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A B S T R A C T   

Biofuel feedstock production has been identified as a possible avenue to boost rural development in Sub-Saharan 
Africa. Despite the extensive promotion of biofuel crops such as jatropha and sugarcane, there are no cohesive 
and robust studies exploring how different types of involvement in their production affects rural income gen-
eration. This paper assesses the livelihood outcomes of different types of engagement in biofuel crop production 
in southern Africa using a consistent protocol between multiple study sites. In particular we use Propensity Score 
Matching to assess impacts on household income and expenditures across three comparative bases (i.e. total, per 
capita, per adult equivalent). We focus on four study sites representing the main biofuel feedstocks (sugarcane, 
jatropha), modes of production (small-scale, large-scale) and production practices (irrigated, rainfed) that have 
been promoted in southern Africa, vis-à-vis the institutional arrangements of feedstock production in each site. 
Households engaged in biofuel feedstock production tend to have higher incomes compared to households not 
engaged in such activities, particularly in sugarcane areas. However, when comparing livelihood outcomes 
across different production modes and practices, the picture is more mixed. In this case livelihood outcomes seem 
to depend on the institutional arrangements in the different sites, especially in smallholder settings. Overall, the 
results suggest that livelihood outcomes vary between crops, types of involvement, modes of production and 
institutional arrangements. Such variations must be considered carefully when designing and promoting the 
production biofuel feedstocks or similar cash crops, as rural development strategies in the region.   

1. Introduction 

The production of biofuel feedstock crops has received substantial 
attention in development discourses across Sub-Saharan Africa (SSA) in 
the past decade [1–2,91,92]. Different stakeholders had strong expec-
tations about the potential of biofuel feedstock production to transform 
rural areas, as well as contribute to national energy security and eco-
nomic growth [3,4]. Jatropha and sugarcane were the most heavily 

promoted biofuel feedstock crops across SSA mainly through large-scale 
plantations and smallholder-based schemes [3,5–7]. Much of this 
expansion, especially for jatropha, coincided with (and was part of) the 
extensive agricultural transformation that unfolded in SSA during the 
wave of large-scale land investments that swept much of the continent 
since the mid-2000 s1. However, many of the sugarcane investments 
have had a much longer history, often from the colonial and post- 
colonial periods. In some countries such as Mauritius, Malawi and 
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change, transformation of agrarian systems, and in some cases land grabbing [8–12]. 
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Eswatini (formerly known as Swaziland) this has culminated to many 
well-established sugar and energy enterprises [13,14]. 

This interest in biofuel feedstock production was largely sparked through 
the 2007–2008 spike in oil prices and the expectations of escalating biofuel 
demand due to programmes and mandates in major consumers such as the 
EU [15–17]. This expected demand sparked interest in many biofuel feed-
stock investments, including large-scale land leasing or acquisitions across 
the continent. Among oilseed crops suitable for biodiesel, jatropha accoun-
ted for most of the initial investments and land deals across SSA [18,19]. 
Despite a lack of agronomic data of this undomesticated crop [20,21], 
jatropha received tremendous attention due to perceptions that it would not 
compete directly with food crop production. Such perceptions arose espe-
cially because it is a non-edible crop and could, in theory, grow on marginal 
and arid land [22,23]. Eventually, a series of agronomic, economic and social 
factors led to the underperformance and practical collapse of most jatropha 
projects across the continent [3,24,25]. 

Biofuels for domestic consumption were also advocated in some SSA 
countries, especially some landlocked countries such as Malawi, where fossil 
fuel imports take a significant toll on trade balances [3,26,102]. In these 
contexts, biofuels were perceived as an avenue to increase domestic energy 
security, and at the same time boost rural development and poverty reduc-
tion through the generation of rural incomes and employment [3,27,103]. In 
these cases, sugarcane ethanol production from molasses has been the most 
widely adopted feedstock due to the ability to create economies of scale and 
catalyse broader development outcomes [26,102,103]. 

Biofuel feedstock production in SSA has been associated with various 
socioeconomic and environmental impacts at the local level, as dis-
cussed below [3]. On the environmental end of the spectrum, feedstock 
production can be a major driver of land use change, and thus carbon 
stock change, through the conversion of ecosystems and agricultural 
land for feedstock production [28–30]. Certain feedstock production 
practices have also been linked to ecosystem degradation, ecosystem 
services loss, water depletion, and pollution [3,23,31,32]. On the so-
cioeconomic end of the spectrum, studies have identified the local 
positive and negative outcomes of engagement in biofuel feedstock 
production on household income, poverty alleviation, and food security, 
among others, with these outcomes depending on many factors such as 
the type of engagement, crop, market linkages, institutional arrange-
ments and socioeconomic and environmental context [33–42]. 

Such studies on the impacts of feedstock production have generated a 
debate on whether biofuel feedstock production can spur rural development 
by improving rural incomes, and how different factors related to the selection 
of the crop, mode of production and production practices [93]. For example, 
it has been suggested that smallholder-and outgrower-based models can 
offer larger rural development benefits as they can reach many beneficiaries 
[43], but some studies have found that the absolute effects can be low and 
highly variable [44]. Understanding the income generation outcomes of 
engagement in biofuel feedstock production is a necessary step for under-
standing the true rural development potential of such endeavours. Apart 
from its significance for household livelihoods, income can also have further 
impacts on human wellbeing, for example, by facilitating better access to 
food, thereby improving household food security (e.g. [45–46]). 

However, the literature regarding the local-level livelihood outcomes 
of engagement in biofuel crop production remains fragmented, with the 
evidence base being rather weak [93]. In particular, most studies consider 
single study areas, crops or modes of production (e.g. [38,44]), or use 
incompatible protocols that hamper the comparison within and between 
sites [47], or establish rather descriptive/qualitative inferences [44,48]. 
However, there is significant evidence that different crops and modes of 
production can have radically different livelihood outcomes depending 
on a multiplicity of factors [3]. So far only a few comparative studies have 
used uniform protocols to study the household-level livelihood impacts of 
engagement in biofuel feedstock production in SSA (e.g. [33,34]). Such 
knowledge gaps about the actual livelihood outcomes of biofuel crop 
production perpetuate some of the misconceptions that can hamper the 
possible development benefits that some models of feedstock production 

can have locally and/or nationally. A coherent and comprehensive 
research approach across multiple crops, study sites and modes of pro-
duction can provide valuable insights into the welfare changes for rural 
households that engage in biofuel crop production. 

The aim of this paper is to contribute to this emerging literature by 
assessing the livelihood outcomes of engagement in the main biofuel 
crop production systems in southern Africa. The paper responds to calls 
for assessing the household-level impacts of biofuel production in SSA in 
a consistent and cohesive manner [2,93]. We quantify the income ob-
tained via different types of engagement in biofuel feedstock production 
such as feedstock smallholders and plantation workers. Through a 
combination of statistical tools we seek to elicit whether engagement in 
feedstock production is a better livelihood option in sites of biofuel crop 
production in Malawi, Mozambique, Eswatini (formerly known as 
Swaziland). The study sites were selected to represent the main biofuel 
feedstocks (i.e. sugarcane vs. jatropha), modes of production (i.e. small 
scale vs. large scale) and production practices (i.e. irrigated vs. rainfed) 
promoted in southern Africa [3,49]. By focusing on mono-dimensional 
monetary measures such as gross/net income and household expendi-
tures, this study complements a multi-dimensional poverty assessment 
of engagement in biofuel feedstock production in the same sites [33]. 

Section 2 outlines the study sites, and the data collection and analysis 
methods. Section 3 presents the livelihood outcomes of engagement in 
biofuel feedstock production, and Section 4 discusses the main patterns 
vis-à-vis the institutional arrangements in the different areas of biofuel 
crop production. 

2. Methodology 

2.1. Study sites 

The study was conducted in four different sites in three southern 
African countries: Malawi, Mozambique, and Eswatini (Fig. 1). The 
research sites were selected to represent the main types of biofuel 
feedstocks (i.e., sugarcane, jatropha) and production modes (i.e. 
smallholder-based vs. large-scale; rainfed vs. irrigated) promoted in 
southern Africa as identified through extensive literature reviews 
[3,49]. The key characteristics and institutional arrangements of each 
site are summarized in Table 1, with more detail available in Section S1 
(Supplementary Electronic Material) and other studies [28,50]. In 
summary, the study sites include: 

Fig. 1. Location of study sites. Source: Adapted from [50].  
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Table 1 
Description of study sites.  

Site Feedstock Type Year started Data 
collection 

Extent Harvest Other details 

Dwangwa, Malawi Sugarcane Hybrid. 
Core large plantation (Illovo), surrounded by 
smallholders in community-owned irrigated 
sugarcane plots and individually owned rainfed 
sugarcane plots 

Core plantation: 
1977 
Irrigated 
smallholders: early 
1990 s 
Rainfed 
smallholders: 
unknown 

Aug-Sep 
2014 

Core plantation and irrigated 
smallholders: 
110 km2 
Rainfed smallholders: 
unknown 

May- 
June 

Molasses from Illovo sugar mills is 
sold to the ethanol company (EthCo) as a feedstock for ethanol 
production 

Tshaneni, 
Swaziland 

Sugarcane Hybrid. 
Core large plantation (RSSC) with smallholder 
irrigated sugarcane community plantations. 

Core plantation 
(Mhlume): 1958 
Core plantation 
(Shimunye): 1979 
Irrigated 
community 
plantations: 1999 

Nov-Dec 
2014 

Core plantations: 220 km2 
Community plantations: 55 
km2 involving 27 associations 
with 2387 farmers 

May- 
Jun 

Molasses from the two RSSC mills are used as feedstock for 
ethanol production. SWADE, a parastatal agency, assisted the 
development of smallholder irrigated sugarcane production for 
rural development 

Mangochi, Malawi Jatropha Individually owned smallholder plots 2008 Oct 2014 About 800 farmers in study 
area 

Dec- 
May 

Farmers sold jatropha seeds to BERL for processing into biofuel. 
Jatropha oil was produced by BERL for a small period of time, 

Buzi, Mozambique Jatropha Large plantation (Niqel) 2008 Mar-Apr 
2015 

17 km2 Feb-Apr First jatropha seeds harvested in 2012. Planned to produce 
jatropha oil in 2015 but unclear whether that eventually 
happened. 

Source: [5,6,49]. 
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• a sugarcane producing area that contains a large-scale sugarcane 
plantation surrounded by sugarcane smallholders (both rainfed and 
irrigated) in Dwangwa, Malawi;  

• a site that contains a large-scale sugarcane plantation and several 
smaller community-owned plantations in Tshaneni, Eswatini;  

• a smallholder-based jatropha project in Mangochi, Malawi;  
• a large-scale jatropha plantation in Buzi, Mozambique. 

