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Abstract 22 

Understanding changes in carbon sequestration due to land conversion is key for 23 

elucidating the true potential of biofuel landscapes to provide climate regulation ecosystem 24 

services. In this study, we focus on the two most promoted biofuel crops in southern Africa, 25 

Jatropha and sugarcane, to analyse the land use change effects and associated carbon 26 

impacts of growing biofuel crops in five study sites in Mozambique, Malawi and Swaziland. 27 

We found that, considering a 20-year cycle, carbon stocks in aboveground biomass are 28 

higher for sugarcane than for Jatropha. However, as soil organic carbon (SOC) is generally 29 

the main carbon pool, total carbon stocks (considering biomass and soil) will highly depend 30 

on SOC. Our results show that, in our study sites, sugarcane replaced land uses with low 31 

carbon stocks (low-density forest and agriculture), and as a result carbon gains occurred due 32 

to land use change. In the Jatropha projects, carbon gains are observed in the smallholder 33 

scheme as agricultural land was converted to Jatropha, but carbon debts occurred in the 34 

Jatropha plantation as high-density forest was cleared to grow this feedstock. Finally we 35 

show that, if a plantation of sugarcane or Jatropha is envisioned to be located in the studied 36 

regions, more forested land could potentially be converted into sugarcane (30-44% of forest) 37 

than into Jatropha (24-32%), without creating carbon debts due to land conversion. To our 38 

knowledge, this is the first comparative study of the carbon impacts of land use change of 39 

the main biofuel crops in southern Africa.  40 

 41 
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1. Introduction 48 

Biofuels in southern Africa have been promoted to boost economic growth, rural 49 

development and the energy security of countries that are highly dependent on traditional 50 

biomass and imported fossil fuels [1]. The two most promoted biofuel crops in the region 51 

have been Jatropha (for straight vegetable oil and biodiesel) and sugarcane (for bioethanol) 52 

[2].  53 

Jatropha (Jatropha curcas L.) is a perennial shrub that produces seeds with up to 54 

35% oil content that can be converted to liquid biofuel [3]. Although Jatropha is native to 55 

Central America, today it is found in tropical areas worldwide, where it is used as a living 56 

fence for livestock control (due to Jatropha’s toxicity), and/or to produce oil for soap and 57 

lighting [4]. Between 2000 and 2008, almost every country in southern Africa started 58 

promoting Jatropha as a biofuel crop to be grown in large plantations or smallholder projects 59 

[2,5]. This was largely based on promises of high yields under arid conditions and degraded 60 

soils [5]. Today, most Jatropha projects in southern Africa have collapsed or are not 61 

economically viable. This is due to several reasons including overestimated Jatropha yields 62 

under arid conditions, underestimated labour and maintenance costs, and a lack of investor 63 

support which eventually led to low profitability and a lack of financial viability [5]. 64 

Sugarcane (Saccharum officinarum L.) is a perennial tall grass cultivated mainly in 65 

the tropics but also in some sub-tropical areas. Besides sugar, other products can be 66 

derived from sugarcane. These include bagasse, the cane residue that can be used as fuel 67 

in cogeneration plants, and molasses, the syrupy by-product of sugar production that can be 68 

converted to ethanol. In southern Africa, sugarcane ethanol has historically been produced 69 

mainly for nonfuel purposes, but some countries including Zimbabwe, Malawi and Kenya 70 

started blending sugarcane ethanol with petrol in the early 1980s [6]. Today, within the 71 

region, only Malawi is producing ethanol from sugarcane for biofuel purposes [7]. 72 

Besides boosting economic growth, rural development and energy security, it has 73 

been argued that biofuel production and use in African countries can reduce greenhouse 74 

gases (GHG) emissions when compared to conventional fuels [1]. However, GHG savings 75 
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will largely depend on which type of land cover has been converted for biofuel production. If 76 

landscapes rich in carbon (e.g. forests) are cleared to grow biofuel crops, then large carbon 77 

debts can be created. This is due to changes in aboveground (AG) and belowground (BG) 78 

biomass, and soil organic carbon (SOC), which could outweigh the GHG emission 79 

reductions achieved during the biofuel’s whole life cycle [8–10].  80 

Carbon sequestration is linked to climate regulation, which is a key regulating 81 

ecosystem service [11,12]. Therefore, changes in carbon stocks (whether losses or gains) 82 

due to conversion into biofuel landscapes, imply changes in the provision of climate 83 

regulation services [13]. Several reviews and empirical studies at the interface between 84 

biofuels and ecosystem services have identified climate regulation as a key ecosystem 85 

service to be considered during the assessment of ecosystem services trade-offs in biofuel 86 

landscapes [14–17]. 87 

The aim of this study is to assess the impact of direct land use change due to biofuel 88 

crop expansion on climate regulation services in southern Africa. We use a range of non-89 

field  (remote sensing, secondary data analysis), and field-based methods (biomass surveys, 90 

soil organic carbon analyses), to estimate the changes on carbon stocks (including AG/BG 91 

biomass and SOC) associated with direct land use conversion in five study sites across 92 

southern Africa. The selected projects are currently growing Jatropha or sugarcane (the two 93 

main feedstocks in southern Africa) either in smallholder schemes or industrial plantations. 94 

