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The role of climate-smart agriculture (CSA) in sustainable cocoa production
cannot be ignored. However, studies on perceived effectiveness and the socio-
economic drivers of CSA among cocoa farmers are underexplored. This study
fills the gap by using Spearman’s rank correlation and a multivariate probit model
with 455 cocoa farmers in Ghana. Results show high adoption of agroforestry
(93.48%) and hybrid planting materials (86.30%), moderate uptake of lining and
pegging (52%) and cover cropping (49%), and relatively low adoption of irrigation
(23%), drainage construction (30%) and off-farm diversification (33%). Most farm-
ers perceive agroforestry, hybrid varieties, lining and pegging, and cover cropping
as effective or highly effective in reducing the impacts of climate variability. In
contrast, a large proportion are uncertain about the benefits of off-farm diversi-
fication, irrigation, and drainage, revealing important information and perception
gaps. There are positive and significant correlations among perceived effective-
ness scores (on-farm and off-farm diversification; SWC and drainage). The study
found that farming experience, farm size, household size, climate information,
distance to the farm, ICT ownership, membership of farmer-based organizations,
and regional location significantly shape the adoption of CSA practices. Hence,
to promote sustainable cocoa production, a climate-smart cocoa policy should
recognize both the complementarities and trade-offs among CSA practices.
Therefore, cocoa policymakers should strengthen extension and climate infor-
mation systems, promote integrated, context-specific CSA packages, improve
access to irrigation, and support farmer organizations.

KEYWORDS
bundle of sustainable land management, cocoa, Ghana, perceived effectiveness of
CSA, synergies and trade-offs

1 Introduction

Cocoa is a major driver of economic development in the world’s production economies.
Cocoa production depends on rainfed agriculture in tropical regions and is one of the major
cash tree crops that improve farmers’ livelihoods and national economic growth in cocoa-
producing countries. The tree crop not only enhances farmers’ livelihoods and economic
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growth in the producing countries, but also contributes to global eco-
nomic growth through supply chain development. Global demand for
cocoa and cocoa-based products has remained strong over the past 5
years, with global cocoa demand averaging approximately 4.9-5.1 mil-
lion tons annually, despite a temporary decline to about 4.63 million
tons in 2024/25 due to supply shortages and record-high prices
(International Cocoa Organization, 2025; Kongor et al., 2024). This
sustained demand continues to increase pressure on cocoa-producing
countries to enhance productivity while meeting increasingly strin-
gent environmental and sustainability standards. However, cocoa sus-
tainability and productivity enhancement across production regions
remain at a crossroads due to rising rainfall variability (Saspugayeva
et al., 2026; Suh and Molua, 2022). For instance, rising extreme tem-
peratures and rainfall variability have contributed to cocoa yield
reductions (Bomdzele and Molua, 2023), coupled with low adoption
of sustainable land-use management practices (Asante et al., 2021).
Researchers projected that sustainable cocoa production and produc-
tivity in West Africa will continue to decline due to climate change and
poor adoption of sustainable land management practices (Akrofi-
Atitianti et al., 2018; Blaser et al., 2018; van Der Haar et al., 2023).

To mitigate the negative impact of climate variability on cocoa
production sustainability, the promotion and dissemination of CSA
have emerged over the past two decades (Aynalem et al., 2026). The
adoption of CSA practices is particularly vital because it helps sustain
cocoa productivity and incomes, strengthen resilience to climate
change, and reduce or eliminate carbon emissions relative to conven-
tional practices (Kabato et al., 2025; Ma and Rahut, 2024). However,
studies have shown that the adoption of CSA practices is often partial
and uneven, shaped by complex socioeconomic, institutional, and
biophysical constraints (Antwi-Agyei and Amanor, 2023; Autio et
al,, 2021).