Apart from reflecting the most prevalent biofuel feedstocks and 
modes of production, these sites also represent diverse institutional ar-
rangements among smallholders that range from typical outgrower ap-
proaches (i.e. individual farmers sell feedstock directly to a sugarcane/ 
jatropha company in Dwangwa and Mangochi, Malawi) to more coop-
erative models (i.e. farmers consolidate farms into larger community 
plantations, becoming equal partners and receiving equity/dividends 
from selling sugarcane to sugarcane mills in Tshaneni, Eswatini) 
[5–6,50]. To ensure the manifestation of livelihood impacts we selected 
as case studies areas hosting biofuel feedstock production enterprises or 
projects that had been operational for at least five years prior to data 
collection. 

2.2. Data collection 

We undertook a structured household survey with households rep-
resenting different modes of involvement in feedstock production, such 
as plantation workers and feedstock smallholders (treatment groups) 
and households not involved in feedstock production (control groups) 
(Tables 2 and 3). The selection of groups depended on the actual mo-
dalities of feedstock production in each study site as specified in 
Tables 1–3. In areas that contained plantations we selected two control 
groups. The first control group (commonly referred to as local control) 
consisted of farmer households within the broader biofuel feedstock 
crop production area not involved in feedstock production as small-
holders or as plantation workers. The second control was selected in 
areas outside of the feedstock production (e.g. 40–50 km from the mill) 
but in other aspects similar to the first control group. This was to control 
for possible indirect livelihood benefits from feedstock production such 
as infrastructure developed by the plantations (e.g. roads) [50]. 

The actual sampling protocol and underlying datasets are included in 
[50] and are summarised below. Plantation workers in Dwangwa, 
Tshaneni, and Buzi were randomly selected through employee lists ob-
tained from the Human Resource departments of each company. Simi-
larly, sugarcane smallholders in Dwangwa and Tshaneni were selected 
through smallholder lists provided by the different smallholder associ-
ations. Due to the lack of reliable grower lists we sampled jatropha 
smallholders in Mangochi through transect walks. The close control 
groups in all sites essentially consisted of neighbours of the treated 
groups not involved in jatropha or sugarcane activities. Faraway control 
groups were randomly selected through transect walks in the identified 
control areas (see [50] for more information). 

To avoid households with dual involvement (e.g. households 
engaged in both feedstock smallholder production and plantation 

employment) and to avoid mislabelling control groups, at the beginning 
of each interview we asked respondents to identify whether the 
respondent, or someone else in the household, was involved in feedstock 
production or planation work. If we found a mismatch from the original 
information (e.g. producer list) we moved to the next household. Most of 
the household surveys were conducted at the respondents’ homesteads, 
except for a few employees who preferred to be surveyed at their work 
place during breaks. 

Data was collected through structured surveys administered in the 
local languages to the household heads or their spouses. The first seg-
ments of the questionnaires contained questions related to de-
mographics, income and expenditures, and were administered 
uniformly to all participants regardless of their type of engagement in 
the biofuel sector (Table 2). The questionnaire elicited information 
about all major and minor sources of household income in the past 12 
months for all household members (Section 2.3.2). Additional infor-
mation was collected such as agronomic practices and poverty indicators 
[33]. The questionnaire also had specific sections for particular sub-
groups that elicited extra information such as duration of engagement in 
biofuel crop farming or plantation work and perceptions related to 
engagement. 

Ethics clearance for the study was obtained from Oxford University 
Research Ethics Committee [50]. As approved by the committee, 
informed consent to participate in the study was obtained orally. Oral 
consent (rather than written) was obtained because of the low educa-
tional levels in most sites and the fact that the study procedures posed 
minimal risk to study participants. 

2.3. Data analysis 

2.3.1. Analytical approach 
In order to understand the livelihood outcomes of engagement in 

biofuel feedstock production we undertook three levels of comparisons:  

a) Involvement comparison;  
b) Production mode comparison;  
c) Production practice comparison. 

The “involvement comparison” elicits the livelihood outcomes of 
actual involvement in feedstock crop production. This comparison is 
made between groups involved (treatment groups) and control groups. 
This comparison is possible in each site and entails 15 pairwise com-
parisons (Section 2.3.5). 

The “production mode comparison” elicits the livelihood outcomes 
of involvement in different modes of feedstock crop production. This 
comparison is made between smallholders and workers, and is possible 
only in Dwangwa (Malawi) and Tshaneni (Eswatini) that contain both a 
core plantation and smallholder-based production (Table 1). It entails 
two pairwise comparisons (Section 2.3.5). 

The “production practice comparison” elicits the livelihood out-
comes of engagement in different feedstock production practices. This 
comparison is only made between irrigated and rainfed sugarcane 

Table 2 
Sample sizes for study groups.   

Dwangwa, Malawi 
(sugarcane) 

Tshaneni, Swaziland 
(sugarcane) 

Mangochi, Malawi 
(jatropha) 

Buzi, Mozambique 
(jatropha) 

Total 

Biofuel crop farmers (irrigated) 101 92 NA NA 193 
Biofuel crop farmers (rainfed) 107 NA 100 NA 207 
Workers in large plantations 104 99 NA 96 299 
Workers in community plantations NA 109 NA NA 109 
Not involved, nearby control group 102 97 101 98 398 
Not involved, far away control 

group 
99 99 NA 104 302 

TOTAL 513 496 201 298 1508 

Note: NA denotes that due to unique site characteristics, these groups were not present. 

S. Mudombi et al.                                                                                                                                                                                                                               



Energy Research & Social Science 76 (2021) 102053

5

smallholders in Dwangwa (Malawi), and between “Community planta-
tion workers” and “Plantation workers (RSSC)” in Tshaneni (Eswatini) 
(Section 2.3.5). 

As outlined above the main comparisons in this paper are performed 
between groups within the same site. This is because it is difficult to 
compare and generalize results between sites, due to the pre-existing 
differences and the specific socio-economic and environmental con-
texts. This is consistent with other studies performed by the authors 
using the protocol outlined in this paper (e.g. [5,25,33]). 

A key element of our study is to move beyond simple comparison of 
average incomes to establish causal relationships on whether engage-
ment in biofuel feedstock production improves livelihoods. Rogers [51] 
identified three broad categories for causal attribution. The first cate-
gory includes counterfactual approaches that formulate an estimate of 
what could have happened without the treatment, which is compared to 
the observed under treatment. The second category employs consistency 
of evidence on causal relationship by identifying patterns that are in-line 
with a causal relationship as informed by a theory of change. The third 
category rules out alternatives by identifying potential alternative 
causal explanations and then assesses information to eliminate those not 
relevant. In this paper we adopt the counterfactual approach based on 
the potential outcomes framework [52]. 

Section 2.3.3–2.3.5 outline in great detail the counterfactual 
analytical approach adopted in this paper. Data handling and analysis 
was done in Microsoft Excel and R version 3.5.1 [53]. A number of R 
packages were used including: MatchIt [54], Matching [55], rbounds 
[56], cobalt [57], ATE [58], ggplot2 [59], ggpubr [60], descry [61] and 
summarytools [62]. 

2.3.2. Estimation of income, expenditures and poverty 
Initially we calculate the gross annual income as the sum of the gross 

revenue derived from all activities in which all household members 
engaged during the past season. This revenue reflects all relevant live-
lihood activities including (a) biofuel feedstock production, (b) 
employment in biofuel plantations, (c) other crop production (e.g. 

maize, cowpea, groundnut), (d) livestock production, (e) natural 
resource-based activities (e.g. charcoal, firewood, forest products 
handcraft), (f) off-farm employment in the non-biofuel sector, (g) sav-
ings, (h) remittances and (i) pension. Net income is calculated as the 
difference between gross income and total expenditure, which are 
explained below. 

We then calculate total annual expenditure as the sum of expenditure 
over a 12 month period on (a) food, (b) education, (c) health, (d) house 
rental, (e) house maintenance/ construction, (f) clothing, (g) commu-
nication, (h) travel/ transport, (i) electricity, (j) other energy, (k) leisure, 
(l) supporting relatives/friends, (m) gifts/charities/ceremonies, (n) as-
sets and (o) savings. 

These indicators are first estimated in the local currencies and then 
converted to USD using the following purchasing power parities (PPP) 
conversation rates: 1 USD = 152.26 MKW; 1 USD = 17.64 MZN; 1 USD 
= 4.94 SZL [63]. 

All the subsequent comparisons on incomes and expenditures be-
tween groups (i.e. absolute, per capita, per adult equivalent) are con-
ducted on matched subsets and not on the entire household sample for 
each group (i.e. sample before matching) (Section 2.3.4 and 2.3.5). This 
is the reason why for each group mean values for incomes and expen-
diture slightly differ between comparisons. As we are interested in 
comparative livelihood outcomes, we believe that this approach pro-
vides a better basis for group comparisons. 

To identify whether mean household incomes and expenditures were 
significantly different between groups, we use t-tests. To allow for better 
comparability across households with different sizes and demographic 
composition, there is need to adjust incomes and expenditures [94]. This 
study compares incomes and expenditures across three comparative 
bases: (a) total (i.e. value entire household), (b) per capita (i.e. value 
divided by household size); and (c) per adult equivalent unit (AEU) (i.e. 
value divided by AEU). The AEU adjusts the household size for age and 
gender [95]. The adult equivalents weights used in this paper are: (a) 
adult males (weight = 1), (b) adult females (weight = 0.9), (c) children 
10–15 years old (weight = 0.67), (d) children 5–9 years old (weight =

Table 3 
Types of engagement in biofuel feedstock production.  

Site Group Description 

Dwangwa (Malawi) Plantation workers 
(Illovo) 

Full time employees that receive monthly wages on the basis of a contract. They are mostly from the areas surrounding Dwangwa, 
but some come from other parts of Malawi. Most low skill employees also perform food crop agriculture. 

Irrigated sugarcane 
farmers 

Smallholders that were allocated land in an outgrower irrigated scheme established next to the Illovo plantation by the 
government of Malawi in the 1980 s. All farmers received largely similar plot sizes and perform most of the actual sugarcane 
cultivation tasks, apart from the harvesting and planting. Farmers are associated under the Dwangwa Cane Grower Limited 
(DCGL) that oversees and manages the operations (e.g. provides inputs, negotiates prices with Illovo), and pay fees for these 
services. Sugarcane production is the main commercial agricultural activity for these farmers, but most have secondary plots in 
other parts of the landscape to undertake food crop agriculture. For more information refer to [6,14]. 

