net GHG emissions avoidance from cultivation of JCL, the implications of this land use on agricultural production, and
impacts to conservation of natural habitat, in the Senegalese context.

5. Conclusion

This study developed quantitatively rigorous allometricmodels to estimate the biomass and C stocks of JCL trees, biomass
fractions (e.g., stems), and JCL plantations, including by plantation age. However, these models can only be used for trees
with morphological variables (trunk circumference, mean crown diameter and height) in the value range of our study. We
discovered that most of the biomass and organic C are stored in the aboveground fractions of trees, suggesting that JCL
plantationsmay be valued as C sink projects in afforestation and reforestation under the CDM of the Kyoto Protocol. Biomass
stocks and C are generally low but become high during the 4th year after outplanting nursery seedlings of four months old
into an agroecosystem plantation, raised in the nursery.
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Markevičius, A., Katinas, V., Perednis, E., Tamašauskienė, M., 2010. Trends and sustainability criteria of the production and use of liquid biofuels. Renew.

Sustain. Energy Rev. 14 (9), 3226–3231.
Ministère de ľ’Environnement du Sénégal, 1997. Convention cadre des Nations Unies sur les changements climatiques (CCNUCC): communication initiale

du sénégal. La Direction de ľ’Environnement du Sénégal.
Murray, Robert B., Jacobson, M. Quinn, 1982. An evaluation of dimension analysis for predicting shrub biomass. J. Range Manage. 451–454.
Ouattara, B., Diédhiou, I., Ndir, K.N., Agbangba, E.C., Cissé, N., Diouf, D., Akpo, E.L., Zongo, J.D., 2013. Variation in seed traits and distribution of Jatropha curcas

L. in Senegal. Int. J. Curr. Res. 5 (2), 17–21.
Poupon, Henri, 1980. Structure et dynamique de la strate ligneuse d’une steppe sahélienne au nord du Sénégal, Vol. 115. IRD Editions.
Prieur, Anne, Bonnet, Jean-François, Combarnous, Michel, 2004. Les surfaces boisées à l’échelle de la planète: usages conjoints pour la séquestration du

carbone et la production d’énergie. C. R. Geosci. 336 (15), 1323–1335.
Rasmussen, Laura Vang, Rasmussen, Kjeld, Bruun, Thilde Bech, 2012. Impacts of jatropha-based biodiesel production on above and below-ground carbon

stocks: A case study fromMozambique. Energy Policy 51, 728–736.
Reubens, Bert, Achten, Wouter M.J., Maes, WHa, Danjon, Frederique, Aerts, Raf, Poesen, Jean, Muys, Bart, 2011. More than biofuel? Jatropha curcas root

system symmetry and potential for soil erosion control. J. Arid Environ. 75 (2), 201–205.
Rittenhouse, L.R., Sneva, F. Ai, 1977. A technique for estimating big sagebrush production. J. Range Manage. 68–70.
Rutherford, M.C., 1979. Plant-based techniques for determining available browse and browse utilization: a review. Bot. Rev. 45 (2), 203–228.
Skog, Kenneth E., Nicholson, Geraldine A., 1998. Carbon cycling through wood products: the role of wood and paper products in carbon sequestration. For.

Prod. J. 48 (7/8), 75.
Thiam, Sakhoudia, Sambou, Bienvenu, Mbow, Cheikh, Guisse, Aliou, 2016. Élaboration de modèles allométriques d’Acacia senegal L. Willd pour l’analyse du

carbone ligneux en milieu sahélien: cas de la zone sylvopastorale au Sénégal. Afr. Sci. Rev. Int. Sci. Technol. 10 (3).
Wani, Suhas P., Chander, Girish, Sahrawat, K.L., Rao, Ch Srinivasa, Raghvendra, G., Susanna, P., Pavani, M., 2012. Carbon sequestration and land rehabilitation

through Jatropha curcas L. plantation in degraded lands. Agric. Ecosyst. Environ. 161, 112–120.
Zah, Rainer, Faist, Mireille, Reinhard, Jürgen, Birchmeier, Daniel, 2009. Standardized and simplified life-cycle assessment (lca) as a driver for more

sustainable biofuels. J. Cleaner Prod. 17, S102–S105.