These types of feedstocks (Jatropha, sugarcane) and scales of feedstock cultivation 95 

(smallholder, plantations) represent the dominant modes of biofuel production in the region 96 

as identified in a previous literature review [1]. By choosing five operational projects that 97 

have passed the establishment phase, and by combining several field and non-field 98 

techniques to gather site-specific data, we are able to assess how the main configurations of 99 

feedstocks in southern Africa differently impact the carbon stored in soils and biomass.  100 

To our knowledge, this is the first comparative study of the carbon impacts 101 

associated with the two main feedstocks (Jatropha and sugarcane) and dominant modes of 102 

production (smallholder and plantations) adopted in southern Africa. While there are some 103 
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studies about the effects of Jatropha on carbon stocks in Africa [18–22], there is a critical 104 

lack of empirical research on sugarcane as identified in a recent meta-analysis [1]. To the 105 

authors’ best knowledge, the only study that has considered the carbon impacts of land use 106 

change due to sugarcane ethanol production in Africa (Malawi) has made substantial 107 

assumptions [23].  108 

 109 

2. Material and methods 110 

 111 

2.1. Study sites 112 

The five study sites are located in Malawi, Mozambique and Swaziland (Table 1). 113 

The two Jatropha projects (BERL, a smallholder scheme in Malawi and Niqel, an industrial 114 

plantation in Mozambique) were initiated around 2008 during the Jatropha “boom” that 115 

happened in several countries of southern Africa [2,4]. Despite the widespread collapse of 116 

the Jatropha sector in the region, these two projects are among the very few that are still 117 

operational in southern Africa and show some signs of long-term viability [5].  118 

The three sugarcane projects (located in Swaziland and Malawi) have a longer 119 

history and are more mature both from the production and the market side. The industrial 120 

plantation in Malawi (Illovo) has been providing feedstock for the production of ethanol for 121 

transport since the early 1980s. In fact Malawi is currently the only country in southern Africa 122 

producing significant quantities of sugarcane ethanol for transport [7]. In Swaziland, the 123 

Royal Swaziland Sugar Corporation Ltd (RSSC) has been distilling ethanol only for non-fuel 124 

uses (e.g. alcoholic beverages and pharmaceuticals). However, RSSC is interested in the 125 

production of sugarcane ethanol for the transport sector and has embarked in some pilot 126 

projects (Nick Jackson, CEO of RSSC, interview with authors, 2016 March 11), while the 127 

government of Swaziland has been working on a National Biofuel Strategy and Action Plan 128 

that aims to develop the biofuel ethanol industry in the upcoming years [24,25].  129 

 130 

<<Table 1>> 131 
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 132 

2.2. Land use change 133 

To study the land use change that occurred at each study site, we compared the land 134 

uses before Jatropha and sugarcane was planted to present land uses, both inside the 135 

feedstock production areas and in the surrounding areas. We obtained a selection of satellite 136 

images from the Landsat satellite image archive. Please note that as the two study sites in 137 

Swaziland (RSSC and SWADE) are adjacent in the same region in the North-East, we could 138 

asses both projects from the same Landsat imagery. 139 

The most recent images for each site were obtained for either 2014 or 2015, whilst 140 

images captured before the project was established dated from: 141 

- 1975 for the industrial sugarcane plantation in Malawi (Illovo);  142 

- 1976 for the industrial sugarcane plantation in Swaziland. Although RSSC started 143 

operations in its Mhlume Estate around 1958, it was not possible to collect satellite 144 

imagery prior to the establishment of this sugar estate, since satellite imagery was 145 

not routinely available in the 1950s. Instead, we used satellite images from 1976 and 146 

assumed that the previous land use of the area already occupied by sugarcane 147 

(~10000 ha) was similar to the surrounding land cover that was converted to 148 

sugarcane after 1976.  149 

- 1998 for the smallholder-based sugarcane project in Swaziland (SWADE);  150 

- 2007 for the industrial Jatropha plantation in Mozambique (Niqel). 151 

 152 

The land use change that occurred in the smallholder Jatropha scheme in Malawi 153 

(BERL) could not be assessed through satellite images as land areas converted to Jatropha 154 

were quite small (few dozens of trees planted as boundary hedge) and scattered throughout 155 

the landscape. As BERL has ‘standard operating procedures that stipulate that Jatropha 156 

should only be grown as a boundary crop around agricultural fields and homesteads’ [26], 157 

we assumed that the previous land use of these Jatropha areas was agricultural land. 158 
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Nevertheless, we obtained a Landsat satellite image of this site in 2014 and classified the 159 

land uses around the Mangochi area. 160 

The land cover in each site was captured using the existing 40-year archive of open 161 

access Landsat satellite image data, through the USGS Earth Explorer portal. Spatial 162 

resolution of the satellite imagery was 60m for the 1970s images, and 30m for the rest of the 163 

images. More details on the imagery are provided in the supplementary material (Table S1). 164 

Imagery was atmospherically corrected using the Atmospheric and Radiometric Correction 165 

of Satellite Imagery (ARCSI) open-source software [27]. Band 6 (thermal infrared) was 166 

removed from the dataset, and the remaining six spectral bands were stacked together. 167 