Rainfed sugarcane 
farmers 

Smallholders that grow sugarcane on own private land. They have the capacity to initiate or cease sugarcane cultivation 
depending on market signals and household priorities. They also have the opportunity to join or leave at will the different rainfed 
grower associations that negotiate prices with Illovo and facilitate access to agricultural inputs. Depending on the household (and 
the extent of land allocated to sugarcane), sugarcane production can be the main or a secondary agricultural activity. Practically 
all these farmers grow food crops in parts of their farms. 

Tshaneni 
(Swaziland) 

Plantation workers 
(RSSC) 

Full time employees working for the RSSC plantations and receiving monthly wages based on a contract. They are mostly from the 
surrounding areas, but some also come from other parts of Swaziland. 

Community plantation 
workers 

Full time employees working for the community plantations and receiving monthly wages based on a contract. They are mostly 
local community members, with a few also being sugarcane farmers (see below). 

Irrigated sugarcane 
farmers 

Smallholder farmers that were incentivized to pool their land and form commercial, community-owned entities that undertake 
sugarcane production. The government, through the parastatal agency Swaziland Water and Agricultural Development Enterprise 
(SWADE), assisted in acquiring the loans and establishing the irrigation infrastructure. In total 28 associations separate 
associations were formed with membership confined to those community members that provided land. Although land 
contributions differ within the same association, all members are equal shareholders and as such receive equal dividends. Each 
association is self-governed and is responsible for facilitating access to agricultural inputs. Farmers also grow food crops in small 
gardens around their homesteads, or rainfed agriculture on plots further away. For more information refer to [6,13]. 

Buzi 
(Moazmabique) 

Plantation workers 
(Niqel) 

Full time employees that receive monthly wages based on a contract. Most of the employees engaged in agricultural activities are 
local, but due to low local capacity, most skilled workers come from other areas (e.g. machinery operators). For more information 
refer to [5,24]. 

Mangochi (Malawi) Jatropha growers Smallholders that grow jatropha on hedges at the boundaries of their land. The private company BERL provided seeds and 
agronomic knowledge, with the farmers in return selling the harvest to the company. BERL developed a buyer network to reach 
the main villages, but eventually had to retract it. For more information refer to [5,25]. 

Source: [5,6,13,14,24]. 
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0.52), and (e) children 0–4 years old (weight = 0.32) [96]. 
To analyse poverty patterns among the study groups, we calculate 

the proportion of households in each group considered to be income- 
poor. We adopt the international poverty line cut-off pegged at USD 
1.90 per day per person [64]. We obtain the income threshold below 
which households are classified as income poor by multiplying USD 1.90 
by 365 (days in a year), and then by the household size. This proportion 
is then compared to the proportion of the households in each group that 
are considered to be multi-dimensionally poor [65–66]. The full results 
of this multi-dimensional poverty analysis can be found in [33] and are 
used in this paper only for comparative purposes (Section 3.4). 

2.3.3. Estimation of causal effects 
Observational studies like the one presented in this paper differ from 

experiments, as researchers do not control the assignment of treatments 
to subjects [67]. Therefore, in this paper we adopt the potential out-
comes model (POM) or the Rubin causal model [68–70], to determine 
causal effects. The potential outcomes approach has various assump-
tions such as the conditional independence assumption, the ignorable 
treatment assignment assumption and the stable unit treatment value 
assumption [68,71,72]. 

The conditional independence assumption implies that considering a 
given set of observable covariates not influenced by treatment, the po-
tential outcomes are independent of treatment assignment. After 
balancing the covariates, the potential outcomes are independent of the 
treatment status. The common support assumption rules out the chances 
of perfect predictability of treatment given a set of covariates i.e. in-
dividuals with the similar covariates have a positive probability of 
receiving both treatment and non-treatment. The ignorable treatment 
assignment assumption implies that assignment of individuals to treat-
ment conditions is independent of the outcome. The stable unit treat-
ment value assumption implies that the outcome for a particular 
individual is dependent on the treatment assigned to that individual, 
and not on the treatments given to other units [67]. In other words, the 
treatment does not indirectly affect untreated observations [69]. 

The POM assumes that each unit of the target population is poten-
tially exposed to the treatment [69]. Three key components are in-
dividuals, treatment and potential outcomes. An individual can only 
receive one of the two measures of treatment, that is being treated or 
being the counterfactual (control) (Eq. (1)). 

yi =

{
y1iifDi = 1,
y0iifDi = 0. (1)  

where D represents the treatment and takes the values of 1 in case of 
treatment (i.e. involvement in the feedstock production as a plantation 
worker or smallholder in our case), and 0 when treatment is not received 
(i.e. not involved in feedstock production); y1i measures the outcome for 
individual i that received treatment, while y0i measures the outcome for 
individual i who did not receive treatment. 

The impact of an intervention can be understood in terms of various 
treatment effects [52,69,73]. The Average Treatment Effects (ATE) are 
intervention effects for both groups, that is the average impact of the 
intervention across all individuals in the population (Eq. (2)). The 

Average Treatment Effect on the Treated (ATT) indicates the direct 
intervention effects on beneficiaries (Eq. (3)). There are many other 
different types of treatment effects, however, in this study, we estimate 
only the ATE and the ATT. Some scholars have noted that the ATT is a 
much more policy relevant indicator, compared to the ATE [52]. 

ATE = E[y|D = 1] − E[y|D = 0] (2)  

ATT = E[y1|D = 1] − E[y0|D = 1] (3)  

2.3.4. Matching approach 
We develop two models, namely (a) the selection model that bal-

ances the groups using variables that influence the selection process; and 
(b) the outcomes model that contains variables that are associated only 
with the outcomes [73]. Outcomes measure quantities that may be 
affected by the treatment, while covariates are not affected [67]. 

As no individual can be observed in both states, the difference be-
tween the outcome in the treated and untreated states is not directly 
observable [52,69]. Hence there is a need to find ways to create a 
counterfactual. Though the counterfactual outcome is not observable, it 
can be estimated using statistical methods [71]. Matching is a popular 
approach in pre-processing the dataset and determining causal treat-
ment effects [68,72,74,75]. Matching allows the comparison of treated 
and control groups with similar distributions of covariates, so as to 
achieve covariate balance [67] (Section 2.4.4). 

One of the most widely used matching approaches is Propensity 
Score Matching (PSM). It involves matching a treatment case with one or 
more control cases based on their propensity scores [76]. The PSM 
technique has received increasing popularity for exploring the liveli-
hood outcomes of different agricultural interventions in SSA, including 
interventions related to biofuel feedstocks and other industrial crops (e. 
g. [34,77–79]). 

The propensity score is the conditional probability of treatment for 
an individual based on observed covariates, which is independent of 
observed participation [67]. This approach reduces dimensionality by 
incorporating information from many covariates into a single score [80]. 
A correctly estimated propensity score should balance observed cova-
riates [81], hence reducing selection bias and strengthening causal at-
tributions [76]. 

In this study we followed the key steps outlined by [68,73]: (a) 
preliminary analysis, (b) propensity score estimation, (c) choice of 
matching algorithm, (d) checking overlap and common support, (e) 
checking matching quality and effect estimation, and (f) sensitivity 
analysis. Below we provide information about how these different steps 
were undertaken. 

Matchlt is the main R package used in matching the treatment and 
control groups. This package is well suited for causal inference with a 
binary treatment variable and a set of covariates [54] and calculates 
propensity scores using logistic regression as the default option [73]. In 
this study we used the default option and compared three matching 
algorithms namely (a) the nearest neighbour matching with a 0.25 
caliper without replacement, (b) the nearest neighbour matching with a 
0.25 caliper with replacement, and (c) the full matching. A caliper refers 
to the imposed tolerance level on the maximum propensity score 

Table 4 
Average standardised mean difference and balance improvement derived from different matching methods.   

Involvement comparison Production mode comparison Production practice comparison 

Matching method Average standardised 
mean difference 

Average %Balance 
Improvement 

Average standardised 
mean difference 

Average % Balance 
Improvement 

Average standardised 
mean difference 

Average %Balance 
Improvement 

Full matching  0.122 − 38  0.245 20  0.085 − 135 
Nearest neighbour with 0.25 

caliper (without 
replacement)  

0.117 39  0.123 73  0.051 − 61 

Nearest neighbour with 0.25 
caliper (with replacement)  

0.124 − 26  0.186 59  0.087 − 220  
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distance, meaning that a treatment unit is matched to a control unit that 
is closest and within the specified caliper (‘propensity range’) [68]. 

To test the quality of the matching approaches we estimate the 
average standardised mean differences and percent balance improve-
ment by averaging these across the various subsamples (Table 4). We 
adopt the nearest neighbour matching with a 0.25 caliper without 
replacement, as it tends to provide the lowest average standardised 
mean differences and the highest percent balance improvement across 
the various subsamples. Similarly, [76] using the MatchIt package 
compared various matching methods, and found that the nearest 
neighbour method had the lowest mean differences between their study 
groups. According to [68], the nearest neighbour with a caliper is good 
at handling the common support problem. 

2.3.5. Matching variables 
The number of covariates included in the matching analysis in-

fluences the results and quality of matching [67]. The selection of 
appropriate covariates should be guided by statistical, economical and 
practical reasons [72]. The covariates used in this study are presented in 
Table 5. Apart from using the covariates commonly used for PSM studies 

in agricultural settings, we also sought to include covariates with few 
missing data points. For subsamples comparing two farmer groups, the 
covariates used in the matching were: age, gender, household size, ed-
ucation level (household head), highest education level within house-
hold, land owned, and years living in the area. However, for subsamples 
comparing farmer and worker groups, we omitted land owned and years 
living in the area. 

Table 6 contains the final group sizes after cleaning and matching. 
The data was first cleaned, and some outliers were removed for two 
variables namely “total income per year” and “total land owned”. In 
addition, the matching processes also required data observations with 
complete datasets (i.e. no missing variables), hence some of the house-
holds with incomplete datasets were dropped from the final analysis. 

2.3.6. Matching quality 
Covariate balance checks can indicate whether the treated and 

control groups have the sufficient overlap needed for matching and if the 
balance derived from the matching is reasonable [82]. The MatchIt 
package [54] has various ways for assessing the quality of matching. 
These include assessing the covariate balance before and after matching, 

Table 5 
Key variables employed in the analysis.  