http://refhub.elsevier.com/S2351-9894(16)30108-1/8
http://refhub.elsevier.com/S2351-9894(16)30108-1/8
http://refhub.elsevier.com/S2351-9894(16)30108-1/8
http://refhub.elsevier.com/S2351-9894(16)30108-1/8
http://refhub.elsevier.com/S2351-9894(16)30108-1/8
http://refhub.elsevier.com/S2351-9894(16)30108-1/8
http://refhub.elsevier.com/S2351-9894(16)30108-1/8
http://refhub.elsevier.com/S2351-9894(16)30108-1/8
http://refhub.elsevier.com/S2351-9894(16)30108-1/9
http://refhub.elsevier.com/S2351-9894(16)30108-1/9
http://refhub.elsevier.com/S2351-9894(16)30108-1/9
http://refhub.elsevier.com/S2351-9894(16)30108-1/9
http://refhub.elsevier.com/S2351-9894(16)30108-1/9
http://refhub.elsevier.com/S2351-9894(16)30108-1/9
http://refhub.elsevier.com/S2351-9894(16)30108-1/10
http://refhub.elsevier.com/S2351-9894(16)30108-1/10
http://refhub.elsevier.com/S2351-9894(16)30108-1/10
http://refhub.elsevier.com/S2351-9894(16)30108-1/11
http://refhub.elsevier.com/S2351-9894(16)30108-1/11
http://refhub.elsevier.com/S2351-9894(16)30108-1/11
http://refhub.elsevier.com/S2351-9894(16)30108-1/11
http://refhub.elsevier.com/S2351-9894(16)30108-1/11
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/12
http://refhub.elsevier.com/S2351-9894(16)30108-1/13
http://refhub.elsevier.com/S2351-9894(16)30108-1/13
http://refhub.elsevier.com/S2351-9894(16)30108-1/13
http://refhub.elsevier.com/S2351-9894(16)30108-1/13
http://refhub.elsevier.com/S2351-9894(16)30108-1/13
http://refhub.elsevier.com/S2351-9894(16)30108-1/13
http://refhub.elsevier.com/S2351-9894(16)30108-1/13
http://refhub.elsevier.com/S2351-9894(16)30108-1/13
http://refhub.elsevier.com/S2351-9894(16)30108-1/14
http://refhub.elsevier.com/S2351-9894(16)30108-1/14
http://refhub.elsevier.com/S2351-9894(16)30108-1/14
http://refhub.elsevier.com/S2351-9894(16)30108-1/14
http://refhub.elsevier.com/S2351-9894(16)30108-1/14
http://refhub.elsevier.com/S2351-9894(16)30108-1/14
http://refhub.elsevier.com/S2351-9894(16)30108-1/14
http://refhub.elsevier.com/S2351-9894(16)30108-1/14
http://refhub.elsevier.com/S2351-9894(16)30108-1/15
http://refhub.elsevier.com/S2351-9894(16)30108-1/15
http://refhub.elsevier.com/S2351-9894(16)30108-1/15
http://refhub.elsevier.com/S2351-9894(16)30108-1/15
http://refhub.elsevier.com/S2351-9894(16)30108-1/15
http://refhub.elsevier.com/S2351-9894(16)30108-1/16
http://refhub.elsevier.com/S2351-9894(16)30108-1/16
http://refhub.elsevier.com/S2351-9894(16)30108-1/16
http://refhub.elsevier.com/S2351-9894(16)30108-1/16
http://refhub.elsevier.com/S2351-9894(16)30108-1/16
http://refhub.elsevier.com/S2351-9894(16)30108-1/16
http://refhub.elsevier.com/S2351-9894(16)30108-1/16
http://refhub.elsevier.com/S2351-9894(16)30108-1/16
http://refhub.elsevier.com/S2351-9894(16)30108-1/17
http://refhub.elsevier.com/S2351-9894(16)30108-1/17
http://refhub.elsevier.com/S2351-9894(16)30108-1/17
http://refhub.elsevier.com/S2351-9894(16)30108-1/17
http://refhub.elsevier.com/S2351-9894(16)30108-1/18
http://refhub.elsevier.com/S2351-9894(16)30108-1/18
http://refhub.elsevier.com/S2351-9894(16)30108-1/18
http://refhub.elsevier.com/S2351-9894(16)30108-1/18
http://refhub.elsevier.com/S2351-9894(16)30108-1/18
