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Abstract

Understanding changes in carbon sequestration due to land conversion is key for
elucidating the true potential of biofuel landscapes to provide climate regulation ecosystem
services. In this study, we focus on the two most promoted biofuel crops in southern Africa,
Jatropha and sugarcane, to analyse the land use change effects and associated carbon
impacts of growing biofuel crops in five study sites in Mozambique, Malawi and Swaziland.
We found that, considering a 20-year cycle, carbon stocks in aboveground biomass are
higher for sugarcane than for Jatropha. However, as soil organic carbon (SOC) is generally
the main carbon pool, total carbon stocks (considering biomass and soil) will highly depend
on SOC. Our results show that, in our study sites, sugarcane replaced land uses with low
carbon stocks (low-density forest and agriculture), and as a result carbon gains occurred due
to land use change. In the Jatropha projects, carbon gains are observed in the smallholder
scheme as agricultural land was converted to Jatropha, but carbon debts occurred in the
Jatropha plantation as high-density forest was cleared to grow this feedstock. Finally we
show that, if a plantation of sugarcane or Jatropha is envisioned to be located in the studied
regions, more forested land could potentially be converted into sugarcane (30-44% of forest)
than into Jatropha (24-32%), without creating carbon debts due to land conversion. To our
knowledge, this is the first comparative study of the carbon impacts of land use change of

the main biofuel crops in southern Africa.

Keywords: sugarcane, Jatropha, southern Africa, biofuel feedstock, carbon sequestration,

ecosystem services.
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1. Introduction

Biofuels in southern Africa have been promoted to boost economic growth, rural
development and the energy security of countries that are highly dependent on traditional
biomass and imported fossil fuels [1]. The two most promoted biofuel crops in the region
have been Jatropha (for straight vegetable oil and biodiesel) and sugarcane (for bioethanol)
[2].

Jatropha (Jatropha curcas L.) is a perennial shrub that produces seeds with up to
35% oil content that can be converted to liquid biofuel [3]. Although Jatropha is native to
Central America, today it is found in tropical areas worldwide, where it is used as a living
fence for livestock control (due to Jatropha’s toxicity), and/or to produce oil for soap and
lighting [4]. Between 2000 and 2008, almost every country in southern Africa started
promoting Jatropha as a biofuel crop to be grown in large plantations or smallholder projects
[2,5]. This was largely based on promises of high yields under arid conditions and degraded
soils [5]. Today, most Jatropha projects in southern Africa have collapsed or are not
economically viable. This is due to several reasons including overestimated Jatropha yields
under arid conditions, underestimated labour and maintenance costs, and a lack of investor
support which eventually led to low profitability and a lack of financial viability [5].

Sugarcane (Saccharum officinarum L.) is a perennial tall grass cultivated mainly in
the tropics but also in some sub-tropical areas. Besides sugar, other products can be
derived from sugarcane. These include bagasse, the cane residue that can be used as fuel
in cogeneration plants, and molasses, the syrupy by-product of sugar production that can be
converted to ethanol. In southern Africa, sugarcane ethanol has historically been produced
mainly for nonfuel purposes, but some countries including Zimbabwe, Malawi and Kenya
started blending sugarcane ethanol with petrol in the early 1980s [6]. Today, within the
region, only Malawi is producing ethanol from sugarcane for biofuel purposes [7].

Besides boosting economic growth, rural development and energy security, it has
been argued that biofuel production and use in African countries can reduce greenhouse
gases (GHG) emissions when compared to conventional fuels [1]. However, GHG savings
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will largely depend on which type of land cover has been converted for biofuel production. If
landscapes rich in carbon (e.g. forests) are cleared to grow biofuel crops, then large carbon
debts can be created. This is due to changes in aboveground (AG) and belowground (BG)
biomass, and soil organic carbon (SOC), which could outweigh the GHG emission
reductions achieved during the biofuel’s whole life cycle [8-10].

Carbon sequestration is linked to climate regulation, which is a key regulating
ecosystem service [11,12]. Therefore, changes in carbon stocks (whether losses or gains)
due to conversion into biofuel landscapes, imply changes in the provision of climate
regulation services [13]. Several reviews and empirical studies at the interface between
biofuels and ecosystem services have identified climate regulation as a key ecosystem
service to be considered during the assessment of ecosystem services trade-offs in biofuel
landscapes [14-17].