Ghana is the second-largest supplier of cocoa to the global market
and remains a backbone of national economic growth and develop-
ment. Cocoa is a source of livelihood for over 800,000 people along
Ghana’s cocoa value chain (Nasser et al., 2020; Yiridomoh et al., 2022).
Cocoa production helps minimize deforestation and rising agricul-
tural emissions, which are important for reversing the negative
impacts of climate change (Gloy et al., 2025; Igbatayo, 2023). The
Government of Ghana and the private sector have launched CSA ini-
tiatives to sustainably boost cocoa productivity and soil resilience.
Some of the initiatives target ecological modernization and sustain-
able intensification, promoting improved and resistant varieties, shade
tree management, agroforestry, fertilizer and pesticide optimization,
and irrigation (Inkoom and Dadzie, 2024; Nasser et al., 2020; van Der
Haar et al., 2023). Researchers have demonstrated that these CSA
practices have the potential to raise productivity and incomes of cocoa
farmers by around 29% per hectare compared to conventional cocoa
(Akrofi-Atitianti et al., 2018).

Despite the growing interest and importance of CSA practices for
sustainable cocoa production and incomes, the adoption of CSA
among smallholder cocoa farmers in rural Ghana remains uneven and
often low (Inkoom and Dadzie, 2024; Kaba et al., 2024). Many cocoa
farmers still rely on conventional practices despite the availability of
CSA practices disseminated by Ghana Cocoa Board (the state regula-
tory authority) and other major stakeholders in the cocoa industry
(Tham-Agyekum et al., 2025; Yamoah et al., 2020). The low adoption
of CSA practices among cocoa farmers is determined by intertwined
socioeconomic, institutional, and biophysical factors, including land
tenure, age, education, farm size, access to extension, credit, social
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networks, climate awareness, and local agro-ecological conditions
(Gemtou et al., 2024; Inkoom and Dadzie, 2024; Ma and Rahut, 2024;
Yiridomoh et al., 2022). For instance, tenure insecurity and limited
extension services influence CSA adoption (Nasser et al., 2020;
Torvikey et al., 2024; Yamoah and Kaba, 2024). Understanding how
this bundle of factors influences farmers’ adoption of CSA practices
in rural Ghanaian cocoa landscapes is, therefore, essential to designing
an effective, inclusive climate-smart cocoa policy.

Furthermore, farmers’ perceived effectiveness of different CSA
practices in tackling the concrete problems associated with climate
change, such as drought stress, increased die-back, pests and diseases,
and vyield decline, needs to be explored among cocoa farmers
(Ameyaw et al., 2018; Anning et al., 2022; Hashmiu, 2020; Yiridomoh
et al., 2022). A study has shown that farmers’ perceptions of agrofor-
estry benefits strongly influence adoption decisions (Hashmiu, 2020).
Willingness to invest in irrigation depends on how farmers weigh
costs and expected benefits under their resource constraints (Gbodji
et al.,, 2023). Also, most studies focus on the determinants of CSA
practices rather than on how farmers perceive their effectiveness,
which shapes adoption decisions (Inkoom and Dadzie, 2024; Ma and
Rahut, 2024; Yiridomoh et al., 2022). Perceived effectiveness is a pow-
erful predictor of CSA adoption behavior; hence, assessing these per-
ceptions across multiple CSA practices is vital for farmer-centered
policy and extension.

The policy discourses around the adoption of CSA practices
among cocoa farmers in Ghana are dominated by a “triple-win” nar-
rative that promises simultaneous gains in productivity, resilience, and
mitigation through sustainable intensification practices (Asare et al.,
2019; Kaba et al., 2024; Nasser et al., 2020; van Der Haar et al., 2023).
Nevertheless, emerging research reveals that important synergies and
trade-offs' have been ignored. Shade agroforestry can double cocoa
yields at moderate canopy cover while increasing carbon storage
(Asare etal., 2019) to combat climate change impacts. However, agro-
forestry requires higher labor demand and land tenure risks (Arhin et
al,, 2021; Inkoom and Dadzie, 2024; Kaba et al., 2024). Similarly, sus-
tainable intensification partnerships often emphasize input-intensive
production, which can increase dependence on agrochemicals, and
this creates risks of deforestation if higher profitability encourages
expansion (Kaba et al., 2024; Nasser et al., 2020; van Der Haar et al.,
2023). Systematic cross-practice analysis of how CSA practices coexist,
whether they cluster as mutually reinforcing strategies or involve
trade-offs between groups of practices, remains limited in the cocoa
literature. Assessing these synergies (complementarity) and trade-offs
(substitutability) is crucial to move beyond generic triple-win claims
toward realistic, context-specific policy instruments.