Once the images had been pre-processed, we applied the SAGA ‘cluster analysis for grids’ 168 

routine using the ‘Combined Minimum Distance’ method across all six Landsat Bands, which 169 

resulted in an unsupervised classification with 15 classes. This number of classes was 170 

chosen as prior analyses showed that this captured the majority of variation across the 171 

imagery, without the number of classes becoming unwieldy. The 15 classes output from the 172 

SAGA routines were then amalgamated into up to eight classes based on our knowledge of 173 

the study sites (generated from scoping trips to each site in 2013 and 2014), and guided 174 

further through a visual assessment of associated Google Earth high-resolution images. A 175 

5x5 majority filter was applied to imagery post-classification to remove isolated pixels.  176 

The final classification includes the following land cover types: (i) the biofuel crop 177 

under study (sugarcane or Jatropha), (ii) forest (divided into high- and low- density forest in 178 

Swaziland and Malawi), (iii) bare land, (iv) agriculture other than the biofuel crop, (v) 179 

grassland, (vi) water and (vii) cloud or shadow. A final manual edit of the classes using our 180 

knowledge of the study sites tested the inherent robustness of the classifications, and that 181 

the classes linked spatially through the time-series in a meaningful way. 182 

In each study site (except for BERL), we assessed the land use change occurred 183 

both within the plantation boundaries and in the surrounding areas. As the size of the 184 

surrounding areas analysed varied between study sites and was larger than the areas 185 

directly impacted by the project (Table S1, Fig. S1-S3), we applied the land use changes 186 
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observed outside the project boundaries to an area equivalent to the project area. As a 187 

result, the land use change that occurred within the project areas can be compared to the 188 

land use change occurred in the surrounding areas. Given the very small size of the 189 

Jatropha hedges in the smallholder Jatropha scheme in Malawi (BERL), it was not possible 190 

to do this comparison for this study site.  191 

 192 

2.3. Carbon stocks 193 

We estimated the carbon stocks in AG and BG biomass, and SOC for each of the 194 

following land uses: (i) biofuel crop (i.e. sugarcane or Jatropha), (ii) forested areas, (iii) other 195 

agricultural land and (iv) grassland. Empirical data collected at the study sites were used to 196 

estimate the three carbon pools associated with biofuel crops and forested areas. To 197 

estimate the carbon stocks of agricultural areas and grasslands, we used empirical data 198 

collected through fieldwork, complemented with selected data derived from the literature. 199 

Fieldwork took place in September 2014 (BERL, Malawi), November 2014 (Niqel, 200 

Mozambique), June 2015 (Illovo, Malawi) and July 2015 (SWADE and RSSC, Swaziland).  201 

As the smallholder sugarcane project (SWADE) and the industrial sugarcane 202 

plantation (RSSC) in Swaziland are adjacent in the same region (Fig. S3), they have 203 

analogous climatic and socio-ecological conditions, and the carbon stocks estimated for 204 

these two study sites are the same. Also for sugarcane, since the yields reported by both 205 

projects are very similar. 206 

The carbon stocks associated with the smallholder Jatropha scheme in Malawi 207 

(BERL) could not be assessed due to lack of field data. However, as only two land uses 208 

were needed to be considered for this site - agricultural land (land use prior to Jatropha 209 

cultivation) and Jatropha (Section 2.2) -, we made assumptions on the carbon stocks 210 

associated with these two land uses. For agricultural land, we assumed that the carbon 211 

stocks would be similar to the carbon stocks estimated from agricultural fields in the other 212 

study site in Malawi (Illovo). This is to be expected as our observations from both study sites 213 

show that the main agricultural activity by a wide margin is maize grown under non-irrigated 214 
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subsistence farming. For Jatropha, we assumed that the carbon stored during a 20-year 215 

rotation in BERL would be similar to the values estimated for Mozambique (Niqel), as both 216 

projects started at the same time (around 2008) and share similar climatic conditions 217 

(Section 2.3.1.1). 218 

  219 

2.3.1. AG and BG carbon stocks 220 

 221 

2.3.1.1. Jatropha 222 

We estimated the current carbon stocks of the plantation in Mozambique by 223 

measuring the diameter of 40 randomly selected trees and estimating their biomass using 224 

allometric equations that relate stem diameter with biomass. Half of the trees were ~2 years 225 

old and the other half were ~6 years old.  226 

To estimate the AG biomass of the ~2 years old Jatropha trees (7 cm < Diameter < 227 

12 cm), we developed our own allometric relationship from destructive samples of 20 trees. 228 

We used the allometric equation obtained [AG Biomass = 0.036 * Diameter ^ 2.15; D < 15 229 

cm] to convert tree diameters to tree biomass (see supplementary material for more 230 

information on the allometric model).  231 

To estimate the AG biomass of the ~6 years old Jatropha trees (12 < Diameter < 21 232 

cm), we could not develop our own allometric equation since the plantation managers did not 233 

allow us to cut such adult trees. We tested several allometric equations, but some 234 

overestimated Jatropha biomass and/or used < 3-year-old trees to develop the equation 235 

[26,28,29]. We decided to use Baumert’s [30] allometric equation [AG Biomass = 0.016 * 236 

