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Introduction: Black soldier fly larvae (BSFL) are increasingly promoted as cost-
effective, and environmentally friendly source of protein in animal nutrition.
However, there is limited information about farmers’ adoption rates and the
factors influencing their adoption decisions in Sub-Saharan Africa (SSA). This
article assesses livestock farmers' actual and potential adoption rates of BSFL
and determinants of their adoption decisions.

Methods: In this paper, we used the treatment effect framework approach on
data collected from 1,885 fish, poultry, and pig smallholder farmers in five cities
of four West and Central African countries, including Kinshasa and Bukavu in
the Democratic Republic of Congo (DRC), Accra in Ghana, Bamako in Mali, and
Niamey in Niger.

Results and discussion: The results show that about 20 percent of surveyed
farmers are aware of BSFL as a protein source in animal feed, and the actual
adoption rate of BSFL is four percent. However, the treatment effect analysis
showed that the adoption rate could quadruple if all farmers were aware. This
result suggests that successful awareness creation can boost the actual adoption
of BSFL, which currently stands at four percent. The awareness creation should
target educated livestock farmers with access to group membership, credit,
extension services, and diversified income sources to influence their decisions
to adopt BSFL as a source of protein in animal feed.

KEYWORDS

environment-friendly technology, black-soldier fly larvae, livestock farming, animal
nutrition, treatment effect framework, adoption

1 Introduction

Insufficient protein consumption is Africa’s primary source of malnutrition as animal
protein is too expensive for most people (Schonfeldt and Hall, 2012; Moughan, 2021).
While the protein requirement is 0.7 g per kilogram body weight per day, the consumption
level in most Sub-Saharan African (SSA) countries falls under this threshold as most
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consumers cannot afford meat products (Schonfeldt and Hall, 2012;
OECD-FAO, 2021; Font-i-Furnols, 2023). The low consumption
level is due to the high cost of meat products primarily caused by
the high costs of animal feed protein ingredients, including fishmeal
and soybean, which hampers the profitability and growth of local
meat production (Chia et al., 2019; Hu et al., 2023).

Recently, interest in insects has been growing as a novel, cost-
efficient, and environmentally friendly technology as an alternative
protein source in animal feed (Franco et al., 2021a,b; Suloma et al.,
2014; Weththasinghe et al., 2022; Romano et al., 2023; Raman et al.,
2022). In particular, black soldier fly larvae (BSFL) are increasingly
promoted as a sustainable ingredient in livestock diets, especially
poultry, pigs, and fish, for several reasons. First, BSFL is a powerful
tool for biowaste recycling as the larvae feed on various biowaste
materials (Weththasinghe et al., 2022; Romano et al., 2023; Raman
et al.,, 2022; Siddiqui et al., 2022; Yildirim-Aksoy et al., 2020; Liu
et al., 2018; Scieuzo et al., 2023; Surendra et al., 2020). Second, by
feeding on biowaste materials, BSFL is a climate-smart technology
as it contributes to reducing Greenhouse Gas Emissions generated
by the decomposition of urban waste that otherwise would be
dumped into unregulated landfills (Liu et al., 2018; Scieuzo et al,,
2023; Surendra et al., 2020; Jung et al., 2022) Third, BSFL has a high
protein content, and their lipid is useful in cosmetics and personal
care products, and biodiesel (Hu et al., 2023; Franco et al., 2021a,b;
Raman et al.,, 20225 Labella et al., 2024). Finally, BSFL in animal
feed has benefits such as reducing the risk of animal-transmitted
disease, improving overall health and growth of livestock, and
significantly reducing the cost of livestock production (Chia et al.,
2019; Romano et al.,, 2023; Yildirim-Aksoy et al., 2020). Based on
this background, BSFL production will likely increase in the coming
years as a sustainable substitute for conventional protein sources.

Although the BSFL technology has received considerable
attention in the rest of the world, little is known about its awareness
and adoption rates and their determinants among livestock farmers
in SSA (Olutegbe and Ojuoluwa, 2022). The purpose of this paper
is to investigate the adoption of BSFL among livestock farmers
and factors influencing their decision to adopt BSFL in five cities
of four West and Central African countries, including Kinshasa
and Bukavu in the Democratic Republic of Congo (DRC), Accra
in Ghana, Bamako in Mali, and Niamey in Niger as part of
the Norwegian Agency for Development Cooperation (NORAD)-
funded BSF for Bio- circular Economy and Sustainability (BBEST)
project. Our work contributes to the growing but sparse literature
on BSF-derived technologies.

The specific objectives are 2-fold:

e To estimate the true population adoption rate of BSFL, i.e.,
the adoption rate that would result if all livestock farmers
were aware of the BSFL (Diagne and Demont, 2007; Dontsop
Nguezet et al., 2011; Dontsop Nguezet et al., 2013; Kathage
et al.,, 2016; Simtowe et al., 2011).

To identify the factors that explain the non-adoption in cases
where livestock farmers were aware of the BSFL technology
but did not adopt it.

To the best of our knowledge, this is the first study to

thoroughly investigate the awareness and actual and potential
adoption of BSFL as an animal protein source in SSA.
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2 Context of the study

This study relies on a household survey conducted as part of
the Norwegian Agency for Development Cooperation (NORAD)-
funded BSF for Bio-circular Economy and Sustainability (BBEST)
project. Its goal is to improve the livelihoods of smallholder
chicken, fish, pigs, and vegetable farmers and contribute to
improved urban sanitation and climate change mitigation in four
African countries. The BBEST project started in Ghana, Mali, and
Niger in 2021 and expanded to DRC in 2022. This project focuses
on five cities in four countries, which constitute our case studies
and include: Accra, Bamako, Niamey, Kinshasa, and Bukavu. The
first four cities represent the capital cities of the studied countries
with high populations and high production of urban waste. The
fifth city is Bukavu in DRC; it was chosen for two reasons. First, to
capture the intra country contrast between west and east, as Bukavu
is located in eastern DRC with a different context backgroup
compared to Kinshasa. Second, Bukavu was chosen as a medium-
to-high altitude city to contrast other cities all at low altitudes.