Covariate Type Description 

Treatment Binary variable, 1 represents Treated (D = 1) and 0 represents 
Control (D = 0) 

The involvement comparison: 
1 for engagement in biofuel feedstock production 
0 for engagement in other agricultural activities. 
The production mode comparison: 
1 for engagement in smallholder-based biofuel feedstock production 
0 for engagement as employee in biofuel plantations. 
The production practice comparison: 
1 for engagement in irrigated smallholder-based biofuel feedstock 
production 
0 for engagement in rainfed smallholder-based biofuel feedstock production 

Age Continuous Number of years 
Gender Binary variable 1 for male headed household, 0 for female headed household 
Household size Continuous Number of household members 
Adjusted household size Continuous Number of household members adjusted for age and gender in Adult 

Equivalent Unit (AEU) 
Education level of household 

head 
Ordinal 1 = No formal schooling 

2 = Some primary schooling 
3 = Completed primary schooling 
4 = Some secondary schooling 
5 = Completed secondary school or equivalent 
6 = Completed college/pre-university/university, 7 = Completed post- 
graduate 

Highest education within 
household 

Ordinal 1 = No formal schooling 
2 = Some primary schooling 
3 = Completed primary schooling 
4 = Some secondary schooling 
5 = Completed secondary school or equivalent 
6 = Completed college/pre-university/university 
7 = Completed post-graduate 

Land ownership Continuous Size of land owned in hectares 
Residence in the area Continuous Numbers of years living in the study area 
Gross income US$ PPP Total gross annual household income 
Gross income per capita US$ PPP Total gross annual household income divided by household size 
Gross income per AEU US$ PPP Total gross annual household income divided by adult equivalent 
Total expenditure US$ PPP Total annual household expenditure 
Total expenditure per capita US$ PPP Total annual household expenditure divided by household size 
Total expenditure per AEU US$ PPP Total annual household expenditure divided by adult equivalent 
Net income US$ PPP Total annual household net income (difference between total gross income 

and expenditure) 
Net income per capita US$ PPP Total net annual household income divided by household size 
Net income per AEU US$ PPP Total net annual household income divided by adult equivalent 
Total amount borrowed US$ PPP Total annual amount borrowed within a household 
Income poverty Binary 1 = poor 

0 = not poor (see Section 2.4.1) 
Multidimensional poverty Binary 1 = multidimensional poor 

0 = not multidimensional poor 

Note: The variable for “Multidimensional Poverty” was derived from the Multidimensional Poverty Index (MPI), which is evaluated from 10 indicators across three 
dimensions namely: health, education, and standard of living. A household is considered multidimensionally poor if its deprivation score was higher than or equal to 1/ 
3, and not multidimensionally poor if it was less. For more information refer to [33,65,66]. 
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numerical summaries (e.g. absolute standardised means differences, 
percent balance improvement), and various summary plots. The sum-
mary () function is used for numerical summaries, while the plot () 
function gives graphical summaries (i.e. quantile–quantile plots, histo-
grams, and jitter plots). A visual analysis of the distribution of the pro-
pensity scores in both the treatment and control groups can easily show 
key challenges encountered during the matching. 

Based on the output from Matchit, facet graphs showing the distri-
bution of the propensity scores for the various subsamples were plotted 
using ggplot2 (Fig. S1, Supplementary Electronic Material). In general, it 
can be seen that for the various subsamples, the region of common 
support is present. The matching was generally good for most of the 
subsamples (Table 6). However, there was relatively poor matching for 
three comparisons, namely “Irrigated sugarcane farmers vs Control 
group (close)” (Dwangwa), “Plantation workers (RSSC) vs Control group 
(far away)” (Tshaneni), and “Irrigated sugarcane farmers vs Plantation 
workers (RSSC)” (Tshaneni). In general, plantation workers in Tshaneni 
seem to have the poorest matches. In order to slightly improve the 
matching, we do not use one of the covariates (household size) during 
the matching with the two controls. Hence results for this group should 
be viewed with caution. 

An absolute standardised difference in means is a common measure 
of covariate imbalance. Its advantage is that covariates on different 
scales can be plotted in a single graph for easy inspection [82]. The love. 
plot function in ‘cobalt’ package [57] is used to assess the covariate 
balance before and after adjusting (Fig. S2, Supplementary Electronic 
Material). The measures of balance should be smaller in the matched 
data set than in the unmatched data. T-tests were also done to check for 
differences on variables before and after matching (Tables S1 and S2, 
Supplementary Electronic Material). 

2.3.7. Sensitivity analysis 
Results can be susceptible to the presence of different types of biases 

not identified by the researcher or that were not removed by the 
matching [73]. Overt biases can be identified in the data and thus 
controlled through adjustments (e.g. matching or stratification). 
Conversely, hidden bias cannot be identified due to failure to capture the 
necessary information [66]. Hidden bias occurs if two units with similar 
observed covariates have different chances of receiving the treatment 
[67,72]. Selection bias occurs as households differ in socio-economic 

characteristics, which influences their probability of participating in 
the biofuel feedstock production [77]. Selection bias has two compo-
nents, namely selection on observables (i.e. the treatment variable is 
correlated with the error in the outcome equation) and selection on 
unobservables (i.e. unobserved factors that partly determine both 
treatment and outcome) [69]. The problem of selection on observables 
can be solved using regression and matching methods [69]. 

Performing a sensitivity analysis of the estimated treatment effects is 
important for ensuring the quality of the results [74]. A sensitivity 
analysis determines how hidden biases can affect the findings [81]. It 
shows the strength of influence an unmeasured variable can have on the 
selection process to compromise the implications of matching analysis 
[52,68,74]. In other words, a sensitivity analysis can show the extent of 
the violation of the assumption of independence of treatment and 
outcome after matching [72]. It should be noted, however, that though a 
sensitivity analysis shows the extent to which conclusions can be 
affected by hidden biases at different magnitudes, it does not show 
whether hidden bias is there [67]. Thus it only assesses the extent of the 
hidden bias needed to be present to change the conclusions. 

A common approach for undertaking sensitivity analysis is the 
Rosenbaum bounds. The sensitivity parameter Gamma measures the 
extent of departure from a random assignment of treatments [80], and 
thus the robustness of the results. The value of Gamma can be under-
stood as the odds of treatment assignment hidden bias. In a sensitivity 
analysis, several values of Gamma are assessed to see how the conclu-
sions might change. High sensitivity to hidden bias is present if the 
conclusions change for values of Gamma just slightly above one, while 
low sensitivity occurs if the conclusions change at large values of 
Gamma [67,73,81]. It should be noted that sensitivity to hidden bias 
does not imply the fault of a study or its authors; nor is insensitivity to 
bias necessarily a laudable achievement [67]. 

In this study, we vary the Gamma value from 1, with small incre-
mental intervals of 0.1 up to a maximum value of 2. This was undertaken 
in R using the rbounds package complemented by the Matching package. 
The sensitivity analysis is based on the Wilcoxon’s Rank sign test. The 
steps followed during the sensitivity analysis follow [73]. This included 
using the Match () function of the Matching package [55] to give an 
output that was inputted into the psens () function of the rbounds 
package [56]. To give a visual picture of the sensitivity test, the Gamma 
values are plotted against the corresponding lower bounds and upper 

Table 6 
Sample breakdown before and after propensity score matching accross comparisons.  

Comparison Site Groups Control (D = 0) Treated (D = 1) 

Before Matched Unmatched Before Matched Unmatched 

Involvement Dwangwa Plantation workers (Illovo) vs Control group (close) 97 77 20 103 77 26 
Dwangwa Plantation workers (Illovo) vs Control group (far away) 92 66 26 103 66 37 
Dwangwa Irrigated sugarcane farmers vs Control group (close) 97 27 70 101 27 74 
Dwangwa Irrigated sugarcane farmers vs Control group (far away) 92 62 30 101 62 39 
Dwangwa Rainfed sugarcane farmers vs Control group (close) 97 49 48 101 49 52 
Dwangwa Rainfed sugarcane farmers vs Control group (far away) 92 75 17 101 75 26 
Tshaneni Plantation workers (RSSC) vs Control group (close) 93 28 65 87 28 59 
Tshaneni Plantation workers (RSSC) vs Control group (far away) 96 14 82 87 14 73 
Tshaneni Community plantation workers vs Control group (close) 93 61 32 109 61 48 
Tshaneni Community plantation workers vs Control group (far away) 98 45 53 107 45 62 
Tshaneni Irrigated sugarcane farmers vs Control group (close) 93 49 44 89 49 40 
Tshaneni Irrigated sugarcane farmers vs Control group (far away) 98 56 42 89 56 33 
Buzi Plantation workers (Niqel) vs Control group (close) 94 52 42 90 52 38 
Buzi Plantation workers (Niqel) vs Control group (far away) 99 62 37 91 62 29 
Mangochi Jatropha growers vs Control group (close) 98 77 21 99 77 22  

Production mode Dwangwa Irrigated sugarcane farmers vs Plantation workers (Illovo) 103 56 47 101 56 45 
Dwangwa Rainfed sugarcane farmers vs Plantation workers (Illovo) 103 87 16 102 87 15 
Tshaneni Irrigated sugarcane farmers vs Plantation workers (RSSC) 88 15 73 87 15 72  

Production practice Tshaneni Community plantation workers vs Plantation workers (RSSC) 88 36 52 109 36 73 
Dwangwa Irrigated sugarcane farmers vs Rainfed sugarcane farmers 102 70 32 101 70 31 

Note: Some of the sample size numbers in this table differ from those in Table 2 because these are sample sizes that were used in the analysis after cleaning the data and 
removing the cases with incomplete information on some of the variables under consideration. 
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bounds of the Wilcoxon Signed Rank p-values (Figs. S3–S11, Supple-
mentary Electronic Material). 

2.4. Study limitations 

Despite its rich and robust findings, our study also has various lim-
itations in terms of comparability due to study/country selection, data 
recollection and causality inference. The main limitations are high-
lighted below, and should be taken into consideration when interpreting 
the outcomes of this study. 

First, as discussed above, a major methodological element is the 
exploration of impacts across different feedstock production systems 
that (a) were operational for at least 5 years prior to data collection to 
ensure some level of impact manifestation, and (b) spanned the main 
biofuel crops (i.e. jatropha, sugarcane) and modes of production (i.e. 
plantations- and smallholder-based). Due to the large differences in 
these systems (e.g. in terms of climatic needs, investments, extent) and 
the collapse of the jatropha sector throughout the region, we could not 
find all four modalities of feedstock production in the same country. As a 
result, direct comparisons of absolute or proportional income changes 
due to engagement in feedstock production are not possible due to dif-
ferences in socioeconomic and environmental contexts. However, 
through the use of a consistent protocol it is possible to identify 
diverging and converging patterns within systems (i.e. group compari-
sons) and between study sites. 

Second, income was self-reported, and as is common in agrarian SSA 
contexts, spanned many different income streams (Section 2.3.2). This 
might have led to recall bias [83–84] in that respondents made errors or 
even deliberately mis-reported the income received over a span of 12 

months. However, we expect any recall biases, or any possibility of over- 
or under-reporting, to balance out across all the study groups. 