Thus, existing studies have advanced understanding of cocoa
farmers’ adoption of CSA decisions and their determinants in
Ghana and other cocoa-producing countries (Afriyie-Kraft et al.,
2020; Akrofi-Atitianti et al., 2018; Inkoom and Dadzie, 2024).
However, three interrelated gaps remain: (i) an integrated analysis
of socioeconomic, institutional, and biophysical drivers of cocoa
climate-smart agriculture adoption in rural areas; (ii) robust

1 The analysis focuses on cocoa Climate-Smart Agriculture (CSA) synergies
and trade-offs through the interaction terms of the Multivariate Probit (MVP)
model correlations, rather than isolating individual CSA impacts on yield. This
methodological choice was necessary because while individual CSA practices
were measured at the plot level, the yield data itself is based on farmer
self-reports.
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evidence on farmers’ own rankings of the effectiveness of diverse
climate-smart cocoa strategies in reducing climate-related farming
problems; and (iii) empirical assessment of the patterns of synergy
and trade-off among adopted practices. Addressing these gaps is
vital for Ghana’s climate-smart cocoa agenda and for international
efforts to align cocoa supply chains with the Sustainable
Development Goals and climate commitments (Kaba et al., 2024;
Ma and Rahut, 2024; Mnukwa et al., 2025; van Der Haar et
al.,, 2023).

By exploring the CSA practices” perceived effectiveness and their
socioeconomic determinants of adoption as well as the synergies and
trade-offs, this study, built around these three objectives, can provide
actionable evidence for tailoring extension, credit, land and tree
tenure reforms, and private-sector sustainability programs to the reali-
ties of rural cocoa smallholders. Such evidence is indispensable for
designing policies that genuinely support inclusive, climate-resilient
and low-emission cocoa production in Ghana and contribute to sus-
tainable cocoa futures globally.

2 Literature review

2.1 Factors influencing cocoa farmers’
adoption of CSA practices

Climate-smart agriculture (CSA) has emerged as a central strategy
for addressing the adverse effects of climate change on agricultural
production, particularly in sub-Saharan Africa, where climate vari-
ability continues to threaten the livelihoods of millions of smallholder
farmers (Asante et al., 2024). The CSA proposition seeks to simultane-
ously enhance agricultural productivity, strengthen farmers’ resilience
and adaptive capacity, and contribute to climate change mitigation
through reduced greenhouse gas emissions. In Ghana, commonly
adopted CSA practices include mulching, improved irrigation, agro-
forestry, organic manure application, integrated pest management,
cover cropping, and soil and water conservation practices (Danso-
Abbeam, 2022; Asante et al.,, 2024). Despite increasing policy attention
toward CSA, empirical evidence remains disproportionately concen-
trated on food crop systems, with relatively limited research examin-
ing CSA adoption among tree crop farmers, particularly cocoa
producers, who are highly vulnerable to climate variability due to the
perennial nature of their production systems (Adu et al., 2026).