Figure I summarizes the Black Soldier fly larvae cycle and
derived technologies. Five steps form the classic cycle of BSF : (1)
fly, (2) eggs, (3) young larvae, (4) larvae, and (5) pre-pupa and pupa.
However, the cycle length depends on several factors, including
the substrate, the cultivation environment, temperature, and the
strain, among many others (Makate et al,, 2019; Daberkow and
McBride, 2003; Liu et al,, 2017). What matters here is the number
of derived products from BSF production. First, the larvae, which
constitute the main product, are an essential source of protein for
animals and are processed in many forms depending on the end-
uses. When dried and powdered, the BSFL is a suitable meal for
chicken, pig, and other small livestock; when pelleted, the BSFL is
ideal for fish due to its floatier characteristics (Weththasinghe et al.,
2022; Romano et al., 2023; Raman et al., 2022; Siddiqui et al., 2022;
Yildirim-Aksoy et al., 2020). Second, the BSFL has a higher lipid
content; when processed, the derived product is insect oil with great
health benefits (Fu et al., 2023; Franco et al., 2021a,b). Third, after
the lifecycle, the excrement of the larvae and dyed flies, often called
BSF frass (BSFF), are an essential source of soil nutrients (Liu et al.,
2017; Tomberlin et al., 2009; Lomonaco et al., 2024; Myers et al.,
2014). The latter product positively impacts vegetables, potatoes,
and other crops of the same category to increase productivity
when used as organic fertilizer. Finally, the remaining feedstock
constitutes a very rich organic compost. In this study, we focused
on the protein meal product.

3 Methods

3.1 Empirical framework

Under partial awareness, which means only a portion of the
study population is aware of the BSFL technology, the estimation
of the adoption rate outside the treatment effect framework is
subject to some bias (Diagne and Demont, 2007). The treatment
effect framework refers to the causal effect of awareness on BSFL
adoption among livestock farmers (Ravallion, 2001). Concretly,
the treatment effect framework is relevant in this study for two
reasons. First, although the valorization of BSF technology in SSA
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FIGURE 1

Authors’ conception.

Black soldier fly lifecycle and derived products. Three main products can be identified throughout the black soldier fly's (BSF) lifecycle. First, the key
product is the BSF protein meal, which is directly obtained from harvested BSFL. Second, the BSF soil nutrient is composed of BSF frass and the
remaining feedstock, and it can be utilized as organic fertilizer. Lastly, the BSF oil can be used in various products such as cosmetics, personal care
items, and even biodiesel. Each of these products can be obtained at different stages of the BSF lifecycle, which has been condensed into five stages.

End of the
lifecycle

1. Cosmetic products
2. Personal care products
3. Biodiesel

has recorded significant progress over the last few years, it has not
been widely disseminated (Raman et al., 2022; Romano et al,, 2023).
Thus, a small fraction of the farming community is aware of its
existence. Second, farmers’ exposure to the BSF technologies is not
random, implying selection biases due to self-selection. Therefore,
relying on the treatment effect framework allows us to control
for non-exposure or partial awareness and selection biases while
estimating true population adoption rates and the determinants of
adoption (Diagne and Demont, 2007; Dontsop Nguezet et al., 2011,
2013; Kathage et al., 2016; Simtowe et al., 2011).

Conceptually, under the treatment effect framework, the
true population adoption rate corresponds to the adoption rate
that would have happened if all farmers were aware of BSFL
technology, and it is measured by the average treatment effect
(ATE), the first indicator of interest in our analysis. The treatment
is “awareness,” such that aware farmers are the “treated group”
while those unaware are the “control group.” Empirically, we
used the propensity score matching (PSM) technique, which is
robust in controlling for the selection bias based on observable

Frontiersin Environmental Economics

characteristics. The PSM is a causal effect approach that simulates
an experimental study by creating an artificial control group from
the non-exposure group using livestock farmers’ propensity score
or likelihood to be aware of the BSFL technology (Dontsop Nguezet
etal, 2011, 2013; Kathage et al., 2016; Simtowe et al., 2011).

For concreteness, we focus on the adoption of BSF-based
animal feed as the outcome variable and awareness as the treatment
variable. Under the ATE framework, each farmer is assumed to have
two potential outcomes: with and without exposure to technology.
This study used a dummy variable to capture the adoption status
because we are interested in analyzing the factors that explain
the likelihood of being an adopter rather than the demand for
BSFL that can be captured using a continuous variable, such as the
quantity used of BSFL (Etzioni et al., 2020).

After estimating the true population adoption rate (ATE)—the
adoption rate that would result if all livestock farmers were aware
of the BSFL as animal feed protein source—the other estimations
of interest are: first, the difference between the ATE and the
actual adoption rate—corresponding to the observed adoption rate
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TABLE 1 Descriptive statistics by BSFL awareness status.