http://refhub.elsevier.com/S2351-9894(16)30108-1/18
http://refhub.elsevier.com/S2351-9894(16)30108-1/18
http://refhub.elsevier.com/S2351-9894(16)30108-1/19
http://refhub.elsevier.com/S2351-9894(16)30108-1/19
http://refhub.elsevier.com/S2351-9894(16)30108-1/19
http://refhub.elsevier.com/S2351-9894(16)30108-1/19
http://refhub.elsevier.com/S2351-9894(16)30108-1/19
http://refhub.elsevier.com/S2351-9894(16)30108-1/19
http://refhub.elsevier.com/S2351-9894(16)30108-1/19
http://refhub.elsevier.com/S2351-9894(16)30108-1/19
http://refhub.elsevier.com/S2351-9894(16)30108-1/20
http://refhub.elsevier.com/S2351-9894(16)30108-1/20
http://refhub.elsevier.com/S2351-9894(16)30108-1/20
http://refhub.elsevier.com/S2351-9894(16)30108-1/20
http://refhub.elsevier.com/S2351-9894(16)30108-1/20
http://refhub.elsevier.com/S2351-9894(16)30108-1/20
http://refhub.elsevier.com/S2351-9894(16)30108-1/21
http://refhub.elsevier.com/S2351-9894(16)30108-1/21
http://refhub.elsevier.com/S2351-9894(16)30108-1/21
http://refhub.elsevier.com/S2351-9894(16)30108-1/21
http://refhub.elsevier.com/S2351-9894(16)30108-1/21
http://refhub.elsevier.com/S2351-9894(16)30108-1/21
http://refhub.elsevier.com/S2351-9894(16)30108-1/22
http://refhub.elsevier.com/S2351-9894(16)30108-1/22
http://refhub.elsevier.com/S2351-9894(16)30108-1/22
http://refhub.elsevier.com/S2351-9894(16)30108-1/22
http://refhub.elsevier.com/S2351-9894(16)30108-1/22
http://refhub.elsevier.com/S2351-9894(16)30108-1/22
http://refhub.elsevier.com/S2351-9894(16)30108-1/22
http://refhub.elsevier.com/S2351-9894(16)30108-1/22
http://refhub.elsevier.com/S2351-9894(16)30108-1/23
http://refhub.elsevier.com/S2351-9894(16)30108-1/23
http://refhub.elsevier.com/S2351-9894(16)30108-1/23
http://refhub.elsevier.com/S2351-9894(16)30108-1/23
http://refhub.elsevier.com/S2351-9894(16)30108-1/23
http://refhub.elsevier.com/S2351-9894(16)30108-1/23
http://refhub.elsevier.com/S2351-9894(16)30108-1/24
http://refhub.elsevier.com/S2351-9894(16)30108-1/24
http://refhub.elsevier.com/S2351-9894(16)30108-1/24
http://refhub.elsevier.com/S2351-9894(16)30108-1/24
http://refhub.elsevier.com/S2351-9894(16)30108-1/24
http://refhub.elsevier.com/S2351-9894(16)30108-1/25
http://refhub.elsevier.com/S2351-9894(16)30108-1/25
http://refhub.elsevier.com/S2351-9894(16)30108-1/25
http://refhub.elsevier.com/S2351-9894(16)30108-1/25
http://refhub.elsevier.com/S2351-9894(16)30108-1/25
http://refhub.elsevier.com/S2351-9894(16)30108-1/25
http://refhub.elsevier.com/S2351-9894(16)30108-1/25
http://refhub.elsevier.com/S2351-9894(16)30108-1/26
http://refhub.elsevier.com/S2351-9894(16)30108-1/26
http://refhub.elsevier.com/S2351-9894(16)30108-1/26
http://refhub.elsevier.com/S2351-9894(16)30108-1/26
http://refhub.elsevier.com/S2351-9894(16)30108-1/26
http://refhub.elsevier.com/S2351-9894(16)30108-1/26
http://refhub.elsevier.com/S2351-9894(16)30108-1/26
http://refhub.elsevier.com/S2351-9894(16)30108-1/26
http://refhub.elsevier.com/S2351-9894(16)30108-1/27
http://refhub.elsevier.com/S2351-9894(16)30108-1/27
http://refhub.elsevier.com/S2351-9894(16)30108-1/27
http://refhub.elsevier.com/S2351-9894(16)30108-1/27