Existing empirical studies have identified a broad range of socio-
economic, farm-level and institutional factors influencing the adop-
tion of CSA practices in Ghana’s cocoa sector. Amerino et al. (2024),
for example, examined the determinants of cocoa agroforestry adop-
tion based on tree-density choices and found that farmer characteris-
tics, including household size and gender, together with farm-specific
factors such as farm size and labor availability, significantly influenced
adoption decisions. Institutional factors, particularly membership in
Farmer-Based Organizations (FBOs) and participation in agricultural
training programs, further enhanced farmers’ likelihood of adopting
agroforestry systems. Similarly, Akrofi-Atitianti et al. (2018) evaluated
the potential of CSA relative to conventional cocoa production sys-
tems to improve resilience, mitigate greenhouse gas emissions, and
enhance cocoa productivity. Their findings identified farmers’ age,
land tenure arrangements, farm location, residential status, and access
to extension services as key determinants influencing CSA adoption.
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Comparable evidence has been reported that household charac-
teristics, farm attributes, awareness of climate change, membership in
farmer organizations, and access to extension services significantly
influence farmers’ decisions to adopt agroforestry practices (Nunoo et
al.,, 2020). The consistency of Nunoo et al. (2020) findings suggests
that both household resource endowments and institutional support
systems play fundamental roles in facilitating CSA adoption among
cocoa farmers. More recently, a study examined the intensity of CSA
adoption among mango farmers using an integrated theoretical
framework that combines the Technology Acceptance Model (TAM),
the Diffusion of Innovations (DOI), and the Sustainable Livelihoods
Framework (SLF) (Adu et al., 2026). The authors revealed that while
larger household sizes reduced the intensity of CSA adoption, higher
educational attainment, farming experience, larger farm size,
improved financial capacity, and access to market information signifi-
cantly increased the extent to which farmers adopted CSA technolo-
gies. The researchers’ findings underscore the multidimensional
nature of CSA adoption and highlight the importance of integrating
behavioral, socioeconomic, and institutional perspectives to explain
farmers’ technology adoption decisions (Adu et al., 2026).

Although these studies have substantially advanced understand-
ing of the determinants of individual CSA practices and adoption
intensity, most employ binary-choice models, such as logistic or probit
regression, that implicitly assume farmers make independent adop-
tion decisions. This assumption is restrictive because CSA technolo-
gies are often implemented as integrated management packages rather
than in isolation (Gemtou et al., 2025; Tesfaye et al., 2021). Farmers
frequently adopt multiple CSA practices simultaneously, and the
adoption of one practice may either reinforce (complementarity) or
reduce (substitutability) the likelihood of adopting another. Ignoring
these interdependencies may result in biased parameter estimates and
an incomplete understanding of farmers’ adaptation strategies.

To address this limitation, recent adoption studies increasingly
advocate the use of the Multivariate Probit (MVP) model, which
allows the simultaneous estimation of multiple correlated binary
adoption decisions while accounting for unobserved factors that
jointly influence technology choices (Dessalegne et al., 2024; Oumer
et al,, 2025). The MVP framework explicitly captures the correlations
among the error terms across different adoption equations, thereby
providing empirical evidence on whether CSA practices are comple-
ments or substitutes (Mossie et al., 2026). The MVP model offers a
more comprehensive analytical framework for understanding the joint
adoption behavior of smallholder farmers and provides more robust
evidence for designing integrated CSA policies and extension inter-
ventions that promote complementary technology packages rather
than isolated practices. Given the limited application of this model
within Ghana’s tree crop sector, particularly among cocoa farmers,
further research employing the MVP framework will generate policy-
relevant evidence on the interrelationships among CSA practices and
the factors driving their joint adoption.

3 Methodology
3.1 Study area

The study was conducted in Southern Ghana, where cocoa is
a major cash tree crop for many farmers. The climatic conditions
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in this area are highly suitable for cocoa production, as well as
plantain, maize, palm, and cashew, among others. Specifically, the
study focused on three Cocoa Districts in three administrative
regions (Figure 1). The specific districts in Southern Ghana
include Techiman in the Bono East Region, Atwima Mponua in
the Ashanti Region, and Sefwi Bekwai in the Western North
Region. The study districts illustrate a representative sample of the
geographic diversity within the cocoa belt in Southern Ghana and
span the country’s climatic gradient.