10.3389/frevc.2025.1519767

Unaware Aware T stat Stat. sig. ‘

Sociodemographic characteristics
Respondent household head (1 = Yes; 0 = No) 0.876 0.837 2.000 o
Male household head (1 = Yes; 0 = No) 0.893 0.939 —2.650 o
Age of household head (Number of years) 44.896 42.016 3.850 ok
Education of household head (1 = Literate; 0 = Illiterate) 0.875 0.914 —2.150 o
Marital status (1 = Married, 0 if otherwise) 0.798 0.733 2.750 ok
Household size (Number of members) 7.173 10.113 —2.200 .
Access to development services and social network
Group membership (1 = Member, 0 if otherwise) 0.184 0.358 —7.35 o
Access to credit (1 = Access, 0 if otherwise) 0.134 0.166 —1.60
Extension contacts (1 = Access, 0 if otherwise) 0.178 0.203 —1.15
Holding mobile phone (1 = Yes, 0 if otherwise) 0.841 0.968 —6.55 o
Income and assets ownership
Number of income sources (Number sources) 1.477 1.631 —3.50 ok
Raise cattle (1 = Yes, 0 if otherwise) 0.070 0.126 —3.60 ok
Raise small livestock (1 = Yes, 0 if otherwise) 0.369 0.374 —0.20
Raise poultry (1 = Yes, 0 if otherwise) 0.369 0.591 —7.90 ok
Raise fish (1 = Yes, 0 if otherwise) 0.269 0.401 —5.05 ok
Contextual factors
DRC (1 = Yes, 0 if otherwise) 0.558 0.238 11.50 e
Ghana (1 = Yes, 0 if otherwise) 0.163 0.211 —2.20 e
Mali (1 = Yes, 0 if otherwise) 0.128 0.318 —9.05 ok
Niger (1 = Yes, 0 if otherwise) 0.151 0.233 —3.80 ek
Awareness rate (# of awareness divided by the sample size) 0.198
Observations 1,511 374

Asterisks *** and ** denote that mean values significantly differ at the 1% and 5% levels (¢-test for continuous and dummy variables).

within the sample—corresponds to the population adoption gap, Lif B >0

reflecting the unmet population demand for the technology due to
a lack of information (Diagne and Demont, 2007). Secondly, the
adoption outcome in the exposed subpopulation corresponds to the
average treatment effect on the treated (ATE; or ATT). Finally, the
difference between the ATE and ATE, is the population selection
bias (PSB) that measures the extent to which awareness of the
BSF-based animal feed is not randomly distributed.

3.2 Estimation of the average treatment
effect

Practically, following Diagne and Demont (2007), let the status
of exposure to or awareness of BSFL technology Ej, be represented
by the latent response model in Equation 1:

EY, = vZ, + upy (1)

Frontiersin Environmental Economics

@)

"= 0 otherwise

Where Ej, is the observed awareness of BSFL technology,
E*j, denotes a continuous latent variable, meaning not directly
observed, i is a vector of parameters to be estimated, and j, is
the error term. The binary response “adoption of BSFL” Ay, is also
defined as follows in Equations 3 and 4:

A%y = Xy + OB, + 1y (3)
1if A%, >0

A = 4
L 0 otherwise )

Where Ay, is the main outcome variable and A*}, represents a
continuous latent variable, i represents a vector of parameters to be
estimated, ¢ is the coefficient of the endogenous treatment dummy,
and py, is the error term.

The treatment effect for the household A is measured by the
difference between the actual outcome value Ay, with adoption,
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TABLE 2 Descriptive statistics by BSFL adoption status.

10.3389/frevc.2025.1519767

Non-adopters Adopters T stat Stat. sig.
Sociodemographic characteristics
Respondent household head (1 = Yes; 0 = No) 0.868 0.882 —0.350
Male household head (1 = Yes; 0 = No) 0.900 0.934 —0.950
Age of household head (Number of years) 44.592 37.961 4.400 o
Education of household head (1 = Literate; 0 = Illiterate) 0.882 0.895 —0.350
Marital status (1 = Married, 0 if otherwise) 0.790 0.671 2.450 o
Household size (Number of members) 7.801 6.671 0.400
Access to development services and social network
Group membership (1 = Member, 0 if otherwise) 0.210 0.421 —4.350 o
Access to credit (1 = Access, 0 if otherwise) 0.140 0.158 —0.450
Extension contacts (1 = Access, 0 if otherwise) 0.182 0.210 —0.650
Have mobile phone (1 = Yes, 0 if otherwise) 0.863 0.948 —2.150 .
Income and assets ownership
Number of income sources (Number sources) 1.492 1.895 —4.550 ek
Raise cattle (1 = Yes, 0 if otherwise) 0.077 0.171 —2.950 ok
Raise small livestock (1 = Yes, 0 if otherwise) 0.364 0.513 —2.650 o
Raise poultry (1 = Yes, 0 if otherwise) 0.404 0.644 —4.200 ok
Raise fish (1 = Yes, 0 if otherwise) 0.281 0.619 —6.400 ek
Contextual factors
DRC (1 = Yes, 0 if otherwise) 0.508 0.198 5.350 o
Ghana (1 = Yes, 0 if otherwise) 0.171 0.210 —0.900
Mali (1 = Yes, 0 if otherwise) 0.158 0.355 —4.550 o
Niger (1 = Yes, 0 if otherwise) 0.164 0.237 —1.650 e
Actual adoption rate(# of adopters divided by the sample size) 0.040
Adoption rate in the aware population(# of adopters divided by the aware group sample size) 0.203
Number of observations 1,809 76

Asterisks *** and ** denote that mean values significantly differ at the 1 and 5% levels (¢-test for continuous and dummy variables).

and the counterfactual outcome Ay, without adoption. Therefore,
by definition, the expected population adoption impact of exposure
to the new technology is given by the mean value E(Ay; — Ayp),
the ATE. The problem, in this case, is that the two responses A;
and A for the " household can not be observed simultaneously.
Besides, Ay, is assumed to depend on the endogenous dummy Ej,
and a vector of explanatory variables Xj. The endogenous dummy
Ej, also depends on a vector of explanatory variables, Zj. There is a
possibility that vectors X}, and Z;, share elements. Direct estimation
of Equation 3 and interpreting ¢ as the causal effect of awareness
on adoption would result in biased estimates due to unobserved
endogeneity. For more details on the causal effect terminology, see
Ravallion (2001).