The aim of this study is to assess the impact of direct land use change due to biofuel
crop expansion on climate regulation services in southern Africa. We use a range of non-
field (remote sensing, secondary data analysis), and field-based methods (biomass surveys,
soil organic carbon analyses), to estimate the changes on carbon stocks (including AG/BG
biomass and SOC) associated with direct land use conversion in five study sites across
southern Africa. The selected projects are currently growing Jatropha or sugarcane (the two
main feedstocks in southern Africa) either in smallholder schemes or industrial plantations.
These types of feedstocks (Jatropha, sugarcane) and scales of feedstock cultivation
(smallholder, plantations) represent the dominant modes of biofuel production in the region
as identified in a previous literature review [1]. By choosing five operational projects that
have passed the establishment phase, and by combining several field and non-field
techniques to gather site-specific data, we are able to assess how the main configurations of
feedstocks in southern Africa differently impact the carbon stored in soils and biomass.

To our knowledge, this is the first comparative study of the carbon impacts
associated with the two main feedstocks (Jatropha and sugarcane) and dominant modes of
production (smallholder and plantations) adopted in southern Africa. While there are some
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studies about the effects of Jatropha on carbon stocks in Africa [18-22], there is a critical
lack of empirical research on sugarcane as identified in a recent meta-analysis [1]. To the
authors’ best knowledge, the only study that has considered the carbon impacts of land use
change due to sugarcane ethanol production in Africa (Malawi) has made substantial

assumptions [23].

2. Material and methods

2.1. Study sites

The five study sites are located in Malawi, Mozambique and Swaziland (Table 1).
The two Jatropha projects (BERL, a smallholder scheme in Malawi and Nigel, an industrial
plantation in Mozambique) were initiated around 2008 during the Jatropha “boom” that
happened in several countries of southern Africa [2,4]. Despite the widespread collapse of
the Jatropha sector in the region, these two projects are among the very few that are still
operational in southern Africa and show some signs of long-term viability [5].

The three sugarcane projects (located in Swaziland and Malawi) have a longer
history and are more mature both from the production and the market side. The industrial
plantation in Malawi (lllovo) has been providing feedstock for the production of ethanol for
transport since the early 1980s. In fact Malawi is currently the only country in southern Africa
producing significant quantities of sugarcane ethanol for transport [7]. In Swaziland, the
Royal Swaziland Sugar Corporation Ltd (RSSC) has been distilling ethanol only for non-fuel
uses (e.g. alcoholic beverages and pharmaceuticals). However, RSSC is interested in the
production of sugarcane ethanol for the transport sector and has embarked in some pilot
projects (Nick Jackson, CEO of RSSC, interview with authors, 2016 March 11), while the
government of Swaziland has been working on a National Biofuel Strategy and Action Plan

that aims to develop the biofuel ethanol industry in the upcoming years [24,25].

<<Table 1>>



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

2.2. Land use change

To study the land use change that occurred at each study site, we compared the land
uses before Jatropha and sugarcane was planted to present land uses, both inside the
feedstock production areas and in the surrounding areas. We obtained a selection of satellite
images from the Landsat satellite image archive. Please note that as the two study sites in
Swaziland (RSSC and SWADE) are adjacent in the same region in the North-East, we could
asses both projects from the same Landsat imagery.

The most recent images for each site were obtained for either 2014 or 2015, whilst
images captured before the project was established dated from:

- 1975 for the industrial sugarcane plantation in Malawi (lllovo);

- 1976 for the industrial sugarcane plantation in Swaziland. Although RSSC started
operations in its Mhlume Estate around 1958, it was not possible to collect satellite
imagery prior to the establishment of this sugar estate, since satellite imagery was
not routinely available in the 1950s. Instead, we used satellite images from 1976 and
assumed that the previous land use of the area already occupied by sugarcane
(~10000 ha) was similar to the surrounding land cover that was converted to
sugarcane after 1976.

- 1998 for the smallholder-based sugarcane project in Swaziland (SWADE);

- 2007 for the industrial Jatropha plantation in Mozambique (Nigel).

The land use change that occurred in the smallholder Jatropha scheme in Malawi
(BERL) could not be assessed through satellite images as land areas converted to Jatropha
were quite small (few dozens of trees planted as boundary hedge) and scattered throughout
the landscape. As BERL has ‘standard operating procedures that stipulate that Jatropha
should only be grown as a boundary crop around agricultural fields and homesteads’ [26],

we assumed that the previous land use of these Jatropha areas was agricultural land.
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Nevertheless, we obtained a Landsat satellite image of this site in 2014 and classified the
land uses around the Mangochi area.