http://refhub.elsevier.com/S2351-9894(16)30108-1/27
http://refhub.elsevier.com/S2351-9894(16)30108-1/27
http://refhub.elsevier.com/S2351-9894(16)30108-1/27
http://refhub.elsevier.com/S2351-9894(16)30108-1/27
http://refhub.elsevier.com/S2351-9894(16)30108-1/28
http://refhub.elsevier.com/S2351-9894(16)30108-1/28
http://refhub.elsevier.com/S2351-9894(16)30108-1/28
http://refhub.elsevier.com/S2351-9894(16)30108-1/28
http://refhub.elsevier.com/S2351-9894(16)30108-1/28
http://refhub.elsevier.com/S2351-9894(16)30108-1/28
http://refhub.elsevier.com/S2351-9894(16)30108-1/28
http://refhub.elsevier.com/S2351-9894(16)30108-1/28
http://refhub.elsevier.com/S2351-9894(16)30108-1/29
http://refhub.elsevier.com/S2351-9894(16)30108-1/29
http://refhub.elsevier.com/S2351-9894(16)30108-1/29
http://refhub.elsevier.com/S2351-9894(16)30108-1/29
http://refhub.elsevier.com/S2351-9894(16)30108-1/29
http://refhub.elsevier.com/S2351-9894(16)30108-1/29
http://refhub.elsevier.com/S2351-9894(16)30108-1/29
http://refhub.elsevier.com/S2351-9894(16)30108-1/29
http://refhub.elsevier.com/S2351-9894(16)30108-1/30
http://refhub.elsevier.com/S2351-9894(16)30108-1/30
http://refhub.elsevier.com/S2351-9894(16)30108-1/30
http://refhub.elsevier.com/S2351-9894(16)30108-1/30
http://refhub.elsevier.com/S2351-9894(16)30108-1/30
http://refhub.elsevier.com/S2351-9894(16)30108-1/30
http://refhub.elsevier.com/S2351-9894(16)30108-1/30
http://refhub.elsevier.com/S2351-9894(16)30108-1/30
http://refhub.elsevier.com/S2351-9894(16)30108-1/31
http://refhub.elsevier.com/S2351-9894(16)30108-1/31
http://refhub.elsevier.com/S2351-9894(16)30108-1/31
http://refhub.elsevier.com/S2351-9894(16)30108-1/31
http://refhub.elsevier.com/S2351-9894(16)30108-1/31
http://refhub.elsevier.com/S2351-9894(16)30108-1/32
http://refhub.elsevier.com/S2351-9894(16)30108-1/32
http://refhub.elsevier.com/S2351-9894(16)30108-1/32
http://refhub.elsevier.com/S2351-9894(16)30108-1/32
http://refhub.elsevier.com/S2351-9894(16)30108-1/32
http://refhub.elsevier.com/S2351-9894(16)30108-1/33
http://refhub.elsevier.com/S2351-9894(16)30108-1/33
http://refhub.elsevier.com/S2351-9894(16)30108-1/33
http://refhub.elsevier.com/S2351-9894(16)30108-1/33
http://refhub.elsevier.com/S2351-9894(16)30108-1/33
http://refhub.elsevier.com/S2351-9894(16)30108-1/33
http://refhub.elsevier.com/S2351-9894(16)30108-1/33
http://refhub.elsevier.com/S2351-9894(16)30108-1/33
http://refhub.elsevier.com/S2351-9894(16)30108-1/34
http://refhub.elsevier.com/S2351-9894(16)30108-1/34
http://refhub.elsevier.com/S2351-9894(16)30108-1/34
http://refhub.elsevier.com/S2351-9894(16)30108-1/35
http://refhub.elsevier.com/S2351-9894(16)30108-1/35
http://refhub.elsevier.com/S2351-9894(16)30108-1/35
http://refhub.elsevier.com/S2351-9894(16)30108-1/35
http://refhub.elsevier.com/S2351-9894(16)30108-1/35
http://refhub.elsevier.com/S2351-9894(16)30108-1/35
http://refhub.elsevier.com/S2351-9894(16)30108-1/35
http://refhub.elsevier.com/S2351-9894(16)30108-1/35
http://refhub.elsevier.com/S2351-9894(16)30108-1/36
http://refhub.elsevier.com/S2351-9894(16)30108-1/36
http://refhub.elsevier.com/S2351-9894(16)30108-1/36
http://refhub.elsevier.com/S2351-9894(16)30108-1/36