However, in the adoption context, the estimation of the ATE is
based generally on the conditional independence (CI) assumption
(Diagne and Demont, 2007; Dontsop Nguezet et al., 2011, 2013;
Kathage et al, 2016). This assumption states that the treatment
status Ej, is independent of the potential outcomes Ap and A;
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conditional on an observed set of covariates P (A, = 1|E,X) =
P (A; = 1]1X); j = 0, 1. The conditional independence assumption
in this context does not imply that unobservable characteristics
cannot influence the treatment variable E; and the outcomes
Ap and A; but that the existence of unobservable does not bias
estimates of the treatment effects. Hence, instrumental variables are
not required to correct the potential endogeneity issue (Kathage
et al., 2016; Simtowe et al., 2011).

As mentioned above, in this study, we relied on the propensity
score matching (PSM) approach to estimate the ATE estimators
using the Kernel Matching approach following Kathage et al. (2016)
and Simtowe et al. (2011). We performed additional robustness
checks on the estimation strategy using other matching methods,
such as the nearest neighbor (NN) matching and the augmented
inverse probability weighted approach, which is a double-robust
estimator of the causal effect [see Kurz (2022) for further details].

Estimating the determinants of awareness and adoption is
crucial as they provide valuable information regarding the factors

frontiersin.org
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FIGURE 2
Map of the study area. Source: Author’s conception using QGIS 3.10.
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explaining livestock farmers’ exposure to BSFL technology and
their decision to adopt it. The factors influencing livestock
farmers’ awareness differ significantly from those affecting
the adoption decision. We relied on the logit regression for
this purpose and justified and presented variables in Section
Variable description.

We used STATA software for estimation.

3.3 Variable description

3.3.1 Explained variables

The explained variables in this paper are awareness and
adoption of BSFL technology by livestock farmers, all of which
are dummy variables evaluated by “aware = 1, unaware = 0” and
“adopt = 1, not adopt = 0”.

3.3.2 Core explanatory variables

The core explanatory variables of this paper are grouped into
two categories: farmers” access to development services and social
networks and income and asset ownership. Access to information
and knowledge about agricultural technologies is necessary for
adoption in Africa (Kathage et al, 2016; Manyong et al., 2022;
Nguru et al, 2021). Empirically, farmer groups and extension

Frontiersin Environmental Economics

services have been given a particular interest and remain solid
learning channels through which the diffusion of new technologies
occurs, mainly free of charge (Bell et al, 2018; Manda et al,
2016; Khataza et al, 2018). Moreover, people’s livelihoods can
be enhanced when they are members of groups due to local
solidarity (Manyong et al., 2022). Information and communication
technologies (ICT), such as mobile phones, can improve efficiency
(Nyamuhirwa et al., 2022). We focused on group membership,
access to extension, and mobile phone ownership as informational
factors determining awareness and adoption.

Income and asset ownership are key determinants of adopting
agricultural technologies because new technologies require
complementary resources (Nguru et al., 2021; Manda et al., 20165
Tambo and Abdoulaye, 2012). We considered livestock ownership
and the number of sources of income as variables. Several studies
argue that livestock is a form of insurance as it can be used
as collateral, reducing farmers’ risk aversion as adopting new
technologies is not risk-free (Manda et al., 2016; Autio et al., 2021;
Makate et al., 2019; Daberkow and McBride, 2003). Similarly,
the more diversified the household income, the less risk-averse
a farmer is so he can test new ideas and the latest knowledge.
We measured the diversity of income in terms of the number of
sources of income owned by a farmer, and livestock ownership is a
dummy variable applied to four types of livestock, including cattle,
small livestock—such as goats and pigs —, poultry, and fish.
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TABLE 3 Determinants of awareness of BSFL.

Variables Dependent variable: awareness of BSFL

Pooled DRC Ghana Mali
Sample

(1) (2) (3) (4)

Marginal Marginal Marginal Marginal
effects effects effects effects

Sociodemographic characteristics

Niger

(5)