The land cover in each site was captured using the existing 40-year archive of open
access Landsat satellite image data, through the USGS Earth Explorer portal. Spatial
resolution of the satellite imagery was 60m for the 1970s images, and 30m for the rest of the
images. More details on the imagery are provided in the supplementary material (Table S1).
Imagery was atmospherically corrected using the Atmospheric and Radiometric Correction
of Satellite Imagery (ARCSI) open-source software [27]. Band 6 (thermal infrared) was
removed from the dataset, and the remaining six spectral bands were stacked together.
Once the images had been pre-processed, we applied the SAGA ‘cluster analysis for grids’
routine using the ‘Combined Minimum Distance’ method across all six Landsat Bands, which
resulted in an unsupervised classification with 15 classes. This number of classes was
chosen as prior analyses showed that this captured the majority of variation across the
imagery, without the number of classes becoming unwieldy. The 15 classes output from the
SAGA routines were then amalgamated into up to eight classes based on our knowledge of
the study sites (generated from scoping trips to each site in 2013 and 2014), and guided
further through a visual assessment of associated Google Earth high-resolution images. A
5x5 majority filter was applied to imagery post-classification to remove isolated pixels.

The final classification includes the following land cover types: (i) the biofuel crop
under study (sugarcane or Jatropha), (ii) forest (divided into high- and low- density forest in
Swaziland and Malawi), (iii) bare land, (iv) agriculture other than the biofuel crop, (v)
grassland, (vi) water and (vii) cloud or shadow. A final manual edit of the classes using our
knowledge of the study sites tested the inherent robustness of the classifications, and that
the classes linked spatially through the time-series in a meaningful way.

In each study site (except for BERL), we assessed the land use change occurred
both within the plantation boundaries and in the surrounding areas. As the size of the
surrounding areas analysed varied between study sites and was larger than the areas
directly impacted by the project (Table S1, Fig. S1-S3), we applied the land use changes
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observed outside the project boundaries to an area equivalent to the project area. As a
result, the land use change that occurred within the project areas can be compared to the
land use change occurred in the surrounding areas. Given the very small size of the
Jatropha hedges in the smallholder Jatropha scheme in Malawi (BERL), it was not possible

to do this comparison for this study site.

2.3. Carbon stocks

We estimated the carbon stocks in AG and BG biomass, and SOC for each of the
following land uses: (i) biofuel crop (i.e. sugarcane or Jatropha), (ii) forested areas, (iii) other
agricultural land and (iv) grassland. Empirical data collected at the study sites were used to
estimate the three carbon pools associated with biofuel crops and forested areas. To
estimate the carbon stocks of agricultural areas and grasslands, we used empirical data
collected through fieldwork, complemented with selected data derived from the literature.
Fieldwork took place in September 2014 (BERL, Malawi), November 2014 (Nigel,
Mozambique), June 2015 (lllovo, Malawi) and July 2015 (SWADE and RSSC, Swaziland).

As the smallholder sugarcane project (SWADE) and the industrial sugarcane
plantation (RSSC) in Swaziland are adjacent in the same region (Fig. S3), they have
analogous climatic and socio-ecological conditions, and the carbon stocks estimated for
these two study sites are the same. Also for sugarcane, since the yields reported by both
projects are very similar.

The carbon stocks associated with the smallholder Jatropha scheme in Malawi
(BERL) could not be assessed due to lack of field data. However, as only two land uses
were needed to be considered for this site - agricultural land (land use prior to Jatropha
cultivation) and Jatropha (Section 2.2) -, we made assumptions on the carbon stocks
associated with these two land uses. For agricultural land, we assumed that the carbon
stocks would be similar to the carbon stocks estimated from agricultural fields in the other
study site in Malawi (lllovo). This is to be expected as our observations from both study sites
show that the main agricultural activity by a wide margin is maize grown under non-irrigated

8
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subsistence farming. For Jatropha, we assumed that the carbon stored during a 20-year
rotation in BERL would be similar to the values estimated for Mozambique (Nigel), as both
projects started at the same time (around 2008) and share similar climatic conditions

(Section 2.3.1.1).

2.3.1. AG and BG carbon stocks

2.3.1.1. Jatropha

We estimated the current carbon stocks of the plantation in Mozambique by
measuring the diameter of 40 randomly selected trees and estimating their biomass using
allometric equations that relate stem diameter with biomass. Half of the trees were ~2 years
old and the other half were ~6 years old.

To estimate the AG biomass of the ~2 years old Jatropha trees (7 cm < Diameter <
12 cm), we developed our own allometric relationship from destructive samples of 20 trees.
We used the allometric equation obtained [AG Biomass = 0.036 * Diameter » 2.15; D < 15
cm] to convert tree diameters to tree biomass (see supplementary material for more
information on the allometric model).

To estimate the AG biomass of the ~6 years old Jatropha trees (12 < Diameter < 21
cm), we could not develop our own allometric equation since the plantation managers did not
allow us to cut such adult trees. We tested several allometric equations, but some
overestimated Jatropha biomass and/or used < 3-year-old trees to develop the equation
[26,28,29]. We decided to use Baumert’s [30] allometric equation [AG Biomass = 0.016 *
Diameter » 2.31; D < 21 cm], which was developed in Burkina Faso with adult trees with a
diameter range similar to our trees in Mozambique.