3.2 Targeted population and sample size
determination

The study focused on cocoa farmers in Ghana, a population esti-
mated to comprise approximately 800,000 individuals (Akrofi-
Atitianti et al., 2018). Calculating an appropriate sample size is widely
recognized as a crucial statistical step in research. The calculation aims
to determine an adequate sample size which can estimate results for
the whole population with good precision. Following the Yamane

sample size calculation formula (Yamane, 1973), the sample size was
determined by:
N
n= (1)
1+N (e2 )

From the formula above, the sample size (n) was calculated from
the total estimated number of cocoa farmer households (N) of 800,000
at the 95% confidence level with a precision of +0.05. The 95% confi-
dence level enhances precision (Bryman et al., 2008) when combined
with a larger sample size, as it is narrower and less variable.

Based on this calculation, the study sample size was 400 across the
three districts. Nevertheless, 460 household respondents were ran-
domly selected. Despite this, the study considered a sample size of 460
household respondents, as indicated in Table 1 below. The sample size

10.3389/fsufs.2026.1857724

was adjusted to account for potential model effects and
non-responses.

Furthermore, cocoa-producing regions were categorized into
three strata based on climate impact zones/climate suitability for
cocoa production: wet, mid, and dry (Bunn et al,, 2019). The regions
(Brong-Ahafo, Ashanti, and Western North) were randomly selected
from each of these three strata.

Using information from the Cocoa Health and Extension Division
(CHED), administrative districts (i.e., Sefwi Bekwai, Atwima Mponua,
and Techiman) within the chosen areas were located during the
second sampling stage. For each area, a single district was randomly
selected. For the third stage, CHED provided lists of localities within
the chosen districts to select several villages at random from each dis-
trict. Subsequently, with assistance from Community Extension
Agents, Chief farmers, assembly members, and cooperative leaders,
lists of compounds within each community were compiled. From
these lists, individual farm households were randomly selected using
a lottery method.

3.3 Data

The primary data were sourced through structured questionnaires
for cocoa farmers, an interview guide for focus group discussions and
semi-structured pre-coded questionnaires for expert interviews. The
structured questionnaire was administered through face-to-face inter-
views with the heads of sampled households or, in their absence, des-
ignated household representatives. It captured respondents’
socio-demographic characteristics, climate-smart agriculture (CSA)
practices adopted in cocoa production, their perceived effectiveness,
barriers to their adoption, and other information. The researchers
measured the frequency of CSA practice adoption on a four-point
Likert scale (1 =never used, 2 =rarely used, 3 = often used, and
4 = used every year). In contrast, the perceived effectiveness of each
practice was assessed on a five-point scale ranging from 0 (not effec-
tive) to 4 (highly effective).

MAP SHOWING THE STUDY AREA
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FIGURE 1
Map showing the study area.
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TABLE 1 Sample size distribution in the four districts.

Cocoa-producing

Proportion of sample

district assigned
Sefwi Bekwai 200
Atwima Mponua 160
Techiman 100
Total 460

Following the household survey, six Focus Group Discussions
(FGDs), comprising two in each study district, were conducted to vali-
date the survey findings, clarify emerging issues, and obtain collective
perspectives on the effectiveness and constraints associated with CSA
practices. Each FGD included 8 participants to facilitate active partici-
pation and effective group interaction. Discussions focused on the
impacts of climate change on cocoa production, CSA practices
adopted, and barriers to their adoption. All the FGD discussions were
conducted in the local Asante language to promote effective commu-
nication and feedback. With participants’ consent, the sessions were
audio-recorded, supplemented with field notes, and subsequently
transcribed for analysis. Each discussion lasted approximately 45 min.
To enhance the credibility and validity of the findings, the researchers
employed a Computer-Assisted Personal Interview (CAPI) for the
questionnaires and the interview guide, using Android phones. The
researchers programmed the questionnaire and the interview guides
in the KoboCollect app and administered them via face-to-face inter-
views by trained research assistants. The researcher monitored the
data submitted to the server and ran data quality checks for inconsis-
tencies, patterns, and outliers, providing feedback to the research
assistants to improve performance.