Diameter ^ 2.31; D < 21 cm], which was developed in Burkina Faso with adult trees with a 237 

diameter range similar to our trees in Mozambique. 238 

Total carbon biomass per hectare was estimated by multiplying the calculated tree 239 

biomass (Mean ± SD: 4.8 ± 1.4 kg for ~2 year old trees; 10.1 ± 3.5 kg for ~6 year old trees) 240 

by tree density in the Jatropha plantation (1500 and 1667 trees/ha).  241 
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As explained in Section 2.3, the current carbon stocks associated with the Jatropha 242 

smallholder scheme in Malawi (BERL) were not directly measured. However, to assess the 243 

carbon impacts of land use change we did not use the current carbon stocks described 244 

above, but instead we used an estimation of the mean biomass stored in a 20 year rotation. 245 

We believe this is a better approach since Jatropha will accumulate biomass until it reaches 246 

the natural lifecycle of 20 years [20,21]. As we could not find any measured values on 247 

Jatropha plantations older than 6 years, we used the carbon values estimated by Achten et 248 

al. [21] to calculate average stocks of AG biomass in Jatropha plantations considering a 20-249 

year period. These average values were used to estimate net changes in carbon stocks due 250 

to land conversion to Jatropha in both BERL (Malawi) and Niqel (Mozambique). Although 251 

tree density varies between both projects, it was not possible to take this into account as tree 252 

density (trees/hectare) was not specified in Achten et al. [21] estimations.  253 

BG biomass was calculated considering a root: shoot ratio of 0.42 [28,31]. Jatropha 254 

biomass was assumed to have 42.5% carbon content [30].  255 

To our knowledge, neither the smallholder scheme in Malawi nor the plantation in 256 

Mozambique is managed with regular pruning. 257 

 258 

2.3.1.2. Sugarcane 259 

In our study sites in Malawi and Swaziland, sugarcane is harvested every year during 260 

a nine-year period (on average). After the ninth harvest, sugarcane plants are uprooted and 261 

the land is left fallow for around six months. Afterwards, new sugarcane stems are planted 262 

and the cycle starts all over again. To enhance the comparability between sugarcane and 263 

Jatropha, we assumed for sugarcane the same rotation period (20 years) as Jatropha’s 264 

typical lifecycle [20,21] (Section 2.3.1.1). Therefore, we considered that during a 20-year 265 

period, there are 19 years of sugarcane production (9+9+1) and one year that the land rests 266 

fallow (6 months + 6 months). 267 

We obtained sugarcane yields (2010-2014) from each sugarcane area (RSSC-268 

SWADE and Illovo), and considered yields as the wet biomass produced in non-fallow years. 269 
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We then estimated the mean biomass stored in a 20-year rotation, considering 19 years of 270 

annual production and one year without any production. Yields (i.e. wet biomass harvested) 271 

were converted into total dry AG biomass by calculating stalk dry weight (assuming that 272 

harvested stalks usually comprise ~30% of dry matter) and including the proportion of trash 273 

dry weight (total dry biomass entails ~35% of trash and ~65% stalk) [32,33]. BG biomass 274 

was calculated based on a root: shoot ratio of 0.15 [34,35]. Carbon was assumed to be 44% 275 

of the dry biomass [36,37]. 276 

 277 

2.3.1.3. Forested area 278 

To estimate the carbon stored in forest biomass, 5-6 forested areas (Miombo 279 

woodlands in Mozambique/Malawi and savannah woodlands in Swaziland) were sampled in 280 

each study site (except for BERL, Section 2.3). In each forested area, 20-25 sites were 281 

randomly selected and circular plots of 10 m diameter were established (plots were 282 

separated by at least 20 m). In each plot, the diameter at breast height (DBH) of all trees 283 

with DBH > 5 cm was recorded. All forested areas were adjacent to Jatropha or sugarcane 284 

fields to have a good approximation of the previous forest that was converted to feedstock. 285 

In Malawi and Mozambique, stocks of carbon in AG and BG biomass were estimated 286 

using Ryan et al. [38] allometric equations for miombo woodlands [AG: ln(stem biomass 287 

carbon, Kg) = 2.6 * ln(DBH) - 3.63] [BG: ln(root biomass carbon, Kg) = 2.26 * ln(DBH) - 288 

3.37]. In Swaziland, biomass per tree was estimated using the allometric model developed 289 

by Nickless et al. [39] for broad-leafed South African trees, applying the correction factor 290 

suggested by Colgan et al. [40] [ln(stem biomass) = - 3.47 + ln(DBH) * 2.83 + 0.06]. As 291 

Nickless et al. [39] allometry cannot be applied for tree diameters greater than 33 cm, we 292 

applied a generic allometric model in such cases [41,42]. The carbon fraction in dry wood 293 

was considered to be 50% [43,44], and the root: shoot ratio 0.56 (if AG biomass < 20 t ha-1) 294 

or 0.28 (if AG biomass > 20 t ha-1) [45,46]. 295 

 In Malawi and Swaziland, forested areas were divided into low- (AG biomass carbon 296 

< 10 t ha-1) and high- (AG biomass carbon > 10 t ha-1) density forest, according to the land 297 
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cover classification (Section 2.2). In Mozambique, all forested areas sampled had AG 298 

biomass carbon > 10 t ha-1 and were thus classified as high-density forests.  299 