Marginal
effects

Respondent household head (1 = Yes; 0 = No) —0.064** —0.006 —0.164* —0.182* —0.131
(0.028) (0.022) (0.092) (0.095) (0.106)
Male household head (1 = Yes; 0 = No) 0.023 0.002 —0.043 0.039 0.176**
(0.029) (0.024) (0.105) (0.121) (0.069)
Age of household head (number of years) —0.001* —0.001 0.001 —0.007** —0.004
(0.001) (0.001) (0.003) (0.003) (0.003)
Education of household head (1 = Literate; 0 = Illiterate) 0.061*** 0.003 0.071 0.086 0.155%**
(0.022) (0.032) (0.156) (0.085) (0.055)
Marital status of household head (1 = Married; 0 = Not married) —0.034 —0.030 —0.086 0.000 0.124
(0.025) (0.024) (0.064) (0.083) (0.084)
Household size (Number of members) 0.000** 0.000 0.011 —0.007* 0.004
(0.000) (0.003) (0.013) (0.004) (0.005)
Access to development services and social network
Group membership (1 = member, 0 if otherwise) 0.144*** 0.127*+* 0.009 0.152* 0.296***
(0.027) (0.032) (0.062) (0.088) (0.069)
Access to credit (1 = Access, 0 if otherwise) 0.026 0.025 0.015 0.112 —0.063
(0.025) (0.025) (0.069) (0.131) (0.064)
Extension contacts (1 = Access, 0 if otherwise) 0.026 0.020 0.049 0.167 —0.087
(0.026) (0.022) (0.058) (0.210) (0.077)
Have mobile phone (1 = Yes, 0 if otherwise) 0.108*** 0.058*** 0.063 0.148**
(0.021) (0.015) (0.148) (0.062)
Income and livestock ownership
Number of sources of income —0.002 0.016 —0.074* 0.026 0.009
(0.011) (0.010) (0.041) (0.041) (0.037)
Raise cattle (1 = Yes, 0 if otherwise) 0.009 0.045 —0.080 0.069 —0.042
(0.028) (0.042) (0.115) (0.083) (0.080)
Raise small livestock (1 = Yes, 0 if otherwise) —0.018 —0.017 0.009 0.025 0.033
(0.018) (0.015) (0.074) (0.068) (0.061)
Raise poultry (1 = Yes, 0 if otherwise) 0.088™** 0.060"** 0.264*** 0.153** —0.046
(0.021) (0.023) (0.066) (0.065) (0.068)
Raise fish (1 = Yes, 0 if otherwise) 0.056™* 0.014 0.120 0.131 0.028
(0.023) (0.022) (0.079) (0.134) (0.074)
Contextual factors
DRC (1 = Yes, 0 if otherwise) —0.133***
(0.029)
Ghana (1 = Yes, 0 if otherwise) —0.033
(0.025)
(Continued)
Frontiersin Environmental Economics 07 frontiersin.org



https://doi.org/10.3389/frevc.2025.1519767
https://www.frontiersin.org/journals/environmental-economics
https://www.frontiersin.org

Nyamuhirwa et al.

TABLE 3 (Continued)
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Variables Dependent variable: awareness of BSFL ‘
Pooled DRC Ghana Mali Niger
Sample
(1) (2) (3) (4 I
Marginal Marginal Marginal Marginal Marginal
effects effects effects effects effects
Mali (1 = Yes, 0 if otherwise) 0.046
(0.029)
Category of livestock farmers Yes Yes Yes Yes Yes
Cities No Yes Yes Yes Yes
Observations 1,885 933 325 312 315
Wald chi? 222.590 65.160 34.720 35.970 46.080
Prob > chi? 0.000 0.000 0.004 0.003 0.000
Pseudo R? 0.142 0.1272 0.097 0.093 0.1420

Asterisks *, **, and *** indicate that the coefficient is statistically significant at 10, 5, and 1%, respectively. Figures in parentheses denote robust standard errors. Niger was the reference country.

3.3.3 Control variables

To ensure the accuracy of the estimation results when
using PSM to estimate the processing effects, we included as
many covariates as possible of those that affect the awareness
and adoption of new technologies as the control variables.
Based on relevant literature search results, this study includes
the head of household characteristics, location of the farmers,
and the livestock farmer category (fish, poultry, and pig
producers) as identified during the data collection activity. We
included nine control variables that affect farmers’ awareness
and technology adoption status: status of the respondent (head
of the household or not), sex of the respondent, age of the
household head, education, marital status, household size, livestock
farmer category, country of location, and city. Tables 1, 2 provide
the descriptive statistics of each variable by awareness and
adoption status.

3.4 Sampling and data collection

Sampling and data collection followed a multistage sampling
approach. In the first stage, we randomly selected 3 to 5 sub-
urban districts located within a radius of 50km (about 31.07
mi) from the point where the BSF facility was planned to be
built under the BBEST project in each city and which is known
for a strong engagement in the production of fish, poultry, and
pigs as well as the presence of significant volume of biowastes
to make the unit operational. These suburban districts formed
the primary sampling unit from which smallholder farmers were
selected. We pre-identified the corresponding census of farmers
engaged in the selected value chains, constituting the BSF-based
products’ end users/buyers. The lists of farmers were obtained
from farmers” unions, cooperatives, and associations to which non-
farmer members were added after using a snowball identification
approach. Concretely, the snowball identification approach allowed
us first to identify members of cooperatives and ask them to name
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their peers who are not members but engaged in fish, poultry, or pig
farming in their neighborhood.

In the second stage, from the selected suburban districts,
a minimum of at least 150 livestock farmers were randomly
selected in each value chain in each city. The pig value chain
counted only for Kinshasa and Bukavu in DRC and not for
the West African urban cities for cultural reasons. The survey
was conducted between March and October 2023 and reached
a total number of 933 small producers in Kinshasa and Bukavu
in DRC, 325 producers in Accra, Ghana, 315 in Niamey, Niger,
and 312 in Bamako, Mali, forming a total sample size of 1,885
small livestock producers (Figure 2). Among other questions, each
sampled livestock farmer was specifically asked two questions:
1) whether they were aware/exposed to BSFL-based animal feed,
regardless of their characteristics. 2) If the answer was yes, they
were asked whether they had used the BSFL in the past years to
feed their livestock. Awareness of BSFL is defined as a yes answer to
the first question, and adoption of the BSFL is a yes answer to the
second question.

Trained enumerators and supervisors with a minimum BSc
level, some years of experience conducting socioeconomic surveys
and speaking the local language, conducted face-to-face interviews.
The training included theoretical sessions in classrooms followed
by practical sessions in the fields. We used computing tablets, and
the Ona server enabled data aggregation (www.odk.ona.io). Two-
step data reviews were conducted to ensure data quality, first by
supervisors at the end of each day and remotely by the survey
manager, and mistakes were brought back to the attention of the
field team for correction. Each enumerator received a sample of
dried, powdered, and pelleted BSFL in a zipper bag for awareness
creation and to stimulate livestock farmers’ visual memory to
capture their awareness adequately. The survey collected data
on the sociodemographic characteristics of farmers, awareness
and usage of BSF-based technologies, perception of derived food
products of animal feed on BSF, households’ assets, and access to
essential services such as finance, credit, extension, and training.
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TABLE 4 Determinants of adoption of BSFL.