3.4 Econometric and analytical framework

This study is underpinned by the Sustainable Livelihood
Framework (SLF) developed by the Department for International
Development (DFID) (Natarajan et al., 2022; Pandey et al., 2017),
which provides a useful lens for examining the relationship between
climate-smart agriculture (CSA) adoption and household welfare out-
comes. The framework posits that a household adopts CSA practices
not randomly but is shaped by five types of capital. The first capital is
human capital, which includes gender, age, education, household size,
farming experience, and risk-taking. This human capital captures and
represents the labor viability, cognitive capacity, and decision-making
profile of cocoa farmers. The second capital is natural capital, such as
farm size, soil quality, home-farm distance, and agroecological zone,
which reflect the environmental and physical resources available to
cocoa farmers. For instance, farm size is a natural asset that dictates a
cocoa farmer’s capacity to adopt extensive land management practices
such as agroforestry or cover cropping. The third is physical capital,
which includes livestock ownership, television, radio, and mobile
phones. These are assets that influence cocoa farmers’ transition to
modern cocoa farming production techniques and provide means to
access external information. The fourth is financial and institutional
capital. The type of capital relates to cocoa farmers’ market access and
structural support systems. These factors of capital include extension,
farm distance to home, home-district distance, FBO membership, and
access to climate information. These factors determine the household’s
integration into the formal market and extension services. Finally,
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spatial or geographical capital within SLF for influencing cocoa farm-
ers’ adoption of CSA cannot be overlooked. The regional dummy vari-
ables (Ashanti, Bono East, Western North) are geographic indicators
that capture latent differences in soil quality, market infrastructure,
and agro-ecological conditions unique to these regions.

Drawing on this SLF framework to frame the determinants of
adoption of cocoa CSA practices (Adu et al., 2026), the study struc-
tures the MVP model. It shows how the combination of these assets
drives the decision to adopt cocoa-smart farming practices. Farmers
could focus on human capital (education and risk-taking) as the filter
through which they assess innovations value. Experienced farmers
with higher education are better equipped to process complex climate
information and are more likely to adopt novel farming methods, such
as hybrid planting or irrigation. Moreover, physical and financial/
institutional capital are the enablers of adoption. Mobile phone access
and FBO membership are key factors to consider when measuring
information flow. In this study, FBOs are described as mechanisms
that might mitigate the extension distance when physical reach is con-
strained by poor infrastructure; social networks bridge the gap.
Finally, this SLF framing turns the MVP model estimation into a stra-
tegic roadmap for policy design. The study demonstrated that the
adoption gap is often an asset gap. Hence, linking the SLF to the MVP
model will give policymakers a clear and actionable argument that
scaling climate-smart cocoa practices requires a holistic approach that
addresses both household resource endowments and the institutional
environment.

For estimating factors influencing the adoption of agricultural
technologies, several approaches are available. For instance, count
models such as Poisson or Negative Binomial regressions are used,
indicating that all agricultural practices are qualitatively equivalent in
adoption intensity. By giving equal weight to each technology (i.e.,
low-cost lining and pegging; high-cost irrigation), these models mask
the distinct economic barriers and specific capital requirements of
each practice, potentially resulting in overly simplistic and misleading
policy proposals (Kassie et al., 2013). While network analysis provides
a visually intuitive mapping of associations, it is descriptive rather
than causal. As noted, those models capture the topology of adoption
clusters but do not account for external factors, such as credit access,
market distance, etc., that fundamentally drive a farmer’s behavior
(Barbuto et al., 2019; Wang et al., 2020). Relying on network metrics
alone risks reducing the socio-economic reality of cocoa farming to
just relational links, thereby losing sight of the primary levers of policy.

Further, Latent Class Analysis (LCA) is challenging in terms of
model selection and interpretability. The task of selecting the right
number of classes to construct is often guided by random statistical
criteria, which are therefore not necessarily representative of distinct,
meaningful socio-economic segments (Vermunt and Magidson,
2002). In smallholder cocoa households, if there is no clear, concrete
narrative around which these classes can be identified, it is of little
value to the design of extension services.