Third, considering the different types of engagement and duration of 
operation for the different biofuel feedstock production enterprises or 
projects it was not possible to elicit causality through techniques such as 
randomized control trials or baseline-endline comparisons, which could 
have enhanced the explanatory power of the analysis. Instead we use the 
PSM approach, which has been noted to have advantages in causal in-
ferences in observational data mainly through reducing bias associated 
with confounding variables. It has been argued that this is not always the 
case. For example, some authors have suggested that the propensity 
score methods can actually increase bias [85] by increasing imbalance, 
inefficiency, model dependence [86]. A key criticism is that as treated 
and untreated units get balanced in each stratum, the balance only holds 
relative to the covariates measured, but unobserved confounders can be 
very unbalanced which can introduce significant bias [85]. This has 
been called the PSM paradox, whereby the more balanced the data be-
comes by pruning certain observations through matching, the more 
likely it is that the data will not be useful for causal inference [86]. Thus 
for PSM methods to be effective, there is a need for a better under-
standing of the relationships that may exist between observed and un-
observed covariates, rather than choosing covariates based on 
guesswork [85]. In our case, we tried to reduce this guesswork by basing 
this analysis on a previous pilot project (see [5]), preliminary pilots and 
quality assurance measures [49], an extensive site/participant obser-
vation and informal discussions with multiple stakeholders and farmers 
operating in the study areas. 

Table 7 
Characteristics of study groups.  

Site Group Age 
(years) 

Gender 
(dummy) 

Household size 
(persons) 

Household 
size (AEU) 

Education of 
household head 
(years) 

Highest education 
in household 
(years) 

Land 
ownership 
(ha) 

Residence in 
area (years) 

Dwangwa Plantation 
workers (Illovo)  

42.5  0.9  5.7  4.4  3.5  4.1  0.6  21.4 

Irrigated 
sugarcane 
farmers  

54.0  0.8  7.6  5.8  2.6  4.0  4.8  40.9 

Rainfed 
sugarcane 
farmers  

47.7  0.8  7.0  5.3  3.2  4.0  6.2  37.8 

Control group 
(close)  

41.8  0.7  5.6  4.2  2.8  3.5  1.7  27.3 

Control group (far 
away)  

49.3  0.8  6.4  4.6  2.5  3.4  3.5  43.8  

Tshaneni Plantation 
workers (RSSC)  

39.8  0.8  2.9  2.6  4.6  4.9  0.1  14.4 

Community 
plantation 
workers  

35.7  0.7  4.4  3.8  2.9  3.9  2.6  30.3 

Irrigated 
sugarcane 
farmers  

56.4  0.4  6.1  5.2  1.8  4.1  1.6  40.0 

Control group 
(close)  

41.3  0.4  5.0  4.1  2.5  3.7  1.6  21.3 

Control group (far 
away)  

49.5  0.2  5.0  4.1  1.9  3.4  2.5  35.3  

Buzi Plantation 
workers (Niqel)  

36.8  0.9  6.1  4.7  2.3  3.0  3.8  24.4 

Control group 
(close)  

43.4  0.6  5.3  4.3  1.6  2.4  3.5  21.6 

Control group (far 
away)  

42.9  0.7  5.8  4.6  1.8  2.6  4.1  20.9 

Mangochi Jatropha farmers  43.5  0.4  5.8  4.2  2.0  2.8  2.0  35.3 
Control group 
(close)  

38.2  0.5  5.9  4.1  2.1  2.8  1.6  30.3 

Note: Estimates are before matching. Table S1-2 in Supplementary Material contains estimates after matching, as well as the statistical significance of differences 
between groups. 
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Fig. 2. Gross income accross study groups. Note: *** p < 0.01; ** p < 0.05; * p < 0.1; The group comparisons are after matching. The first three rows show the 
involvement comparisons, and the fourth row the production mode comparisons. For the raw data and the comparisons before matching refer to Table S1-2, 
Supplementary Electronic Material. 

Fig. 3. Gross income per capita accross study groups. Note: *** p < 0.01; ** p < 0.05; * p < 0.1; The group comparisons are after matching. The first three rows show 
the involvement comparisons, and the fourth row the production mode comparisons. For the raw data and the comparisons before matching refer to Table S1-2, 
Supplementary Electronic Material. 
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Fig. 4. Gross income per adult equivalent accross study groups. Note: *** p < 0.01; ** p < 0.05; * p < 0.1; The group comparisons are after matching. The first three 
rows show the involvement comparisons, and the fourth row the production mode comparisons. For the raw data and the comparisons before matching refer to 
Table S1-2, Supplementary Electronic Material. 

Fig. 5. Total expenditure accross study groups. Note: *** p < 0.01; ** p < 0.05; * p < 0.1; The group comparisons are after matching. The first three rows show the 
involvement comparisons, and the fourth row the production mode comparisons. For the raw data and the comparisons before matching refer to Table S1-2, 
Supplementary Electronic Material. 
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Fig. 6. Expenditure per capita accross study groups. Note: *** p < 0.01; ** p < 0.05; * p < 0.1; The group comparisons are after matching. The first three rows show 
the involvement comparisons, and the fourth row the production mode comparisons. For the raw data and the comparisons before matching refer to Table S1-2, 
Supplementary Electronic Material. 

Fig. 7. Expenditure per adult equivalent accross study groups Note: *** p < 0.01; ** p < 0.05; * p < 0.1; The group comparisons are after matching. The first three 
rows show the involvement comparisons, and the fourth row the production mode comparisons. For the raw data and the comparisons before matching refer to 
Table S1-2, Supplementary Electronic Material. 
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3. Results 

3.1. Descriptive statistics 

Table 7 summarises the characteristics of the study sample for all 
groups before matching. Table S1-2 (Supplementary Electronic Mate-
rial) provides more extensive information, including the study charac-
teristics after matching and the levels of significance of the differences 
between groups. 

Plantation workers for large sugarcane estates such as Illovo and 
RSSC, when compared to all other groups in their respective sites, tend 
to have (a) significantly less land; (b) significantly fewer years living in 
the study areas; (c) higher education levels (both for household head and 
household), though these education differences are significant only in 
Tshaneni. Interestingly, these patterns are not as evident for the sugar-
cane community plantations workers in Tshaneni and the Niqel jatropha 
plantation workers in Buzi, which in both cases have been basically 
recruited from local communities. Despite some minor differences in 
land ownership and education, the differences are not significant among 
these workers and their control group. However, there is strong gender 
differentiation in plantation employment across all three sites, with 
70–90% of plantation workers being male. 

When it comes to smallholders, both rainfed and sugarcane farmers 
in Dwangwa have significantly more land and higher household edu-
cation than the control groups. The former reflects the need for large 
land plots to grow sugarcane profitably, while the latter might imply 
higher investment of the extra income in education over time (see Sec-
tion 3.2 for income differentials among groups). In Tshaneni it is diffi-
cult to estimate the total land of irrigated sugarcane smallholders 
because a large portion of their land was consolidated in developing the 
community plantations, with each farmer receiving equal dividends 
from sugarcane profits (Table 1). However, it is possible to observe the 
generally higher education at household level, possibly through the 
same mechanisms as in Dwangwa. 

Irrigated sugarcane farmers in both Dwangwa and Tshaneni are 
significantly older than almost all other groups in their respective sites. 
This reflects the relatively long history of irrigated sugarcane production 
in these areas that commenced through investments undertaken in the 
1990 s and early 2000 s (Table 1), and the rules that prevent the sale/ 
transfer of irrigated sugarcane land or the expansion of smallholder 
numbers over time. 

Jatropha smallholders in Mangochi do not differ significantly in 
demographic characteristics, income and expenditure from non- 
growers, considering that the BERL production model did not require 
large plots of land (i.e. jatropha production in hedges) or experience to 
enter. However, it is worth pointing out the greater gender balance of 
jatropha growers and the control group in Mangochi, when compared to 
groups in all other sites. 

3.2. Differences in income and expenditures between groups 

3.2.1. Involvement comparison 
The first set of comparisons (i.e. “involvement comparison”) evalu-

ates the differences in livelihood levels between groups engaged in 
feedstock production compared to groups engaged in other non-biofuel 
related agricultural activities. The results on total household income are 
presented in Fig. 2. In general, groups engaged in biofuel feedstock 
production across the different study sites have a higher gross household 
income compared to both the local and faraway control groups. The 
gross income is significantly higher for groups engaged in feedstock 
activities in 12 of the 15 comparisons. Income differentials are partic-
ularly evident between rainfed and irrigated sugarcane smallholders in 
Dwangwa (Malawi) and their control groups, as well as RSSC plantation 
workers in Tshaneni (Eswatini) and their control groups. In these sites, 
the household income was in the range between USD 9,000–13,100, and 
significantly higher than control groups (Fig. 2). 

Illovo plantation workers in Dwangwa (Malawi) and jatropha 
smallholders in Mangochi (Malawi) had almost similar gross incomes 

Fig. 8. Net income accross study groups. Note: *** p < 0.01; ** p < 0.05; * p < 0.1; The group comparisons are after matching. The first three rows show the 
involvement comparisons, and the fourth row the production mode comparisons. For the raw data and the comparisons before matching refer to Table S1-2, 
Supplementary Electronic Material. 
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Fig. 9. Net income per capita accross study groups. Note: *** p < 0.01; ** p < 0.05; * p < 0.1; The group comparisons are after matching. The first three rows show 
the involvement comparisons, and the fourth row the production mode comparisons. For the raw data and the comparisons before matching refer to Table S1-2, 
Supplementary Electronic Material. 

Fig. 10. Net income per adult equivalent accross study groups. Note: *** p < 0.01; ** p < 0.05; * p < 0.1; The group comparisons are after matching. The first three 
rows show the involvement comparisons, and the fourth row the production mode comparisons. For the raw data and the comparisons before matching refer to 
Table S1-2, Supplementary Electronic Material. 
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Table 8 
Average Treatment Effects (ATE) and Average Treatment Effect on the Treated (ATT) for gross income accross all comparisons.  