Total carbon biomass per hectare was estimated by multiplying the calculated tree
biomass (Mean + SD: 4.8 + 1.4 kg for ~2 year old trees; 10.1 + 3.5 kg for ~6 year old trees)

by tree density in the Jatropha plantation (1500 and 1667 trees/ha).
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As explained in Section 2.3, the current carbon stocks associated with the Jatropha
smallholder scheme in Malawi (BERL) were not directly measured. However, to assess the
carbon impacts of land use change we did not use the current carbon stocks described
above, but instead we used an estimation of the mean biomass stored in a 20 year rotation.
We believe this is a better approach since Jatropha will accumulate biomass until it reaches
the natural lifecycle of 20 years [20,21]. As we could not find any measured values on
Jatropha plantations older than 6 years, we used the carbon values estimated by Achten et
al. [21] to calculate average stocks of AG biomass in Jatropha plantations considering a 20-
year period. These average values were used to estimate net changes in carbon stocks due
to land conversion to Jatropha in both BERL (Malawi) and Nigel (Mozambique). Although
tree density varies between both projects, it was not possible to take this into account as tree
density (trees/hectare) was not specified in Achten et al. [21] estimations.

BG biomass was calculated considering a root: shoot ratio of 0.42 [28,31]. Jatropha
biomass was assumed to have 42.5% carbon content [30].

To our knowledge, neither the smallholder scheme in Malawi nor the plantation in

Mozambique is managed with regular pruning.

2.3.1.2. Sugarcane

In our study sites in Malawi and Swaziland, sugarcane is harvested every year during
a nine-year period (on average). After the ninth harvest, sugarcane plants are uprooted and
the land is left fallow for around six months. Afterwards, new sugarcane stems are planted
and the cycle starts all over again. To enhance the comparability between sugarcane and
Jatropha, we assumed for sugarcane the same rotation period (20 years) as Jatropha’s
typical lifecycle [20,21] (Section 2.3.1.1). Therefore, we considered that during a 20-year
period, there are 19 years of sugarcane production (9+9+1) and one year that the land rests
fallow (6 months + 6 months).

We obtained sugarcane vyields (2010-2014) from each sugarcane area (RSSC-
SWADE and lllovo), and considered yields as the wet biomass produced in non-fallow years.
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We then estimated the mean biomass stored in a 20-year rotation, considering 19 years of
annual production and one year without any production. Yields (i.e. wet biomass harvested)
were converted into total dry AG biomass by calculating stalk dry weight (assuming that
harvested stalks usually comprise ~30% of dry matter) and including the proportion of trash
dry weight (total dry biomass entails ~35% of trash and ~65% stalk) [32,33]. BG biomass
was calculated based on a root: shoot ratio of 0.15 [34,35]. Carbon was assumed to be 44%

of the dry biomass [36,37].

2.3.1.3. Forested area

To estimate the carbon stored in forest biomass, 5-6 forested areas (Miombo
woodlands in Mozambigue/Malawi and savannah woodlands in Swaziland) were sampled in
each study site (except for BERL, Section 2.3). In each forested area, 20-25 sites were
randomly selected and circular plots of 10 m diameter were established (plots were
separated by at least 20 m). In each plot, the diameter at breast height (DBH) of all trees
with DBH > 5 cm was recorded. All forested areas were adjacent to Jatropha or sugarcane
fields to have a good approximation of the previous forest that was converted to feedstock.

In Malawi and Mozambique, stocks of carbon in AG and BG biomass were estimated
using Ryan et al. [38] allometric equations for miombo woodlands [AG: In(stem biomass
carbon, Kg) = 2.6 * In(DBH) - 3.63] [BG: In(root biomass carbon, Kg) = 2.26 * In(DBH) -
3.37]. In Swaziland, biomass per tree was estimated using the allometric model developed
by Nickless et al. [39] for broad-leafed South African trees, applying the correction factor
suggested by Colgan et al. [40] [In(stem biomass) = - 3.47 + In(DBH) * 2.83 + 0.06]. As
Nickless et al. [39] allometry cannot be applied for tree diameters greater than 33 cm, we
applied a generic allometric model in such cases [41,42]. The carbon fraction in dry wood
was considered to be 50% [43,44], and the root: shoot ratio 0.56 (if AG biomass < 20 t ha™)
or 0.28 (if AG biomass > 20 t ha™) [45,46].

In Malawi and Swaziland, forested areas were divided into low- (AG biomass carbon
< 10t ha) and high- (AG biomass carbon > 10 t ha™) density forest, according to the land
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cover classification (Section 2.2). In Mozambique, all forested areas sampled had AG

biomass carbon > 10 t ha™ and were thus classified as high-density forests.