Finally, the choice of these complex models is a trade-off between
statistical nuance and methodological stability. More advanced tech-
niques can increase convergence instability and specification error
(Greene, 2018; Wainaina et al., 2016), especially for smaller datasets.
Therefore, this paper uses the Multivariate Probit (MVP) model, as it
provides a good balance between the structural interdependencies of
technology adoption and the transparency needed to offer actionable,
evidence-based suggestions for cocoa sector development. The MVP
technique addresses the error correlation by simultaneously modeling
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the impacts of a set of covariates on each CSAP and generating a series
of binary probit models. This method enables the identification of
links between the use of various CSAPs and potential correlations
between unobserved disruptions (Ahmed, 2015; Kassie et al., 2009).

It is worth emphasizing that while the MVP model is robust to the
interdependence of adoption decisions, it can be supplemented by a
more general study of the econometrics, and it is important to con-
sider that the MVP model is suited for this work because it explicitly
captures the hidden correlation between the error terms for multiple
non-exclusive practices. By estimating these relationships simultane-
ously, the model provides a measure of the unobserved heterogeneity
(i.e., a farmer’s inherent management skills, risk appetite, or site-spe-
cific knowledge) that drives the decision to adopt bundled climate-
smart agricultural (CSA) strategies. This is more compelling than
independent regression models, as it can identify behavioral synergies
and trade-offs and thus provide statistical evidence for getting out of
the silos of agricultural policy to support integrated support systems
and move toward them. Although correlation is a necessary but not
sufficient condition for economic complementarity, the study inter-
prets the MVP results in terms of latent utility interdependencies
(Asfaw et al., 2016; Baiyegunhi, 2026). The correlation coefficients are
a good indicator of the unobserved determinants of a CSA practice
that affect the likelihood of adopting another CSA practice. To ensure
robustness and to provide a more comprehensive view of adoption
behavior, this study goes beyond pairwise correlations. It uses the
MVP results to calculate joint adoption probabilities of specific prac-
tice bundles, which is more meaningful for policymakers than a single
adoption rate alone. It is through the joint probability evaluation that
the study gains a deeper insight into how different SLF assets, and
therefore different combinations of them, lead to specific adoption
portfolios.

To specify the MVP model, this study employed the model speci-
fications from other empirical studies (Kangogo et al., 2021; Kassie et
al,, 2013) to formulate a model using nine (9) dummy variables to
represent the CSA practices employed by farmers.

To mathematically frame the MVP model, let the latent utility YZ-;F
be denoted by a cocoa farmer i derived from adopting CSA practices
j(where j= 1>2>3~--9) - The observed adoption of }; is a binary indi-
cator where Yj; =1if the latent utility is positive (actually adopted), and
Y;; =0 otherwise.

The following structural equation defines the latent utility for each
cocoa farmer j can be presented as:

Y = BiXi+&j,j =129

Where the Y,-; is the latent utility of the i-th cocoa farmer adopting
the j-th practice. X; are the explanatory factors (the livelihood assets
derived from the SLF), §; denotes the vector of parameters to be esti-
mated for practice j-th. Finally, &;; denotes the error term, representing
unobserved factors that may influence cocoa farmers’ adoption of
CSA practices.

The nine cocoa CSA practices used for the MVP model analysis
are soil and water conservation (SWC), agroforestry, hybrid planting
materials, lining and pegging (3 m*3 m), cover cropping, on-farm
diversification, participation in off-farm income-generating activities,
drainage construction, and irrigation. These practices were cocoa
farmers’ self-reported household-level measures of what they practice
on their cocoa farms to enhance soil productivity.
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The important part of the MVP model is that the error terms is
not independent, but they are assumed to follow a multivariate normal
distribution (Wooldridge, 2003):

& =(£,'1,€i2,... &i9 )” ~MVN (O,Z) )

The covariance matrix Y. is a symmetric 9*9 matrix with a value
of 1 on the diagonal (due to identification constraints in the probit
model), and pj; denotes the off-diagonal elements (CSA practices).
The elements denote the correlation coefficients between the error
terms of CSA practices jand k (Wooldridge, 2002):