Comparison Site Groups Gross income Gross income per capita Gross income per AEU 

ATT ATE ATT ATE ATT ATE 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Involvement Dwangwa Plantation 
workers (Illovo) 
vs Control group 
(close) 

− 34  49  777  766  503  502  

Plantation 
workers (Illovo) 
vs Control group 
(far away) 

− 1418  − 1115  − 89  − 120  − 394  − 349  

Irrigated 
sugarcane 
farmers vs 
Control group 
(close) 

4461 ** 5162 *** 834 *** 893 *** 918 ** 1016 *** 

Irrigated 
sugarcane 
farmers vs 
Control group 
(far away) 

5751 *** 5296 *** 762 *** 704 *** 927 *** 851 *** 

Rainfed 
sugarcane 
farmers vs 
Control group 
(close) 

4506 ** 4391 ** 1066 ** 1030 *** 1302 ** 1263 *** 

Rainfed 
sugarcane 
farmers vs 
Control group 
(far away) 

7606 *** 7208 *** 1296 *** 1213 *** 1671 *** 1593 *** 

Tshaneni Plantation 
workers (RSSC) 
vs Control group 
(close) 

6251 *** 5771 *** 2678 *** 2478 *** 2387 *** 2177 *** 

Plantation 
workers (RSSC) 
vs Control group 
(far away) 

6087 ** 5880 *** 3471 *** 3539 *** 2742 ** 2839 *** 

Community 
plantation 
workers vs 
Control group 
(close) 

1264  1258  567 ** 548 ** 460 * 446 * 

Community 
plantation 
workers vs 
Control group 
(far away) 

1583 ** 1556 ** 706 ** 624 *** 633 ** 571 *** 

Irrigated 
sugarcane 
farmers vs 
Control group 
(close) 

3382 *** 3388 *** 826 *** 888 *** 831 *** 890 *** 

Irrigated 
sugarcane 
farmers vs 
Control group 
(far away) 

3034 *** 2998 *** 705 ** 687 ** 781 *** 764 *** 

Buzi Plantation 
workers (Niqel) 
vs Control group 
(close) 

1631 *** 1706 *** 273 ** 315 *** 378 *** 410 *** 

Plantation 
workers (Niqel) 
vs Control group 
(far away) 

1658 *** 1633 *** 329 *** 331 *** 393 *** 393 *** 

Mangochi Jatropha growers 
vs Control group 
(close) 

249  279  35  41  58  65   

Production 
mode 

Dwangwa Irrigated 
sugarcane 
farmers vs 

6230 *** 6251 *** 961 *** 951 *** 1209 *** 1204 *** 

(continued on next page) 
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with their respective control groups. It is interesting to note, however, 
the large discrepancies between the income levels in the control groups 
in these two areas of Malawi, from approximately USD 4000–4500 in 
Dwangwa, to about USD 1200 in Mangochi. This may be associated with 
the long history of well-established economic development opportu-
nities in Dwangwa in that those communities benefit from the wider 
economic linkages arising from the sugarcane economy, as compared to 
any impacts from the relatively low economic value generated by 
jatropha in Mangochi. 

The results suggest that the patterns of gross income per capita 
(Fig. 3) and gross income per adult equivalent (Fig. 4), are similar to 
gross income as outlined above. In particular, in 12 of the 15 compari-
sons the groups engaged in biofuel feedstock production have signifi-
cantly higher gross income per capita and gross income per adult 
equivalent compared to their respective control groups. 

Fig. 5 contains the total household expenditures, with the results 
largely mirroring those observed for gross household income. Broadly 
speaking, all groups involved in feedstock production report signifi-
cantly higher household expenditures (almost double) compared to their 
control groups, with the exception of (a) plantation workers in 
Dwangwa (Illovo) compared to both their close and faraway control 
groups, (b) community plantation workers in Tshaneni and their close 
control group, and (c) plantation workers in Buzi (Niqel) and their close 
control group. Interestingly, while overall expenditure in jatropha areas 
were generally low, jatropha farmers in Mangochi reported significantly 
higher expenditure than their control group, though the reason behind 
this is not clear from the analysis. 

The patterns of total expenditure per capita (Fig. 6) largely resemble 
those of total expenditure (Fig. 5), albeit with a loss of significance for 
comparisons in Tshaneni (irrigated sugarcane farmers vs. close control) 
and Mangochi (jatropha growers vs. close control). Similarly, despite the 
similar patterns between total expenditure per adult equivalent (Fig. 7) 
and total expenditure, there is loss of significance for one comparison in 
Tshaneni (irrigated sugarcane farmers vs close control). 

When it comes to net income, significant differences were found 
between (a) rainfed sugarcane farmers compared to the far away control 
group in Dwangwa, (b) irrigated sugarcane farmers compared to the 

close control in Tshaneni, and (c) jatropha plantation workers compared 
to both control groups in Buzi (Fig. 8). The net incomes of some sug-
arcane workers and smallholder groups were higher compared to their 
controls, while others were lower, but in all cases these were not sig-
nificant. Though not directly comparable, there are quite striking dif-
ferences in the net income levels of the respective control groups in 
Dwangwa and Mangochi in Malawi. The patterns of net income per 
capita (Fig. 9) and net income per adult equivalent (Fig. 10) also show 
largely similar patterns to net income patterns, however, with the dif-
ferences between “plantation workers (RSSC) vs. far away control” 
becoming significant. 

3.2.2. Production mode and production practice comparisons 
The second set of comparisons (i.e. production mode comparison) 

evaluates the differences in livelihood outcomes between households 
engaged in smallholder-based feedstock production compared to paid 
employment in plantations. The third type of comparison (i.e. produc-
tion practice comparison) evaluates differences in livelihood outcomes 
between households involved in irrigated feedstock production 
compared to rainfed production (Dwangwa, Malawi), and households 
employed in community plantations compared to large estates (RSSC) 
(Tshaneni, Eswatini). 

The t-tests for gross income and total expenditures suggest that both 
irrigated and rainfed smallholder sugarcane farmers in Dwangwa had 
significantly higher gross income and expenditure than plantation 
workers (Illovo) (Figs. 2 and 5, last rows). However, in Tshaneni we 
observe the opposite effects, in that irrigated smallholder farmers and 
community plantation workers had lower household gross incomes and 
expenditures compared to RSSC workers. However, the differences are 
only significant for community plantation workers. Irrigated small-
holder farmers are found to have lower gross income and slightly lower 
expenditures than their rainfed counterparts, but the differences are not 
statistically significant for any of the two indicators. These patterns are 
largely similar for gross income per capita, gross income per adult 
equivalent, expenditure per capita, and expenditure per adult equiva-
lent, with some gains in significance levels (Figs. 3, 4, 6, and 7). 

Fig. 8 (last row) contains the results for net income. Both irrigated 

Table 8 (continued ) 

Comparison Site Groups Gross income Gross income per capita Gross income per AEU 

ATT ATE ATT ATE ATT ATE 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Plantation 
workers (Illovo) 
Rainfed 
sugarcane 
farmers vs 
Plantation 
workers (Illovo) 

11,559 *** 11,034 *** 2036 *** 1977 *** 2652 *** 2591 *** 

Tshaneni Irrigated 
sugarcane 
farmers vs 
Plantation 
workers (RSSC) 

567  − 1311  − 186  − 803 * − 29  − 652   

Production 
practice 

Tshaneni Community 
plantation 
workers vs 
Plantation 
workers (RSSC) 

− 2512 ** − 2735 ** − 749 * − 839 * − 802 * − 877 ** 

Dwangwa Irrigated 
sugarcane 
farmers 
vsRainfed 
sugarcane 
farmers 

− 4096  − 4037 * − 725 * − 721 * − 893 * − 901 * 

Note: *** p < 0.01; ** p < 0.05; * p < 0.1. For more detailed results refer to Table S3-S8 (involvement comparison) and Table S15-S20 (production mode comparison 
and production practice comparison), Supplementary Electronic Material. 
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Table 9 
Average Treatment Effects (ATE) and Average Treatment Effect on the Treated (ATT) for net income accross all comparisons.  

Comparison Site Groups Net income Net income per capita Net income per AEU 

ATT ATE ATT ATE ATT ATE 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Involvement Dwangwa Plantation 
workers (Illovo) 
vs Control group 
(close) 

− 202  − 203  262  252  157  147  

Plantation 
workers (Illovo) 
vs Control group 
(far away) 

− 1360 * − 1192 * − 267 * − 226  − 367 * − 307  

Irrigated 
sugarcane 
farmers vs 
Control group 
(close) 

337  588  129  157  91  128  

Irrigated 
sugarcane 
farmers vs 
Control group 
(far away) 

− 59  − 155  − 38  − 53  − 74  − 98  

Rainfed 
sugarcane 
farmers vs 
Control group 
(close) 

− 181  − 111  113  114  104  111  

Rainfed 
sugarcane 
farmers vs 
Control group 
(far away) 

2559 * 2661 * 383  397  493  528  

Tshaneni Plantation 
workers (RSSC) 
vs Control group 
(close) 

− 104  − 213  153  201  154  160  

Plantation 
workers (RSSC) 
vs Control group 
(far away) 

2072  1945  1022 * 1077 ** 833  905 * 

Community 
plantation 
workers vs 
Control group 
(close) 

920  947  165  172  172  181  

Community 
plantation 
workers vs 
Control group 
(far away) 

459  555  117  130  102  122  

Irrigated 
sugarcane 
farmers vs 
Control group 
(close) 

1645 ** 1734 ** 441 ** 498 ** 444 * 501 ** 

Irrigated 
sugarcane 
farmers vs 
Control group 
(far away) 

769  741  29  22  80  71  

Buzi Plantation 
workers (Niqel) 
vs Control group 
(close) 

1412 *** 1486 *** 280 *** 300 *** 355 *** 373 *** 

Buzi Plantation 
workers (Niqel) 
vs Control group 
(far away) 

1247 *** 1256 *** 240 *** 249 *** 288 *** 296 *** 

Mangochi Jatropha growers 
vs Control group 
(close) 

− 44  − 40  − 17  − 17  − 30  − 29   

Production 
mode 

Dwangwa Irrigated 
sugarcane 
farmers vs 

1599 *** 1657 *** 254 *** 265 *** 305 *** 319 *** 

(continued on next page) 
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Table 9 (continued ) 

Comparison Site Groups Net income Net income per capita Net income per AEU 

ATT ATE ATT ATE ATT ATE 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Estimate Sig. 
level 

Plantation 
workers (Illovo) 
Rainfed 
sugarcane 
farmers vs 
Plantation 
workers (Illovo) 

3680 ** 3590 *** 646 ** 634 ** 839 *** 830 *** 

Tshaneni Irrigated 
sugarcane 
farmers vs 
Plantation 
workers (RSSC) 

13  − 1753  − 117  − 720  − 89  − 697   

Production 
practice 

Tshaneni Community 
plantation 
workers vs 
Plantation 
workers (RSSC) 

1578  1419  102  76  198  171  

Dwangwa Irrigated 
sugarcane 
farmers vs 
Rainfed 
sugarcane 
farmers 

− 3620  − 3339  − 402  − 377  − 501  − 471  

Note: *** p < 0.01; ** p < 0.05; * p < 0.1. For more detailed results refer to Table S9-S14 (involvement comparison) and Table S21-S26 (production mode comparison 
and production practice comparison), Supplementary Electronic Material. 