http://refhub.elsevier.com/S2351-9894(16)30108-1/36
http://refhub.elsevier.com/S2351-9894(16)30108-1/36
http://refhub.elsevier.com/S2351-9894(16)30108-1/36
http://refhub.elsevier.com/S2351-9894(16)30108-1/36
http://refhub.elsevier.com/S2351-9894(16)30108-1/37
http://refhub.elsevier.com/S2351-9894(16)30108-1/37
http://refhub.elsevier.com/S2351-9894(16)30108-1/37
http://refhub.elsevier.com/S2351-9894(16)30108-1/37
http://refhub.elsevier.com/S2351-9894(16)30108-1/37
http://refhub.elsevier.com/S2351-9894(16)30108-1/37
http://refhub.elsevier.com/S2351-9894(16)30108-1/37
http://refhub.elsevier.com/S2351-9894(16)30108-1/37
http://refhub.elsevier.com/S2351-9894(16)30108-1/38
http://refhub.elsevier.com/S2351-9894(16)30108-1/38
http://refhub.elsevier.com/S2351-9894(16)30108-1/38
http://refhub.elsevier.com/S2351-9894(16)30108-1/38
http://refhub.elsevier.com/S2351-9894(16)30108-1/38
http://refhub.elsevier.com/S2351-9894(16)30108-1/39
http://refhub.elsevier.com/S2351-9894(16)30108-1/39
http://refhub.elsevier.com/S2351-9894(16)30108-1/39
http://refhub.elsevier.com/S2351-9894(16)30108-1/39
http://refhub.elsevier.com/S2351-9894(16)30108-1/39
http://refhub.elsevier.com/S2351-9894(16)30108-1/39
http://refhub.elsevier.com/S2351-9894(16)30108-1/40
http://refhub.elsevier.com/S2351-9894(16)30108-1/40
http://refhub.elsevier.com/S2351-9894(16)30108-1/40
http://refhub.elsevier.com/S2351-9894(16)30108-1/40
http://refhub.elsevier.com/S2351-9894(16)30108-1/40
http://refhub.elsevier.com/S2351-9894(16)30108-1/40
http://refhub.elsevier.com/S2351-9894(16)30108-1/40
http://refhub.elsevier.com/S2351-9894(16)30108-1/41
http://refhub.elsevier.com/S2351-9894(16)30108-1/41
http://refhub.elsevier.com/S2351-9894(16)30108-1/41
http://refhub.elsevier.com/S2351-9894(16)30108-1/41
http://refhub.elsevier.com/S2351-9894(16)30108-1/41
http://refhub.elsevier.com/S2351-9894(16)30108-1/41
http://refhub.elsevier.com/S2351-9894(16)30108-1/42
http://refhub.elsevier.com/S2351-9894(16)30108-1/42
http://refhub.elsevier.com/S2351-9894(16)30108-1/42
http://refhub.elsevier.com/S2351-9894(16)30108-1/42
http://refhub.elsevier.com/S2351-9894(16)30108-1/42
http://refhub.elsevier.com/S2351-9894(16)30108-1/42
http://refhub.elsevier.com/S2351-9894(16)30108-1/42
http://refhub.elsevier.com/S2351-9894(16)30108-1/42
http://refhub.elsevier.com/S2351-9894(16)30108-1/43
http://refhub.elsevier.com/S2351-9894(16)30108-1/43
http://refhub.elsevier.com/S2351-9894(16)30108-1/43
http://refhub.elsevier.com/S2351-9894(16)30108-1/43
http://refhub.elsevier.com/S2351-9894(16)30108-1/43
http://refhub.elsevier.com/S2351-9894(16)30108-1/43
http://refhub.elsevier.com/S2351-9894(16)30108-1/43
http://refhub.elsevier.com/S2351-9894(16)30108-1/43

	Allometric equations and carbon stocks in tree biomass of Jatropha curcas L. in Senegal's Peanut Basin 
	Introduction
	Material and methods
	Study area characteristics
	Allometric equations development
	Plantations biomass estimation
	 Biomass carbon estimation
	Biomass and carbon data analysis

	Results
	Allometric models
	Plantation peak-season biomass
	Biomass carbon stocks

	Discussion
	Conclusion
	Acknowledgments
	References