Variables Dependent variable: adoption of BSFL

Pooled DRC Ghana Mali Niger
Sample

(1) (2) (3) (4) )

Marginal Marginal Marginal Marginal Marginal
effects effects effects (A effects

Sociodemographic characteristics

Respondent household head (1 = Yes; 0 = No) —0.002 0.000 —0.015 0.011 —0.055
(0.008) (0.002) (0.026) (0.017) (0.083)

Male household head (1 = Yes; 0 = No) 0.001 0.001 —0.001 —0.053 —0.020
(0.010) (0.002) (0.029) (0.054) (0.047)

Age of household head (number of years) —0.001*** —0.000* —0.000 —0.002 —0.002
(0.000) (0.000) (0.001) (0.001) (0.002)

Education of household head (1 = Literate; 0 = Illiterate) 0.003 —0.001 —0.101 0.031 0.008
(0.007) (0.003) (0.150) (0.022) (0.014)

Marital status of household head (1 = Married; 0 = Not married) —0.005 —0.000 —0.007 —0.041
(0.007) (0.002) (0.019) (0.032)

Household size (Number of members) —0.001 —0.000 —0.008* —0.001 0.000
(0.001) (0.000) (0.004) (0.001) (0.000)

Access to development services and social network

Group membership (dummy) 0.024** 0.009 —0.002 0.069** 0.042
(0.009) (0.007) (0.019) (0.034) (0.030)
Access to credit (dummy) —0.003 0.000 —0.010 0.007 —0.010
(0.006) (0.002) (0.016) (0.033) (0.011)
Extension contacts (dummy) 0.004 0.003 0.037* 0.030
(0.008) (0.003) (0.021) (0.032)
Mobile phone owner (dummy) 0.005 —0.002 0.008
(0.008) (0.003) (0.013)

Income and livestock ownership

Number of sources of income 0.004 0.001 0.002 0.011 0.010
(0.003) (0.001) (0.012) (0.009) (0.008)
Raise cattle (1 = Yes, 0 if otherwise) —0.001 0.012 0.015 —0.032** 0.019
(0.007) (0.010) (0.057) (0.015) (0.023)
Raise small livestock (1 = Yes, 0 if otherwise) 0.007 —0.001 —0.006 0.038* 0.028
(0.006) (0.002) (0.017) (0.023) (0.022)
Raise poultry (1 = Yes, 0 if otherwise) 0.016** 0.003 0.062** 0.044* 0.009
(0.008) (0.003) (0.031) (0.023) (0.014)
Raise fish (1 = Yes, 0 if otherwise) 0.041*** 0.009 0.056* 0.012 0.014
(0.011) (0.006) (0.033) (0.037) (0.022)
DRC (1 = Yes, 0 if otherwise) —0.008
(0.009)
Ghana (1 = Yes, 0 if otherwise) 0.001
(0.008)
(Continued)
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TABLE 4 (Continued)
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Variables Dependent variable: adoption of BSFL
Pooled DRC Ghana Mali Niger
Sample
(1) (2) (3) (4) (5)
Marginal Marginal Marginal Marginal Marginal
effects effects effects effects effects
Mali (1 = Yes, 0 if otherwise) 0.008
(0.009)
Category of livestock farmers Yes Yes Yes Yes Yes
Cities No Yes Yes Yes Yes
Observations 1,885 933 321 302 197
Wald chi? 130.990 108.050 31.590 43.110 32.83
Prob > chi? 0.000 0.000 0.007 0.000 0.005
Pseudo R? 0.179 0.356 0.147 0.248 0.391

Asterisks *, **, and *** indicate that the coefficient is statistically significant at 10, 5, and 1%, respectively. Figures in parentheses denote robust standard errors. Niger was the reference country.

4 Estimation results and discussion

4.1 Descriptive data review

The core explanatory and control variables of respondents
include (i) household and farmer characteristics, (ii) access to
development services and social networks, (iii) Income and
livestock ownership, and (iv) contextual factors. Tables 1, 2
summarize respondents’ characteristics by awareness and adoption
status. All variables differ significantly between aware and unaware
farmers and adopters and non-adopters. About one-fifth of
surveyed farmers are aware of BSFL as a protein source in animal
feed, with slight heterogeneity across countries, and about four
percent ever used BSFL to feed their livestock in the population and
20 percent among aware farmers. Although the actual adoption rate
of four percent is low, it shows that some BSFL activities already
exist in the four countries. The latter adoption rate constitutes a
baseline indicator for the BBEST project aiming to scale up the BSF
technology system. We used videos, photos, and samples of BSF
products to avoid confusion between BSF and other flies during the
data collection.

Aware and adopter farmers tend to own cell phones, participate
in farmers'groups, associations, cooperatives, or unions, and
receive information about BSFL technology from family and
friends, farmer groups, associations, or unions. The average
household size is slightly larger among aware farmers than non-
aware farmers. Aware and adopter farmers are relatively younger
and are likely to own cattle, small livestock, poultry, and fishponds
and dispose of a diversified source of income.

4.2 Determinants of awareness and
adoption of BSFL

Tables 3, 4 present the estimated marginal effects of the BSFL
technology awareness and adoption models. The estimated models
fit well as we rejected the null hypothesis of parameters equal to zero
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in the two models (awareness and adoption) based on the Wald
test results. Our discussion focuses on the pooled sample [column
(1)], while columns (2) to (5) in Tables 3, 4 summarize results
on determinants of awareness and adoption of BSFL technology
by country.