 300 

2.3.1.4. Agricultural land 301 

All land identified as ‘other agricultural’ land was assumed to be maize, the dominant 302 

staple crop in all study sites, and southern Africa in general [47]. Maize yield estimates were 303 

obtained through FAO latest reports on Crop & Food Assessments for Mozambique [48] and 304 

Swaziland [49]. Since these reports were not available for Malawi, maize yields were directly 305 

obtained from the Agriculture Development Office in Nkhotakota district (2014 yields). Maize 306 

yields were converted to AG carbon stocks assuming a harvest index of 53% and a carbon 307 

content of 45% in the dry matter [50]. BG biomass was calculated considering a root: shoot 308 

ratio of 0.19 [51]. 309 

 310 

2.3.1.5. Grassland  311 

We estimated AG biomass in grasslands by averaging the biomass values reported 312 

for African grasslands (between 1 and 7 t ha-1, from open to closed grasslands) [52]. BG 313 

biomass was calculated considering a root: shoot ratio of 1.89 [46], and the carbon mass 314 

fraction was assumed to be 47% of the dry biomass [45]. 315 

 316 

2.3.2. Soil organic carbon (SOC) 317 

In each study country, SOC was measured in 5-6 Jatropha/sugarcane fields and 5-6 318 

adjacent forests. In each forested area or feedstock field, three samples were analysed for 319 

total organic carbon through the Walkley & Black method [53]. Each of these samples was 320 

obtained by combining 4 subsamples from the upper 20 cm soil layer. In each sampled area, 321 

a core sampler was used to measure bulk density, which was needed to calculate SOC 322 

stocks in t ha-1.  323 

SOC in bareland, cropland and grassland was assumed to be 36%, 21.3% and 6.4% 324 

lower, respectively, than the SOC stocks reported in forested areas [54,55]. To estimate 325 
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SOC in mature Jatropha plantations, we assumed an increase of 20% compared to the SOC 326 

reported in the young Jatropha plantations in Mozambique (lower estimate extracted from 327 

Fig. 5.6 in Baumert [30]). 328 

 329 

2.4. Carbon stock changes due to land use change in each study site 330 

Monte Carlo simulations were used to assess the net changes in carbon stocks 331 

(including AG/BG carbon stocks and SOC) as a result of land conversion to sugarcane or 332 

Jatropha (considering a 20-year period). This approach incorporates the uncertainty 333 

associated with the estimates of carbon stocks and mitigates overconfident conclusions, as it 334 

is recommended in Chapter 3 of the IPCC Guidelines [45]. Input data to the Monte Carlo 335 

simulations were the area occupied by each land use prior and after each project started, 336 

and the distributions describing the carbon stored by each land use in each study site (for 337 

more information on the input data used to run these simulations see Table S2).  338 

To parameterize each distribution, we followed IPCC guidelines for small data sets. If 339 

the coefficient of variation (standard deviation divided by the mean) was less than 0.3, we 340 

assumed a normal distribution; if higher than 0.3, we assumed a lognormal distribution [45]. 341 

Monte Carlo simulations proceeded by randomly sampling from each input distribution and 342 

computing the net carbon value as net carbon = current carbon stocks – previous carbon 343 

stocks. By repeating this process many times (n = 50000), we generated the distribution of 344 

net carbon values that can be expected given the estimates of carbon stocks and their 345 

associated uncertainty. Monte Carlo simulations were conducted using R, version 3.2.2 [56]. 346 

 347 

2.5. Carbon stock changes in biomass due to land use change under different scenarios   348 

As a final step, we assessed how net carbon stocks change depending on the 349 

previous land use that is converted to biofuel crops (i.e. agricultural land, forest or a mix of 350 

both). For these simulations we only considered carbon stocks in biomass (AG and BG), as 351 

SOC highly influences the overall carbon stocks and it is highly variable both spatially and 352 

temporally (Section 3.2) [55,57–59]. 353 



14 
 

To assess how net changes in biomass carbon stocks vary depending on the 354 

previous land use that is converted, we imposed a land use transition model on top of our 355 

Monte Carlo simulations. This model considered that a hypothetical area of 100 km2 of forest 356 

or agricultural land is to be converted to sugarcane or Jatropha. We started considering that 357 

all 100 km2 were agricultural land, and at each step (i.e. scenario) we transferred 40 ha of 358 

agricultural to forested land. In total, we completed 250 transfer steps, defining 250 different 359 

previous land use scenarios, with the final scenario being that all 100km2 were forested land. 360 

For each individual scenario we ran Monte Carlo simulations (n = 10000 per scenario) to 361 

estimate net changes in biomass carbon stocks due to land conversion to sugarcane or 362 

Jatropha.  363 

The biomass carbon stocks considered for these simulations were the highest 364 

estimates found for each land use in our study sites. Therefore, for forest, agriculture and 365 

sugarcane we took the carbon stocks estimated for Malawi, as these estimates were higher 366 

than in Mozambique and Swaziland (Section 3.2, Table 2). For Jatropha, we assumed 367 

average carbon values during a 20-year rotation. More information on the input data used to 368 

run these simulations can be found in Table S3.  369 

 370 

3. Results and discussion 371 

3.1. Land use change 372 

Fig. 1 shows the previous and current land uses of the area currently occupied by the 373 