2.3.1.4. Agricultural land

All land identified as ‘other agricultural’ land was assumed to be maize, the dominant
staple crop in all study sites, and southern Africa in general [47]. Maize yield estimates were
obtained through FAO latest reports on Crop & Food Assessments for Mozambique [48] and
Swaziland [49]. Since these reports were not available for Malawi, maize yields were directly
obtained from the Agriculture Development Office in Nkhotakota district (2014 yields). Maize
yields were converted to AG carbon stocks assuming a harvest index of 53% and a carbon
content of 45% in the dry matter [50]. BG biomass was calculated considering a root: shoot

ratio of 0.19 [51].

2.3.1.5. Grassland

We estimated AG biomass in grasslands by averaging the biomass values reported
for African grasslands (between 1 and 7 t ha*, from open to closed grasslands) [52]. BG
biomass was calculated considering a root: shoot ratio of 1.89 [46], and the carbon mass

fraction was assumed to be 47% of the dry biomass [45].

2.3.2. Soil organic carbon (SOC)

In each study country, SOC was measured in 5-6 Jatropha/sugarcane fields and 5-6
adjacent forests. In each forested area or feedstock field, three samples were analysed for
total organic carbon through the Walkley & Black method [53]. Each of these samples was
obtained by combining 4 subsamples from the upper 20 cm soil layer. In each sampled area,
a core sampler was used to measure bulk density, which was needed to calculate SOC
stocks in t ha™.

SOC in bareland, cropland and grassland was assumed to be 36%, 21.3% and 6.4%
lower, respectively, than the SOC stocks reported in forested areas [54,55]. To estimate

12
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SOC in mature Jatropha plantations, we assumed an increase of 20% compared to the SOC
reported in the young Jatropha plantations in Mozambique (lower estimate extracted from

Fig. 5.6 in Baumert [30]).

2.4. Carbon stock changes due to land use change in each study site

Monte Carlo simulations were used to assess the net changes in carbon stocks
(including AG/BG carbon stocks and SOC) as a result of land conversion to sugarcane or
Jatropha (considering a 20-year period). This approach incorporates the uncertainty
associated with the estimates of carbon stocks and mitigates overconfident conclusions, as it
is recommended in Chapter 3 of the IPCC Guidelines [45]. Input data to the Monte Carlo
simulations were the area occupied by each land use prior and after each project started,
and the distributions describing the carbon stored by each land use in each study site (for
more information on the input data used to run these simulations see Table S2).

To parameterize each distribution, we followed IPCC guidelines for small data sets. If
the coefficient of variation (standard deviation divided by the mean) was less than 0.3, we
assumed a normal distribution; if higher than 0.3, we assumed a lognormal distribution [45].
Monte Carlo simulations proceeded by randomly sampling from each input distribution and
computing the net carbon value as net carbon = current carbon stocks — previous carbon
stocks. By repeating this process many times (n = 50000), we generated the distribution of
net carbon values that can be expected given the estimates of carbon stocks and their

associated uncertainty. Monte Carlo simulations were conducted using R, version 3.2.2 [56].

2.5. Carbon stock changes in biomass due to land use change under different scenarios

As a final step, we assessed how net carbon stocks change depending on the
previous land use that is converted to biofuel crops (i.e. agricultural land, forest or a mix of
both). For these simulations we only considered carbon stocks in biomass (AG and BG), as
SOC highly influences the overall carbon stocks and it is highly variable both spatially and
temporally (Section 3.2) [55,57-59].
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To assess how net changes in biomass carbon stocks vary depending on the
previous land use that is converted, we imposed a land use transition model on top of our
Monte Carlo simulations. This model considered that a hypothetical area of 100 km? of forest
or agricultural land is to be converted to sugarcane or Jatropha. We started considering that
all 100 km? were agricultural land, and at each step (i.e. scenario) we transferred 40 ha of
agricultural to forested land. In total, we completed 250 transfer steps, defining 250 different
previous land use scenarios, with the final scenario being that all 100km? were forested land.
For each individual scenario we ran Monte Carlo simulations (n = 10000 per scenario) to
estimate net changes in biomass carbon stocks due to land conversion to sugarcane or
Jatropha.

The biomass carbon stocks considered for these simulations were the highest
estimates found for each land use in our study sites. Therefore, for forest, agriculture and
sugarcane we took the carbon stocks estimated for Malawi, as these estimates were higher
than in Mozambique and Swaziland (Section 3.2, Table 2). For Jatropha, we assumed
average carbon values during a 20-year rotation. More information on the input data used to

run these simulations can be found in Table S3.