As expected, all variables related to information factors were
strongly associated with the awareness and adoption of BSFL
system technology. First, farmers who owned cell phones were
likelier to be aware of BSFL. Second, the likelihood of awareness
and adoption of BSFL technology was positively associated with
group membership. These results are consistent with a wide
range of previous studies that have evidenced that access to
information and knowledge about agricultural technologies is
necessary for adoption in Africa (Kathage et al, 2016; Nguru et al,
2021). A rational explanation is that access to information is an
edge in getting knowledge and adopting agricultural technologies
(Rodenburg et al., 2021; Mango et al., 2017). Farmer groups remain
a solid social learning channel through which farmer-to-farmer
learning is effective, and information and knowledge are mainly
free to access (Bell et al., 2018; Manda et al., 2016; Khataza et al.,
2018).

Capital constraint constitutes another primary constraint of
agricultural technology adoption, so we assessed its influence
on BSFL technology awareness and adoption through livestock
ownership and the number of sources of income. The latter
variable was insignificantly associated with awareness and adoption
(Tambo and Abdoulaye, 2012; Suri and Udry, 2022). Farmers
who own poultry and fish activities were more likely to be aware
of and adopt BSFL technology as a protein source in animal
feed. The likelihood of awareness increased by 8% for farmers
with poultry ownership and 6% for fish activity ownership, and
adoption increased by 2 and 4%, respectively. This could be
explained by the fact that the BSFL is widely used to feed fish and
poultry compared to other types of livestock. As poultry meat is
expected to represent 41% of all the protein from meat sources
in 2030, BSFL will mainly be used for this sector (Suri and Udry,
2022).
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FIGURE 3

Common support condition and distribution of propensity scores (Source: Author’s analysis).
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TABLE 5 Matching quality test.

Pseudo R? Mean bias Total bias
reduction (%)
Before matching 0.146 54.95 0.000 16.4 40
After matching 0.045 9.16 0.971 12.9

Moreover, adopting agricultural technologies such as BSFL
requires complementary resources (Nguru et al., 2021; Manda et al.,
2016; Tambo and Abdoulaye, 2012). Livestock constitutes a form
of insurance as it can be used as collateral, reducing farmers’ risk
aversion as adopting new technologies is not risk-free. These results
are in line with several studies in Africa that have highlighted the
role of capital constraint under diverse forms, such as land or off-
farm income, in the adoption of agricultural technologies (Manda
et al., 2016; Tambo and Abdoulaye, 2012; Makate et al., 2019;
Daberkow and McBride, 2003). The number of sources of income
was insignificant.

Being educated increases the likelihood of BSFL technology
awareness but not of adoption. As Manda et al. (2016)
emphasized, education as human capital comes into play in
treating information about technologies, understanding their
importance, and their utilization. Other household characteristics
were negatively associated with awareness and adoption, including
being the household head and the respondent’s age. One could
infer that younger farmers are eager to learn about no traditional
technologies and, therefore, could be a good target in promoting
BSF technologies.

The contextual variables were all negatively or insignificantly
associated with awareness and adoption, meaning that farmers
in the study countries were less likely to be aware of and
adopt BSFL technologies. This finding may support a hypothesis
of technological stagnation in African agriculture, as argued
by Suri and Udry (2022). Even though the factors mentioned
earlier substantially affect BSFL technology adoption, the adoption
process in SSA is complex. It involves many factors beyond the
intervention’s control sphere and behavioral factors with farmer-
to-farmer-specific characteristics.
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4.3 Matching quality check of the
estimation strategy

Before presenting results on the predicted adoption rates under
the full awareness assumption, we performed various diagnostics to
check the matching quality. Figure 3 provides a visual inspection
of the density distribution of the propensity scores and the
overlap in the distribution of the propensity scores, indicating
that the common support condition is satisfied. Moreover, the
diagnostic test also shows a relatively low pseudo R?, high total bias
reduction, and insignificant p-values of the LR test after matching
(Table 5), which provides evidence that the proposed specification
is successful in terms of balancing the distribution of the covariates
between the aware and non-aware livestock farmers.

4.4 Predicted adoption rates under full
awareness

We use the ATE estimates to predict adoption rates with and
without awareness constraints for the total sample and separately
by country. Table 6 summarizes the results. For the ATE indicator,
we interpret the results obtained under the kernel matching model
(column 3) and use the NN matching (column 4) and augmented
inverse probability weighted (AIPW; column 5) for robustness
check. The actual adoption rate estimations are in column (1),
while the ATE; is in column (2). Columns (6) and (7) show
the population adoption gap (GAP) and Population selection
bias (PSB).
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TABLE 6 Predicted BSFL adoption rates.
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(1) (2) (3) (4) (6) (7)

Variables Adoption Adoption in the ATE ATE Population Population

in the aware population adoption gap  selection bias
population (ATE,) Kernel NN (1)-(3) (3)-(2)
matching matching

Polled sample (1 0.04*% 0.203* 0.157%% 0.154%% 0.153% —0.113 0.046

=1,885)
(0.005) (0.021) (0.026) (0.024) (0.021)

DRC (n = 933) 0.016** 0.169*** 0.100%* 0.103% 0.079%* —0.063 0.069
(0.004) (0.039) (0.032) (0.037) (0.029)

Ghana (n = 325) 0.049%* 0.203* 0.200%* 0.203% 0199+ —0.150 0.003
(0.012) (0.047) (0.047) (0.064) (0.045)

Mali (n = 312) 0.086™** 0.227%% 0.159** 0.149%* 0.189** —0.103 0.068
(0.016) (0.040) (0.028) (0.039) (0.033)

Niger (n = 315) 0.057%* 0.207%% 0.126 0.219% 01325 # #° —0.075 0.081
(0.013) (0.042) (0.044) (0.058) (0.045)

Asterisks *** indicate that the estimate is statistically significant at the 1% level. Parentheses in columns (1) and (2) contain bootstrap standard errors, and in columns (3) to (6) Alberto-Imbens
(AI) robust standard errors. *we applied the adjustment regression as the treatment overlap assumption has been violated. NN matching refers to the nearest neighbor matching, and AIPW

refers to the augmented inverse probability weighted. Columns (6) and (7) were computed manually.