Jatropha and sugarcane projects studied. Results suggest that the previous land cover at 374 

the commercial sugarcane plantation in Malawi (Illovo) and at the commercial Jatropha 375 

plantation in Mozambique (Niqel) was mainly forested land. By contrast, in Swaziland, the 376 

previous land cover of both the commercial sugarcane plantation (RSSC) and the 377 

smallholder sugarcane scheme (SWADE) was a mixture of agricultural and forested land.  378 

The land use change that occurred in the smallholder Jatropha project in Malawi was 379 

not directly assessed as it was not possible to distinguish Jatropha hedges in the satellite 380 

imagery due to their small size (Section 2.2; Fig. S4). However, information provided by the 381 
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company that incentivised and assisted the smallholders to adopt Jatropha (BERL), and 382 

household surveys (performed in September 2014), allowed us to estimate that ~40000 383 

Jatropha trees were planted throughout the Mangochi area (~800 farmers planted an 384 

average of ~50 trees each farmer). Assuming that each Jatropha tree occupies 2.1 m2 385 

(based on our own measurements in the study site), we estimated that Jatropha trees 386 

occupy ~8.5 ha spread across approximately ~60000 ha in the study area (see Fig. S4). As 387 

BERL only promoted Jatropha as a boundary crop around agricultural fields and 388 

homesteads [26], we assumed that the previous land use of the calculated ~8.5 ha was 389 

agricultural land. This is similar to what we observed in other areas of Malawi, where 390 

Jatropha is grown around agricultural fields using the same production model [60]. Overall, 391 

the land use change that occurred in this study site is minimal compared to the land use 392 

changes observed in the other study sites, and thus it cannot be shown in Fig. 1 as 8.5 ha 393 

would be imperceptible compared to the areas of the other study sites (1800-45000 ha). 394 

 395 

<<Figure 1>> 396 

 397 

Fig. 2 shows the land use change that occurred in the surrounding areas of each 398 

study site, in a comparable area to Fig. 1 (Section 2.2)1. The results suggest that by and 399 

large outside all project areas, forested land decreased while agricultural and bare land 400 

increased. Although it is very challenging to establish causality, land use change patterns 401 

occurred in the surroundings of biofuel projects can be potentially influenced by the projects 402 

themselves. This is because biofuel projects can displace farms that are subsequently 403 

allocated elsewhere in the area, or attract population due to direct employment and 404 

secondary job creation [61,62]. Both these mechanisms have been observed, for example, 405 

around the Jatropha plantation (Niqel) in Mozambique [60].  406 

                                                           
1 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 407 

changes observed in the surroundings of the projects are minimal compared to the direct 408 

land use changes that occurred within the project boundaries. Figs. S1-S3 (supplementary 409 

material) provide a visual representation of the land use changes occurred in each study 410 

site. 411 

 412 

<<Figure 2>> 413 

 414 

3.2. Carbon stocks 415 

Table 2 shows the estimated carbon stored in AG and BG biomass and SOC in each 416 

land use and for each country studied. It should be noted that while the same carbon stocks 417 

were estimated for the smallholder project (SWADE) and the industrial plantation (RSSC) in 418 

Swaziland, as they are adjacent in the same area (Section 2.3), their impact on carbon 419 

stocks will not be the same (Section 3.3), as the land converted to sugarcane differs (Fig. 1). 420 

The carbon stocks associated with the smallholder Jatropha scheme (BERL) in Malawi are 421 

not shown in the table because the carbon stocks associated with this study site were not 422 

directly measured (Section 2.3). 423 

Overall, the values obtained are similar to those reported by other studies for miombo 424 

woodlands [38,63,64], South African savannahs [65,66], sugarcane in Brazil [67] and 425 

Jatropha [30,58,68]. 426 

Forested land was divided into low- and high-density forest in Swaziland and Malawi 427 

due to large differences in forest biomass. These differences are most probably caused by 428 

the unsustainable extraction of wood for energy purposes. While low-density forests 429 

appeared to be heavily cleared for firewood and charcoal production, high-density forests 430 

were much less exploited most likely because they had some kind of protection (e.g. sacred 431 

groves or formally protected forests). In Mozambique, we did not observe these large 432 

differences in forest density and all sampled forests in the study area were classified as 433 

high-density forest. Forests in the Mozambique study site were less exploited probably 434 
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because of its much lower population density (24 people km-2 in Sofala region) compared to 435 

Malawi (71 people km-2 in Nkhotakota district) and Swaziland (52 people km-2 in Hohho and 436 