3. Results and discussion
3.1. Land use change
Fig. 1 shows the previous and current land uses of the area currently occupied by the
Jatropha and sugarcane projects studied. Results suggest that the previous land cover at
the commercial sugarcane plantation in Malawi (lllovo) and at the commercial Jatropha
plantation in Mozambique (Nigel) was mainly forested land. By contrast, in Swaziland, the
previous land cover of both the commercial sugarcane plantation (RSSC) and the
smallholder sugarcane scheme (SWADE) was a mixture of agricultural and forested land.
The land use change that occurred in the smallholder Jatropha project in Malawi was
not directly assessed as it was not possible to distinguish Jatropha hedges in the satellite
imagery due to their small size (Section 2.2; Fig. S4). However, information provided by the
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company that incentivised and assisted the smallholders to adopt Jatropha (BERL), and
household surveys (performed in September 2014), allowed us to estimate that ~40000
Jatropha trees were planted throughout the Mangochi area (~800 farmers planted an
average of ~50 trees each farmer). Assuming that each Jatropha tree occupies 2.1 m?
(based on our own measurements in the study site), we estimated that Jatropha trees
occupy ~8.5 ha spread across approximately ~60000 ha in the study area (see Fig. S4). As
BERL only promoted Jatropha as a boundary crop around agricultural fields and
homesteads [26], we assumed that the previous land use of the calculated ~8.5 ha was
agricultural land. This is similar to what we observed in other areas of Malawi, where
Jatropha is grown around agricultural fields using the same production model [60]. Overall,
the land use change that occurred in this study site is minimal compared to the land use
changes observed in the other study sites, and thus it cannot be shown in Fig. 1 as 8.5 ha

would be imperceptible compared to the areas of the other study sites (1800-45000 ha).

<<Figure 1>>

Fig. 2 shows the land use change that occurred in the surrounding areas of each
study site, in a comparable area to Fig. 1 (Section 2.2)*. The results suggest that by and
large outside all project areas, forested land decreased while agricultural and bare land
increased. Although it is very challenging to establish causality, land use change patterns
occurred in the surroundings of biofuel projects can be potentially influenced by the projects
themselves. This is because biofuel projects can displace farms that are subsequently
allocated elsewhere in the area, or attract population due to direct employment and
secondary job creation [61,62]. Both these mechanisms have been observed, for example,

around the Jatropha plantation (Nigel) in Mozambique [60].

! The smallholder Jatropha project in Malawi (BERL) is not shown for the same reason as stated
above
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If Fig. 1 and Fig. 2 are compared, it can be clearly observed that the land use
changes observed in the surroundings of the projects are minimal compared to the direct
land use changes that occurred within the project boundaries. Figs. S1-S3 (supplementary
material) provide a visual representation of the land use changes occurred in each study

site.

<<Figure 2>>

3.2. Carbon stocks

Table 2 shows the estimated carbon stored in AG and BG biomass and SOC in each
land use and for each country studied. It should be noted that while the same carbon stocks
were estimated for the smallholder project (SWADE) and the industrial plantation (RSSC) in
Swaziland, as they are adjacent in the same area (Section 2.3), their impact on carbon
stocks will not be the same (Section 3.3), as the land converted to sugarcane differs (Fig. 1).
The carbon stocks associated with the smallholder Jatropha scheme (BERL) in Malawi are
not shown in the table because the carbon stocks associated with this study site were not
directly measured (Section 2.3).

Overall, the values obtained are similar to those reported by other studies for miombo
woodlands [38,63,64], South African savannahs [65,66], sugarcane in Brazil [67] and
Jatropha [30,58,68].

Forested land was divided into low- and high-density forest in Swaziland and Malawi
due to large differences in forest biomass. These differences are most probably caused by
the unsustainable extraction of wood for energy purposes. While low-density forests
appeared to be heavily cleared for firewood and charcoal production, high-density forests
were much less exploited most likely because they had some kind of protection (e.g. sacred
groves or formally protected forests). In Mozambique, we did not observe these large
differences in forest density and all sampled forests in the study area were classified as
high-density forest. Forests in the Mozambique study site were less exploited probably
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because of its much lower population density (24 people km? in Sofala region) compared to
Malawi (71 people km™ in Nkhotakota district) and Swaziland (52 people km™ in Hohho and
Lubombo districts) [69].

In each study site, the highest amounts of stored carbon were found in high-density
forests, followed by sugarcane and Jatropha. Our data shows that carbon stocks in AG
biomass are higher for sugarcane than for Jatropha, probably due to the high planting
density of sugarcane and the low density of Jatropha wood [70]. If a 20-year rotation period
is considered, sugarcane stores an average of ~21 t ha of AG carbon, while Jatropha
stores ~13 t ha™ on average. It is important to highlight that while the sugarcane estimates
reported here are based on field data, the values reported for Jatropha on the carbon stored
during a 20-year rotation are only estimates. This is because we could not find any
measured values on Jatropha plantations older than 6 years in southern Africa, given the
short history of the crop and its widespread collapse across the region [5]. Therefore, these
estimates are only indicative and will vary depending on climatic conditions [28] and

management practices such as pruning [68].