The potential adoption rate within the pooled sample was 16%
(column 3), while the actual adoption rate was about 4% (column
1), leading to a population adoption gap of about 11% (column 6).
This result is robust under the NN matching and the ATPW models
(columns 4 and 5). Column 7 shows that the population selection
bias is about 4%. These results mean that the actual adoption rate
of BSFL technologies would have quadrupled if all the farmers had
been aware of BSFL technologies.

Although an increasing rate from 4% of the actual adoption
rate to 16% under the full awareness assumption seems low, this
finding is similar to previous studies. Diagne and Demont (2007)
found that the adoption rate could increase from an actual rate
of 4 to 18% under the full awareness assumption, a tripled rate.
Similarly, Simtowe et al. (2011) found an actual adoption rate of
16% and passed to 62% under the full awareness assumption, a
quadrupled rate. Finally, Dontsop Nguezet et al. (2013) found an
actual adoption rate of 19% and passed to 54% under the same
assumption, almost tripled. The bottom line of these studies is to
have shown that increasing awareness among farmers would make
the adoption rate pass from double to quadruple, as demonstrated.
These findings complete the previous studies and reinforce the
widespread evidence that when farmers are aware of agricultural
technologies, they may adopt them and open to consuming the
derived foods (Diagne and Demont, 2007; Siddiqui et al., 2022;
Channa et al., 2019; Caldwell et al., 2019; Bridle et al., 2020; Ouko
et al,, 2022; Olutegbe and Ojuoluwa, 2022; Dontsop Nguezet et al.,
2024).

Considering regions and countries, the results showed that the
potential adoption rate was higher in Western African countries,
as it was estimated at 20, 16, and 13% in Ghana, Mali, and Niger,
respectively, compared to Central Africa, where it was at 10%
in DRC (column 3). These values were consistent with the NN
matching (column 4) and AIPW (column 5) results. However,
the adoption gap attributed to lack of awareness was higher in
Western Africa than in Central Africa, meaning that the BSFL
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technology remains unknown and less widespread in Western
Africa. Comparing countries, we found that the adoption rate of
BSFL technologies was consistently lower in DRC. Our results are
robust from model to model, as shown in columns (3) to (5).

5 Conclusions, implications, and
limitations

This study used the average treatment effect framework to
contribute to the growing but scanty literature on BSF system
technology by assessing the actual and potential adoption rate
of BSFL as a protein source for animal feed amongst a sample
of 1,885 smallholder livestock farmers in DRC, Ghana, Mali,
and Niger. BSFL are increasingly promoted as a sustainable
friendly environmenet ingredient in livestock diets, especially
poultry, pigs, and fish. However, their adoption is very low in
SSA, and less is known about the determinants of livestock
farmers’ decision to adopt BSFL. We shed light on exposure
or awareness of BSFL technology as necessary to fill the
BSFL adoption gap and gain from their multiple advantages in
livestock farming.

We found that information-related factors, such as group
membership or mobile phone, were significantly associated with
both awareness and adoption, meaning farmers are more likely
to be aware of and adopt BSFL technology as information about
this technology directly reaches farmers. The finding highlights
that BSFL adoption is a function of households’ ability to access
information on technology. Also, education, taken as a component
of human capital, was significantly associated with awareness and
adoption as information treatment about technologies is a function
of farmers’ human capital. Finally, we found that poultry and fish
farmers were likelier to adopt BSFL.

The prediction of the adoption rate shows that the adoption rate
is understated if the adoption rate is estimated without considering
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full awareness of the technologies. Concretely, the ATE results show
that the actual adoption rate of BSFL technologies would have
quadrupled if all farmers were aware. Analyzing factors that drive
farmers’ awareness and adoption demonstrated that successful
awareness creation can boost the adoption of BSFL. Still, awareness
creation alone would not be sufficient to lead to the massive
adoption of BSL-derived products. Other important constraints
that need to be leveraged include targeting educated farmers and
those who are group members, access to credit, extension services,
and income diversification to support farmers’ decisions to adopt
the new products that aim at sustainable livestock farming built on
a bio-circular economy.

Considering regions’ heterogeneity, we found that the adoption
gap attributed to lack of awareness was higher in Western Africa
than in Central Africa, meaning that the BSFL technologies remain
unknown and less widespread in Western Africa. In sum, if more
efforts could be devoted to directly providing information about the
BSF technology system to farmers, its adoption gap in SSA would
be somewhat filled.

This study showed good perspectives on adoption of BSFL-
derived animal feed among livestock farmers in SSA as a climate-
smart technology. However, it has one main empirical limitation.
Since there was no technology promotion or awareness campaign
formally by extension services or informally through a farmer-to-
farmer dissemination mechanism, both awareness and adoption
were livestock farmers’ self-reports. They did not consider the
intrinsic or extrinsic characteristics of BSFL but tacit knowledge.
Therefore, further research is needed to advance knowledge
around the socioeconomic of the BSF technology system after the
implementation of the BBEST project and others and scale it up to
the benefit of farmers and local communities.
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