Lubombo districts) [69]. 437 

 In each study site, the highest amounts of stored carbon were found in high-density 438 

forests, followed by sugarcane and Jatropha. Our data shows that carbon stocks in AG 439 

biomass are higher for sugarcane than for Jatropha, probably due to the high planting 440 

density of sugarcane and the low density of Jatropha wood  [70]. If a 20-year rotation period 441 

is considered, sugarcane stores an average of ~21 t ha-1 of AG carbon, while Jatropha 442 

stores ~13 t ha-1 on average. It is important to highlight that while the sugarcane estimates 443 

reported here are based on field data, the values reported for Jatropha on the carbon stored 444 

during a 20-year rotation are only estimates. This is because we could not find any 445 

measured values on Jatropha plantations older than 6 years in southern Africa, given the 446 

short history of the crop and its widespread collapse across the region [5]. Therefore, these 447 

estimates are only indicative and will vary depending on climatic conditions [28] and 448 

management practices such as pruning [68].  449 

 450 

<<Table 2>> 451 

 452 

Although carbon stocks in AG biomass are higher for sugarcane than for Jatropha, 453 

when total carbon stocks (including SOC) are considered, Jatropha in Mozambique appears 454 

to have higher carbon stocks than sugarcane in Swaziland, due to the substantially lower 455 

values of SOC in Swaziland. Changes in SOC highly influence the overall carbon stocks not 456 

only for sugarcane and Jatropha, but for all land uses as SOC is generally the main carbon 457 

pool. This is consistent with other studies in the region [20,38]. The impact of SOC on the 458 

overall carbon stocks is even higher for land uses with little biomass, such as low-density 459 

forests, grasslands and agricultural land, where SOC represents more than three quarters of 460 

all the estimated carbon stocks. Finally, bareland is the land cover that stores the lowest 461 
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amount of carbon, with carbon present mainly in the soil (Table S2 shows carbon stocks 462 

considered for bareland in each site).  463 

 464 

3.3. Carbon stock change due to land use change  465 

 Fig. 3 represents in a boxplot the output distributions from the Monte Carlo 466 

simulations used to estimate the net changes in carbon stocks as a result of land conversion 467 

to sugarcane and Jatropha in each study site. Negative values on the Y-axis indicate that the 468 

model predicts carbon debts, while positive values indicate carbon gains. Overall, in the 469 

sugarcane study sites, most predicted values of carbon stock changes were positive, 470 

indicating carbon gains due to land use change. These carbon gains are the result of 471 

growing sugarcane on land previously covered by low-density forest and agriculture (Fig.1), 472 

land uses that were found to store less carbon than sugarcane (Table 2). To our knowledge, 473 

while some studies have assessed the carbon impacts of sugarcane production in southern 474 

Africa [23,71], an assessment like the one presented here on net changes in carbon stocks 475 

due to actual land conversion to sugarcane was still missing in southern Africa.  476 

 477 

<<Figure 3>> 478 

 479 

 Conversely, the results obtained from the two Jatropha sites differ significantly. 480 

Whereas in the smallholder scheme in Malawi (BERL) most predicted values indicated 481 

carbon gains due to land use change, in the plantation in Mozambique (Niqel) more than 482 

75% of the predicted values were negative, indicating a carbon debt due to land conversion. 483 

These contrasting results reflect the fact that these two projects were established in areas 484 

with very different previous land uses. While in Malawi Jatropha trees were planted in the 485 

edges of agricultural fields [26], in Mozambique high-density forest was cleared to grow 486 

Jatropha. Bailis and McCarthy [68] also found contrasting results on carbon impacts due to 487 

Jatropha conversion in India and Brazil, depending on the type of forest converted. In sub-488 

Saharan Africa, some studies have estimated the potential impacts of Jatropha expansion 489 
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and also found that carbon debts are likely to occur if miombo forest is converted to 490 

Jatropha, whereas carbon gains can be expected if cropland is converted [19–21].  491 

Finally, Fig. 4 shows how net changes in biomass carbon stocks (current carbon 492 

stocks in biomass minus previous carbon stocks in biomass) vary depending on the previous 493 

land use (agriculture/forests) that is converted to either Jatropha or sugarcane. Negative 494 

values on the Y-axis indicate carbon debts, while positive values indicate carbon gains. The 495 

X-axis represents the previous land use scenario considered for each case. For instance, 496 

the scenario at X = 0 implies that the previous land contained 0% of high-density forest (thus 497 

all previous land use was agriculture), whereas the scenario at X=50 considers that the 498 

previous land contained 50% of high-density forest and 50% of agricultural land.   499 

The Monte Carlo simulations show that, if a sugarcane or Jatropha plantation is 500 

planned to be located in our study sites, more forested land could potentially be converted 501 

into sugarcane (30-44% of forest) than into Jatropha (24-32%) without creating carbon debts 502 

(ranges represent the 25th and 75th percentile of the simulations). This difference between 503 

sugarcane and Jatropha is due to sugarcane storing (on average) more carbon in its 504 

biomass than Jatropha (Section 3.2). It is important to note that these results are only 505 

indicative and should not be extrapolated to other study sites. Carbon stocks in AG and BG 506 

biomass for sugarcane, Jatropha and forests can significantly vary between regions and 507 

management practices such as irrigation, plant trimming and forest harvesting [28,68,72,73], 508 

and these variations will likely create different outcomes for Fig. 4 in other study sites.  509 

 510 

<<Figure 4>> 511 

 512 

Even though the results shown in Fig. 4 should not be generalized to other regions, 513 

the simulations presented here provide a novel approach to identify a rough threshold of the 514 

extent to which carbon-rich landscapes (e.g. forested areas) can be converted to feedstock 515 

production without compromising the provision of carbon sequestration services. 516 

Understanding such thresholds can be particularly useful to inform land use decisions, 517 



20 
 

especially for biofuel projects that aim to export feedstock/biofuels to international markets 518 

that require mandatory GHG emissions savings such as those outlined in the European 519 