Fig. 11. Income poverty and multidimensional poverty incidence accross study groups Note: The group comparisons are after matching. The first three rows show 
the involvement comparisons, and the fourth row the production mode comparisons. 
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and rainfed sugarcane smallholders in Dwangwa have significantly 
higher net incomes compared to plantation workers. In Tshaneni, irri-
gated sugarcane growers had lower household net incomes compared to 
RSSC plantation workers, while community plantation workers had 
higher household net incomes compared to RSSC plantation workers, 
however, the differences are not significant. Irrigated sugarcane farmers 
in Dwangwa have lower net incomes than their rainfed counterparts, 
however the differences are not significant. These patterns are also 
evident and for net income per capita (Fig. 9, fourth row) and net income 
per adult equivalent (Fig. 10, fourth row). 

3.3. Treatment effects 

Treatment effects were assessed on two key variables namely 
household gross income and household net income. As highlighted in 
Section 2.4.3, we evaluate two types of treatment effects, namely the 
average treatment on treated (ATT) that relates to direct effects on 
treatment, and the average treatment effects (ATE) that pertain to the 
average treatment effects for both groups. The results of the ATT and 
ATE for total income and net income are presented in Tables 8 and 9. 
More details are included in Tables S3–S26 in the Supplementary Elec-
tronic Material. 

For the involvement comparison, in terms of ATT and ATE (Table 8), 
engagement in biofuel feedstock production had significant positive 
outcomes for gross income for 11 of the 15 group comparisons. In 
particular, in Dwangwa we estimate high positive ATT and ATE for 
irrigated and rainfed smallholders compared to both types of controls. 
On the contrary, the ATT and ATE for plantation workers (Illovo) are 
low and negative, but not statistically significant. In Tshaneni, RSSC 
plantation workers and sugarcane smallholders exhibit large positive 
and statistically significant ATT and ATE compared to both control 
groups. Community plantation workers also have positive and relatively 
smaller ATT and ATE, but the effect is significant only when compared 
to the far away control. In Buzi, Niqel plantation workers had positive 
and significant ATT and ATE compared to the two control groups. 
Finally, in Mangochi the ATT and ATE for jatropha smallholders is 
positive, but has a low magnitude and is not statistically significant. 

For gross income per capita and gross income per adult equivalent 
the ATT and ATE results suggest significant positive outcomes for 12 of 
the 15 groups comparisons, reflecting well the results for gross income. 
However, it is interesting to note that while the ATT and ATE for gross 
income for “community plantation workers vs close control” in Tshaneni 
was positive but not significant, it was positive and significant both for 
gross income per capita and gross income per adult equivalent. 

In terms of net income, while we estimate positive ATT for 9 of the 15 
group comparisons, this is significant only for “rainfed sugarcane 
farmers vs. far away control” in Dwangwa, “irrigated sugarcane farmers 
vs. close control” in Tshaneni, and the Niqel plantation workers 
compared to both controls in Buzi. On the contrary, significant negative 
ATT and ATE are estimated for Illovo plantation workers with the 
faraway control in Dwangwa. Other non-significant negative ATTs and 
ATEs are estimated for Illovo plantation workers with close control in 
Dwangwa, irrigated sugarcane farmers and the far away control in 
Dwangwa, rainfed sugarcane farmers with close control in Dwangwa, as 
well as rainfed jatropha farmers with close control in Mangochi. 

The positive and significant ATTs and ATEs are also observed for net 
income per capita and net income per adult equivalent for “irrigated 
sugarcane farmers vs close control” in Tshaneni, and for jatropha 
plantation workers (Niqel) vs. both control groups in Buzi. While the 
treatment effect for sugarcane plantation workers (Illovo) and the far 
away control in Tshaneni was negative and significant for both ATT and 
ATE, the significance is lost for ATE for net income per capita and net 
income per adult equivalent. For “rainfed sugarcane farmers vs far away 
control” in Dwangwa both the ATE and ATT are positive and significant 
for net income, but lose significance for net income per capita and net 
income per adult equivalent. 

The Rosenbaum bounds for gross income generally show that most of 
the subsamples are robust to hidden bias, as they generally do not 
change much as the Gamma varies, see Fig. S3 (first three rows) in 
Supplementary Electronic Material. However, some comparisons show 
high sensitivity to hidden bias, namely (a) “Plantation workers (Illovo) 
vs Control group (close)” in Dwangwa; (b) “Plantation workers (Illovo) 
vs Control group (far away)” in Dwangwa, (c) “Community plantation 
workers vs close control” in Tshaneni, and (d) “Jatropha growers vs 
Control group (close)” in Mangochi. For net income, there is generally 
high sensitivity to hidden bias, however, less sensitivity is observed for 
the following comparisons: (a) “Plantation workers (Illovo) vs Control 
group (far away)” in Dwangwa, (b) “Plantation workers (RSSC) vs 
Control group (close)” in Tshaneni, (c) “Plantation workers (Niqel) vs 
Control group (close)” in Buzi, and (d) “Plantation workers (Niqel) vs 
Control group (far away)” in Buzi; see Fig. S9 (first three rows) in 
Supplementary Electronic Material. 

For the production mode comparisons, we found significant positive 
ATTs and ATEs for sugarcane smallholders (both rainfed and irrigated) 
in Dwangwa compared to Illovo plantation workers. This was for both 
gross and net income, and their “per capita” and “per adult equivalent” 
expressions (Tables 8 and 9). On the contrary, small but not statistically 
significant ATTs and non-significant negative ATEs were observed for 
irrigated sugarcane farmers in Tshaneni, when compared to RSSC 
plantation workers (Tables 8 and 9). This was consistent for gross and 
net income, and their “per capita” and “per adult equivalent” 
expressions. 

For the production practice comparisons we find negative ATTs and 
ATEs for gross and net income for irrigated sugarcane farmers compared 
to rainfed farmers, however this was only significant for the gross in-
come ATE (Table 8). This is consistent with the general observation that 
the gross and net incomes of irrigated sugarcane smallholders are 
generally lower than those of their rainfed counterparts (Section 3.1). In 
contrast, community plantation workers in Tshaneni have significant 
negative ATT and ATE compared to RSSC plantation workers for gross 
income, gross income per capita, and gross income per adult equivalent 
(Table 8), while results for net income variables are positive for all these 
variables but not statistically significant) (Table 9). 

For the production mode comparison, the Rosenbaum bounds for 
both gross and net income only the two comparisons in Dwangwa are 
robust to hidden bias, namely “Irrigated sugarcane farmers vs Plantation 
workers (Illovo)” and “Rainfed sugarcane farmers vs Plantation workers 
(Illovo)”, see Figs. S3 and S9 (fourth row) in Supplementary Electronic 
Material. Conversely, the comparison in Tshaneni “Community planta-
tion workers vs Plantation workers (RSSC)” is highly sensitive to hidden 
bias. For the production practice comparison, the Rosenbaum bounds 
for both comparisons are sensitive to hidden bias both for gross income 
and net income, namely “Irrigated sugarcane farmers vs Rainfed sug-
arcane farmers” in Dwangwa, and “Irrigated sugarcane farmers vs 
Plantation workers (RSSC)” in Tshaneni, see Figs. S3 and S9 (fourth 
row), Supplementary Electronic Material. 

3.4. Poverty assessment 

Fig. 11 (first three rows) shows the percentage of households 
considered as income poor and multidimensionally poor for the 
involvement comparisons. Broadly speaking, groups involved in feed-
stock production as irrigated sugarcane smallholders in Dwangwa, 
rainfed sugarcane smallholders in Dwangwa, RSSC plantation workers 
in Tshaneni, community plantation workers in Tshaneni, and irrigated 
sugarcane farmers in Tshaneni have a lower percentage of households 
classified as both income poor and multidimensionally poor. 
Conversely, groups such as plantation workers in Dwangwa (Illovo) and 
Buzi (Niqel), and jatropha smallholders in Mangochi exhibit high 
poverty rates almost similar to their respective controls. 

In addition to the frequency plots, Pearson’s chi-square tests were 
performed on the treatment binary variable versus the binary of being 

S. Mudombi et al.                                                                                                                                                                                                                               



Energy Research & Social Science 76 (2021) 102053

20

income poor as well as on the multidimensional poor binary variable 
(Table S27, Supplementary Electronic Material). Significant relation-
ships were observed between the treatment variable and income poverty 
variable in all comparisons with the exception of “Plantation workers 
(Illovo) vs Control group (close)” in Dwangwa; “Plantation workers 
(Illovo) vs Control group (far away)” in Dwangwa;and “jatropha 
growers vs Control group (close)” in Mangochi. The results imply that 
the generally low percentages of income poverty observed among 
groups engaged in biofuel feedstock production compared to control 
groups is not by chance, in that there is a high possibility that the 
engagement in feedstock production contributed to the low rates of in-
come poverty. In terms of multidimensional poverty, significant re-
lationships were observed between the treatment variable and the 
multidimensional poverty variable in all subsamples for Tshaneni. This 
also implies that the low percentage of mutlidimensionally poor 
households among groups engaged in biofuel feedstock activities in 
Tshaneni was not by chance, in that their participation in the production 
of the sugarcane feedstock could have contributed to their low multi-
dimensional poverty. 

Fig. 11 (fourth row) contains the fraction of households classified as 
income-poor and multidimensionally poor for the production mode and 
production practice comparisons. The percentage of households classi-
fied as multidimensionally poor is almost the same for groups in 
Dwangwa, with irrigated sugarcane farmers and the control standing at 
around 20%, and for rainfed sugarcane farmers and the control at 
around 30%. However, about 20% of irrigated sugarcane farmers and 
rainfed sugarcane farmers can be classified as income poor, compared to 
more than 70% for the control. In Tshaneni, most groups had very low 
ratios of income and multidimensionally poor households (with the 
exception of irrigated sugarcane farmers), though this was much lower 
in control groups. When comparing irrigated and rainfed sugarcane 
farmers in Dwangwa, our results suggest that the percentages of 
households classified as income and multidimensionally poor are not 
markedly different. However, the irrigated farmers tend to record lower 
percentages of both income and multidimensionally poor households 
than their rainfed counterparts (Fig. 11, fourth row). 

For production mode and practice comparisons, the Pearson’s chi- 
square tests show significant relationships between the treatment vari-
able and the income poverty variable for “Irrigated sugarcane farmers vs 
Plantation workers (Illovo)” and “Rainfed sugarcane farmers vs. Plan-
tation workers (Illovo)” in Dwangwa. Overall, the multidimensional 
poverty was not significantly associated with treatment in any of the 
subsamples (Table S28, Supplementary Electronic Material). 

4. Discussion 

As outlined in Section 1, this study addresses the calls for studies that 
explore the household-level impacts of biofuel production in SSA in a 
consistent and cohesive manner [2,93]. By using a consistent and 
comprehensive protocol [49] we are able to extract the main impacts of 
engagement in biofuel feedstock production on household income and 
expenditures. However, we find rather divergent patterns between sites 
and types of engagement. 