<<Table 2>>

Although carbon stocks in AG biomass are higher for sugarcane than for Jatropha,
when total carbon stocks (including SOC) are considered, Jatropha in Mozambique appears
to have higher carbon stocks than sugarcane in Swaziland, due to the substantially lower
values of SOC in Swaziland. Changes in SOC highly influence the overall carbon stocks not
only for sugarcane and Jatropha, but for all land uses as SOC is generally the main carbon
pool. This is consistent with other studies in the region [20,38]. The impact of SOC on the
overall carbon stocks is even higher for land uses with little biomass, such as low-density
forests, grasslands and agricultural land, where SOC represents more than three quarters of

all the estimated carbon stocks. Finally, bareland is the land cover that stores the lowest
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amount of carbon, with carbon present mainly in the soil (Table S2 shows carbon stocks

considered for bareland in each site).

3.3. Carbon stock change due to land use change

Fig. 3 represents in a boxplot the output distributions from the Monte Carlo
simulations used to estimate the net changes in carbon stocks as a result of land conversion
to sugarcane and Jatropha in each study site. Negative values on the Y-axis indicate that the
model predicts carbon debts, while positive values indicate carbon gains. Overall, in the
sugarcane study sites, most predicted values of carbon stock changes were positive,
indicating carbon gains due to land use change. These carbon gains are the result of
growing sugarcane on land previously covered by low-density forest and agriculture (Fig.1),
land uses that were found to store less carbon than sugarcane (Table 2). To our knowledge,
while some studies have assessed the carbon impacts of sugarcane production in southern
Africa [23,71], an assessment like the one presented here on net changes in carbon stocks

due to actual land conversion to sugarcane was still missing in southern Africa.

<<Figure 3>>

Conversely, the results obtained from the two Jatropha sites differ significantly.
Whereas in the smallholder scheme in Malawi (BERL) most predicted values indicated
carbon gains due to land use change, in the plantation in Mozambique (Nigel) more than
75% of the predicted values were negative, indicating a carbon debt due to land conversion.
These contrasting results reflect the fact that these two projects were established in areas
with very different previous land uses. While in Malawi Jatropha trees were planted in the
edges of agricultural fields [26], in Mozambique high-density forest was cleared to grow
Jatropha. Bailis and McCarthy [68] also found contrasting results on carbon impacts due to
Jatropha conversion in India and Brazil, depending on the type of forest converted. In sub-
Saharan Africa, some studies have estimated the potential impacts of Jatropha expansion
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and also found that carbon debts are likely to occur if miombo forest is converted to
Jatropha, whereas carbon gains can be expected if cropland is converted [19-21].

Finally, Fig. 4 shows how net changes in biomass carbon stocks (current carbon
stocks in biomass minus previous carbon stocks in biomass) vary depending on the previous
land use (agriculture/forests) that is converted to either Jatropha or sugarcane. Negative
values on the Y-axis indicate carbon debts, while positive values indicate carbon gains. The
X-axis represents the previous land use scenario considered for each case. For instance,
the scenario at X = 0 implies that the previous land contained 0% of high-density forest (thus
all previous land use was agriculture), whereas the scenario at X=50 considers that the
previous land contained 50% of high-density forest and 50% of agricultural land.

The Monte Carlo simulations show that, if a sugarcane or Jatropha plantation is
planned to be located in our study sites, more forested land could potentially be converted
into sugarcane (30-44% of forest) than into Jatropha (24-32%) without creating carbon debts
(ranges represent the 25" and 75" percentile of the simulations). This difference between
sugarcane and Jatropha is due to sugarcane storing (on average) more carbon in its
biomass than Jatropha (Section 3.2). It is important to note that these results are only
indicative and should not be extrapolated to other study sites. Carbon stocks in AG and BG
biomass for sugarcane, Jatropha and forests can significantly vary between regions and
management practices such as irrigation, plant trimming and forest harvesting [28,68,72,73],

and these variations will likely create different outcomes for Fig. 4 in other study sites.

<<Figure 4>>

Even though the results shown in Fig. 4 should not be generalized to other regions,
the simulations presented here provide a novel approach to identify a rough threshold of the
extent to which carbon-rich landscapes (e.g. forested areas) can be converted to feedstock
production without compromising the provision of carbon sequestration services.
Understanding such thresholds can be particularly useful to inform land use decisions,
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especially for biofuel projects that aim to export feedstock/biofuels to international markets
that require mandatory GHG emissions savings such as those outlined in the European
Union Renewable Energy Directive 2009/28/EC [74]. Such simulations could complement (or
even be integrated in) Environmental Impact Assessments (EIAs) or other toolkits that
promote sustainable biofuel production and use, e.g. Bonsucro [75] and the Roundtable on

Sustainable Biomaterials RSB [76].