Union Renewable Energy Directive 2009/28/EC [74]. Such simulations could complement (or 520 

even be integrated in) Environmental Impact Assessments (EIAs) or other toolkits that 521 

promote sustainable biofuel production and use, e.g. Bonsucro [75] and the Roundtable on 522 

Sustainable Biomaterials RSB [76].  523 

 524 

3.4. Research gaps and limitations 525 

The purpose of this paper is to assess changes in the provision of carbon 526 

sequestration services due to land conversion to feedstock in southern Africa. We compare 527 

the amount of carbon sequestration services provided by the present land use (i.e. Jatropha 528 

or sugarcane) to the amount provided by the previous land use (i.e. agriculture, forest, 529 

grasslands). The data obtained could be used as the land-use change component of a life-530 

cycle assessment (LCA), but it is beyond the scope of the present study to perform a 531 

complete LCA. Therefore, in this paper we do not consider what is done with the biomass 532 

after it is harvested. In order to quantify the potential reduction in GHG emissions from 533 

biofuels, a subsequent LCA analyses would need to factor in not only the land-use change 534 

component, but also how often the biomass is harvested (i.e. more often in sugarcane and 535 

agricultural areas than in Jatropha and forested areas), and what is done with it once 536 

harvested.  537 

Another limitation of this study, shared with the vast majority of the literature 538 

assessing the impacts of biofuel expansion on carbon stocks, is the degree of uncertainty 539 

associated with SOC estimates. SOC is highly variable both temporally and spatially, and it 540 

can also be affected and altered by several management practices that disturb the soil, such 541 

as soil tillage and fertilizer use [55,57–59]. However, due to the difficulty in obtaining data 542 

representative of this range of variability, most studies that assess the carbon impacts of 543 

land use change due to biofuel crops, including this one, have an inherent degree of 544 

uncertainty associated with SOC estimates [19,21,58,68]. Considering that SOC tends to be 545 
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the main carbon pool in most land uses, further research on this area can significantly 546 

decrease the uncertainties associated with carbon stock studies.  547 

 548 

4. Conclusions 549 

Our study shows that variations in carbon stocks associated with direct land use 550 

change can significantly affect the provision of carbon sequestration services provided by 551 

biofuel landscapes. Such land use change effects need to be taken into account when 552 

assessing the potential reduction of greenhouse gases emissions from biofuels as they can 553 

significantly impact biofuel life cycle assessments.  554 

Our results indicate that sugarcane landscapes tend to store more carbon in biomass 555 

(AG and BG) than Jatropha landscapes. However, as soil organic carbon (SOC) is generally 556 

the main carbon pool, the overall carbon stocks will depend on SOC. We also show that in 557 

all sugarcane study sites, both industrial plantations and smallholder schemes created 558 

carbon gains as the previous land use (low-density forest and agriculture) stored less carbon 559 

than sugarcane. By contrast, the two Jatropha sites appear to have diverging results. While 560 

in the smallholder scheme (BERL, Malawi) carbon gains are observed as Jatropha was 561 

planted in the edges of agricultural fields, carbon debts were created in the Jatropha 562 

plantation (Niqel, Mozambique) due to the conversion of high-density forest.  563 

Although the findings reported here relate to specific study sites, our data provide, for 564 

the first time, a broader insight into how carbon impacts due to land use change vary 565 

between sugarcane and Jatropha systems across southern Africa. Finally, even though in 566 

this paper we only focus on a single ecosystem service (climate regulation), broader trade-567 

offs between different ecosystems services need to be considered when assessing the 568 

impacts of biofuel projects. 569 
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Figure captions 806 

Fig. 1. Previous and current land uses of the areas occupied by the Jatropha and sugarcane 807 

projects studied. 808 

 809 

Fig. 2. Previous and current land uses of the areas surrounding the Jatropha and sugarcane 810 

projects studied.  811 

 812 

Fig. 3. Net changes in carbon stocks (including AG/BG biomass and SOC) as a result of 813 

land conversion to sugarcane (light grey) or Jatropha (dark grey) in each study site. Each 814 

box represents the interquartile range (IQR; difference between the 25th and 75th 815 

percentiles), the thick black line is the median, and the top and bottom whiskers indicate the 816 

highest values within the upper range (75th percentile + 1.5 * IQR) and the lowest values 817 

within the lower range (25th percentiles - 1.5 * IQR). 818 

 819 

Fig. 4. Net changes in carbon stocks due to land conversion to sugarcane and Jatropha 820 

under different previous land use scenarios. The X-axis represents the proportion of 821 

previous land considered to be high-density forest (the remainder is characterized as 822 

agricultural land). The thick line is the mean obtained for each scenario, while the shaded 823 

area indicates the 25th and 75th percentiles.  824 

 825 

Table 1. Description of the study sites. Project names stand for: BERL (Bio Energy 826 

Resources Ltd.); RSSC (Royal Swaziland Sugar Corporation Ltd.); SWADE (Swaziland 827 

Water and Agricultural Development Enterprise); EthCo (Ethanol Company Limited). 828 

 829 

Table 2. Estimated carbon stocks in aboveground (AG) and belowground (BG) biomass, and 830 

soil organic carbon (SOC) for each land use in Malawi, Swaziland and Mozambique (Mean ± 831 

SD).  832 