When it comes to income, the groups engaged in biofuel feedstock 
production tend to have significantly higher gross household income 
across most sites compared to their respective control groups (Section 
3.2). This disparity is evident in 12 of the 15 comparisons, with the ATT 
and ATE also being positive and statistically significant for these com-
parisons (Section 3.3). The two exceptions are workers in the sugarcane 
plantation in Dwangwa (negative and non-significant ATT/ATE) and 
jatropha smallholders in Mangochi (positive and non-significant ATT/ 
ATE). These effects largely remain the same also for net income, albeit 
with a lack of statistical significance for some comparisons. The Pear-
son’s chi-square tests show significant relationships between the treat-
ment variable and the income poverty variable (Section 3.4), implying 
that the relatively lower incidence of poverty observed among groups 

engaged in biofuel feedstock production could possibly be due to their 
engagement in these activities. 

Collectively our results suggest that engagement in smallholder 
sugarcane production has significant livelihood benefits compared to 
other agricultural options in the study areas. This finding is consistent 
between both sugarcane sites, and has also been articulated in other 
studies across SSA [6,10,34,35,44]. This is possibly due to the fact that 
sugarcane is a mature crop with a long history, known agronomy, and 
stable markets in the Malawi and Eswatini, which have been identified 
as major factors behind the positive rural development outcomes of 
smallholder-based sugarcane production in the two countries [13,35]. 

Interestingly, our results suggest that irrigated sugarcane small-
holders in Dwangwa tend to be relatively worse off compared to rainfed 
smallholder farmers in terms of total and net income for all comparative 
bases (Section 3.2 and 3.3). This is rather surprising considering the far 
higher yields of irrigated sugarcane production compared to rainfed 
practices [6,31], as well as the generally positive livelihood outcomes of 
irrigation adoption in smallholder settings of SSA [97]. Interestingly, the 
proportion of households classified as income poor and multi- 
dimensionally poor is not markedly different, but comparatively fewer 
irrigated farmer households tend to be both income and multi- 
dimensionally poor (Section 3.4). These rather contradictory and 
counterintuitive results could be explained when understanding better 
the institutional arrangements of sugarcane production in the area (see 
Section S1, Supplementary Electronic Material for an extensive outline). 
Irrigated sugarcane smallholders farm their own demarcated plots in an 
area managed by the Dwangwa Cane Growers Limited (DCGL), and thus 
need to finance irrigation infrastructure, outsource many of the labour 
intensive operation and pay operational fees to the association that are 
as high as 20% [14] (Table 3). Due to the consolidated nature of this 
irrigated sugarcane production model, irrigated smallholders have much 
less flexibility to change sugarcane production practices. On the other 
hand, rainfed smallholders are free to choose and change association 
(which also tend to have lower fees due to competition) and can also 
allocate freely any fraction of their land under sugarcane (Table 3) [6]. 
Even though from an agronomic viewpoint they do not maximise the 
sugarcane output from their land, this flexibility might allow them to 
regulate better their involvement in the sugarcane sector, and thus in-
crease their profit. Indeed, most of the outliers related to income and 
land ownership come from this group, including farmers with very low 
or high amount of land allocated for sugarcane production, and thus in 
receipt of income. 

Conversely, the results show the lack of any significant income gains 
for jatropha smallholders across all comparative bases. Many studies 
have found the very minor income benefits (if any at all) associated with 
engagement in jatropha production across SSA [87–89,95,98]. In this 
case a major factor might have also been the fact that jatropha was not 
the primary activity among the study households (e.g. [89]) as practi-
cally all households grew jatropha on hedges. Even though such models 
reduce to some extent competition for land [90], they also take a toll on 
income generation. It is also important to point out that yields from 
jatropha have been far below expectations in many smallholder contexts 
across the continent [5,99] and as such farmers have obtained very 
limited direct income from jatropha sales [88,89], while in some cases 
smallholder production might have had negative livelihood outcomes 
[95,98]. The gradual scaling down of the buyer network put in place by 
BERL possibly further reduced further the profitability [5,24], as 
farmers were “forced” to collect their seeds in centralised buying points, 
for multiple villages, rather than points within their villages (Section S1, 
Supplementary Electronic Material). 

The livelihood outcomes for plantation workers are less obvious, 
both within and between sites. Workers in the jatropha plantation in 
Buzi (Mozambique) report significantly better income than control 
groups due to their waged employment. This might have been due to the 
fact that jatropha production was undertaken in a very remote and poor 
area with practically no other formal income opportunities [5,33]. With 
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subsistence agriculture being practically the only livelihood activity in 
the area, the only other income generating activity is the sale of small 
excess production. In this context plantation wages, even if low, were 
the only formal income options, contributing substantial benefits to 
cash-strapped households. Some similar findings have been reported 
and for some other jatropha plantations across SSA (e.g. [48,77,78], 
possibly due to the stability and periodicity of this income as it helps 
households meet pressing needs and plan better for their future [48]. It 
is important to note that while this income is higher in absolute terms 
compared to control groups, its sustained generation also depends on the 
continuous operation of the company. With practically all jatropha 
plantations collapsing in the region, there are serious doubts about its 
viability [24]. However, considering the observed income gains imply 
that economically viable plantations (not necessarily of jatropha or 
other biofuel feedstocks) in such remote and cash-strapped contexts 
could possibly generate important income streams. Yet they should rely 
on a solid market logic to ensure their long-term economic viability (but 
also of course avoid any of the negative environmental and socioeco-
nomic outcomes discussed in Section 1). 

On the contrary, the levels of payment for workers in sugarcane 
plantations varied between sites. For example plantation workers were 
better off compared to controls in Tshaneni (Eswatini), but not in 
Dwangwa (Malawi). Furthermore, in Tshaneni RSSC workers were 
significantly better off compared to community plantation workers. In 
Dwangwa, it is not clear why this discrepancy happens between Illovo 
workers and control groups, but it might be due to the rather low salaries 
and precarious working conditions mentioned by many of the re-
spondents. The local agro-ecological context is characterised by rather 
high water availability for farming, even for non-irrigated farmers, 
suggesting that even food crop farmers (i.e. control groups) have rela-
tively high yields that allow them to produce and sell high amounts of 
food crops. Conversely, the dryland areas around Tshaneni are quite 
marginal, and cannot allow for high food crop yields [28]. Furthermore, 
RSSC is a very large company by Eswatini standards, dominating the 
local economy [13]. RSSC is thus able to offer rather high salaries 
compared to community plantations, which, with the exception of some 
highly paid jobs for the friends and family of the irrigated sugarcane 
farmers, tend to be rather lowly paid and targeting the poor dryland 
farmers in the respective communities where associations operate [13]. 
To unravel further the possible effects of site characteristics and insti-
tutional arrangements it would require extensive comparative studies 
across multiple individual biofuel feedstock production enterprises and 
projects, e.g. see [6] for a comparative study for smallholder-based 
sugarcane production in southern Africa. In any case these results 
reflect studies that have found examples of both increased benefits 
[10,44] and lack of benefits [4] materialising from waged employment 
in sugarcane estates in different parts of SSA. 

Finally, both irrigated and rainfed sugarcane smallholders in 
Dwangwa have significantly higher gross income compared to Illovo 
plantation workers (Section 3.2). Furthermore the ATT and ATE for total 
income are positive and statistically significant (Section 3.3). Similar 
results are also evident and for net income, albeit at a lower level of 
significance. This reflects the point made above about the low wages, 
precarious working conditions and good agro-ecological conditions in 
Dwangwa. Considering the very few studies that compare directly the 
livelihoods of plantation workers and feedstock smallholders in SSA (e. 
g. [10,34,44]), there is a need for more studies to understand better the 
context-specific factors behind such patterns. 

Overall, our results suggest that despite a trend towards higher in-
come from engagement in biofuel feedstock production, there is marked 
pattern variability within and between sites. Often different types of 
involvement in biofuel feedstock production within the same site can 
have radically different livelihood outcomes, as witnessed in the sug-
arcane sites. Several studies have identified such uneven outcomes and 
have pointed to the need to delve deeper in the mechanisms that mediate 
livelihood effects within groups (e.g. [39]). Based on the above 

discussion this is most likely due to the distinct site characteristics and 
the institutional arrangements mediating feedstock production and in-
come allocation in each site. Such elements should be taken well into 
account when designing development interventions anchored on biofuel 
feedstocks (or other similar commodity crops), as they might indeed 
have major ramifications for income generation and essentially rural 
development in SSA. 

Future research should seek to explore in more depth the mecha-
nisms through which these differentiated livelihood outcomes emerge. 
For example, such studies should seek to utilise causal inference 
frameworks such as Structural Equation Modelling (SEM) to explore 
how different agronomic and socioeconomic factors intersect to mediate 
the pathways through which livelihood outcomes emerge [100], as well 
as how they intersect with other impacts such as food security. 
Considering the centrality of institutional arrangements as argued in this 
paper, both for the generation and distribution of these livelihood out-
comes, future studies should focus on more types of institutional ar-
rangements and ideally synthesize them in comprehensive empirical 
studies or meta-analyses. Considering the crucial role of power relations 
and political factors, some of these studies should employ more critical 
lenses from the social sciences, including from interdisciplinary fields 
such as Political Ecology [101]. 

5. Conclusion 

The overall finding of this study is that households engaged in bio-
fuel feedstock crop production tend to have higher absolute, per capita, 
and per adult equivalent incomes than households not engaged in such 
activities. This is particularly true for sugarcane areas, where small-
holders tend to have significantly higher incomes than control groups, 
and often from workers in large industrial plantations (Dwangwa, 
Malawi) or community-led plantations (Tshaneni, Eswatini). In 
Dwangwa, where rainfed sugarcane production is a climatically viable 
option, such smallholders appear to have greater financial benefits than 
those engaged in smallholder-based irrigated sugarcane production. 
These greater benefits might be partly due to the actual management 
practices adopted in this specific community-led irrigated sugarcane 
production model. Conversely, the income of jatropha smallholders in 
Mangochi (Malawi) was very low, and on par to that of the control 
group. Conversely engagement in employment in the jatropha planta-
tion in Buzi (Mozambique) seemed to have positive livelihood outcomes. 
However, we should point out that the long-term benefits from jatropha 
production remain untested, as no jatropha project in the region has 
reached sufficient maturity levels to become a well-established enter-
prise. This means that any livelihood benefits can be particularly 
vulnerable to the collapse of such endeavours, as has been the case for 
jatropha projects throughout the region. In any case, there are very 
differentiated livelihood outcomes between crops, types of involvement, 
modes of production and production practices, which must be consid-
ered carefully when designing and promoting biofuel feedstocks (and 
other cash crops) as a rural development strategy in the region. 
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