3.4. Research gaps and limitations

The purpose of this paper is to assess changes in the provision of carbon
sequestration services due to land conversion to feedstock in southern Africa. We compare
the amount of carbon sequestration services provided by the present land use (i.e. Jatropha
or sugarcane) to the amount provided by the previous land use (i.e. agriculture, forest,
grasslands). The data obtained could be used as the land-use change component of a life-
cycle assessment (LCA), but it is beyond the scope of the present study to perform a
complete LCA. Therefore, in this paper we do not consider what is done with the biomass
after it is harvested. In order to quantify the potential reduction in GHG emissions from
biofuels, a subsequent LCA analyses would need to factor in not only the land-use change
component, but also how often the biomass is harvested (i.e. more often in sugarcane and
agricultural areas than in Jatropha and forested areas), and what is done with it once
harvested.

Another limitation of this study, shared with the vast majority of the literature
assessing the impacts of biofuel expansion on carbon stocks, is the degree of uncertainty
associated with SOC estimates. SOC is highly variable both temporally and spatially, and it
can also be affected and altered by several management practices that disturb the soil, such
as soll tillage and fertilizer use [55,57-59]. However, due to the difficulty in obtaining data
representative of this range of variability, most studies that assess the carbon impacts of
land use change due to biofuel crops, including this one, have an inherent degree of
uncertainty associated with SOC estimates [19,21,58,68]. Considering that SOC tends to be
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the main carbon pool in most land uses, further research on this area can significantly

decrease the uncertainties associated with carbon stock studies.

4. Conclusions

Our study shows that variations in carbon stocks associated with direct land use
change can significantly affect the provision of carbon sequestration services provided by
biofuel landscapes. Such land use change effects need to be taken into account when
assessing the potential reduction of greenhouse gases emissions from biofuels as they can
significantly impact biofuel life cycle assessments.

Our results indicate that sugarcane landscapes tend to store more carbon in biomass
(AG and BG) than Jatropha landscapes. However, as soil organic carbon (SOC) is generally
the main carbon pool, the overall carbon stocks will depend on SOC. We also show that in
all sugarcane study sites, both industrial plantations and smallholder schemes created
carbon gains as the previous land use (low-density forest and agriculture) stored less carbon
than sugarcane. By contrast, the two Jatropha sites appear to have diverging results. While
in the smallholder scheme (BERL, Malawi) carbon gains are observed as Jatropha was
planted in the edges of agricultural fields, carbon debts were created in the Jatropha
plantation (Nigel, Mozambique) due to the conversion of high-density forest.

Although the findings reported here relate to specific study sites, our data provide, for
the first time, a broader insight into how carbon impacts due to land use change vary
between sugarcane and Jatropha systems across southern Africa. Finally, even though in
this paper we only focus on a single ecosystem service (climate regulation), broader trade-
offs between different ecosystems services need to be considered when assessing the

impacts of biofuel projects.
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Figure captions

Fig. 1. Previous and current land uses of the areas occupied by the Jatropha and sugarcane

projects studied.

Fig. 2. Previous and current land uses of the areas surrounding the Jatropha and sugarcane

projects studied.

Fig. 3. Net changes in carbon stocks (including AG/BG biomass and SOC) as a result of
land conversion to sugarcane (light grey) or Jatropha (dark grey) in each study site. Each
box represents the interquartile range (IQR; difference between the 25" and 75"
percentiles), the thick black line is the median, and the top and bottom whiskers indicate the
highest values within the upper range (75" percentile + 1.5 * IQR) and the lowest values

within the lower range (25" percentiles - 1.5 * IQR).

Fig. 4. Net changes in carbon stocks due to land conversion to sugarcane and Jatropha
under different previous land use scenarios. The X-axis represents the proportion of
previous land considered to be high-density forest (the remainder is characterized as
agricultural land). The thick line is the mean obtained for each scenario, while the shaded

area indicates the 25" and 75" percentiles.

Table 1. Description of the study sites. Project names stand for: BERL (Bio Energy
Resources Ltd.); RSSC (Royal Swaziland Sugar Corporation Ltd.); SWADE (Swaziland

Water and Agricultural Development Enterprise); EthCo (Ethanol Company Limited).

Table 2. Estimated carbon stocks in aboveground (AG) and belowground (BG) biomass, and
soil organic carbon (SOC) for each land use in Malawi, Swaziland and Mozambique (Mean +

SD).
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