1 P12 -+ - P19
P 1o P
(3)
Por pPo2 .. . 1

The parameter pjy is vital for the study, as it captures the unob-
served factors influencing the relationship between CSA practices.
For instance, if pj >0, it implies that there is synergy between CCSA
practice jand k the unobserved factors such as innate cocoa farmers’
skills and favorable local institutional supports that might increase
the likelihood of adopting CSA practice, j also increases the likeli-
hood of adopting CCSA practice k. Similarly, if pj <0 it denotes a
trade-off between jand k factors that influence the adoption of one
cocoa CSA practice, they might hinder the adoption of the other,
likely due to resource constraints such as labor or capital shortages.
Finally, if pj; = 0 then it implies that the adoption of cocoa CSA prac-
tices jandk is independent, conditional on the observed
covariates X;.

By estimating this MVP model, the study is essentially parti-
tions the cocoa farmer’s decision-making process into two parts:
the part explained by their Livelihood Assets ( /)’}-X i) and the part
explained by Interdependent Strategies ( Pjk ), which provides the
empirical basis for designing integrated cocoa development
policies.

4 Results and discussion

4.1 Descriptive statistics of sampled cocoa
farmers

The descriptive statistics in Table 2 provide a profile of the sam-
pled cocoa farmers in terms of demographics, assets, farm character-
istics and access to services. On average, the age of a cocoa farmer is
about 51 years, and they have extensive experience in cocoa farming
(22 years). This suggests that cocoa production is largely handled by
mature, experienced farmers rather than youths. Household size aver-
ages about five persons, indicating moderate family labor availability
for farm activities. More men are involved in cocoa production, as
about 73% of cocoa farmers are men. This finding confirms that cocoa
farming is male-dominated (Tham-Agyekum et al., 2023). The average
year of formal education is approximately 7. Thus, many cocoa farm-
ers have only basic or lower-secondary education.
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TABLE 2 Descriptive statistics for cocoa-sampled farmers.

10.3389/fsufs.2026.1857724

Variable Mean Std. dev.
Livestock ownership 0.363 1.423
Gender (1. male) 0.733 0.443
Age (years) 50.730 11.302
Education (years) 6.543 5.161
Household size (count) 4.813 2.581
Experience (years in cocoa) 21.783 11.213
Extension distance (Km) 6.201 6.272
District distance (KM) 13.141 18.962
Farm distance (Km) 3.029 2.470
Membership in a social group (1. Yes) 0.791 0.407
Farm size (Ha) 6.854 4.182
Television (1. Yes) 0.263 0.441
Radio (1. Yes) 0.835 0.372
Mobile phone (1. Yes) 0.841 0.366
Membership to FBO (1. Yes) 0.722 0.449
Risk taking (1. Yes) 0.861 0.346
Ashanti region 0.326 0.469
Bono east region 0.261 0.439
Western north region 0.413 0.493
Climate information access (1. Yes) 0.685 0.465

Source: Field Survey, 2024.

Livestock ownership is low but highly variable (high standard
deviation), indicating that a minority keep relatively larger numbers
while most keep none or very few. The mean cocoa farm size is rela-
tively large at about 6.85 hectares, though with considerable variation,
ranging from small to large holdings. Farmers travel on average 3 km
to reach their farms, 6.2 km to the nearest extension office and
13.1 km to the district center, suggesting that physical access to formal
services and administrative centers can be a constraint for some, given
the large standard deviations.

Social and institutional participation appears high among
cocoa farmers. Around 79% belong to some social group, and
about 72% are members of a farmer-based organization, indicat-
ing strong social capital and potential for collective action. Access
to information and communication technologies is also wide-
spread: about 84% own a radio and 84% a mobile phone, while
television ownership is lower at 26%. A large majority (86%) self-
identify as willing to take risks, which could favor the adoption of
new practices and technologies.

Regionally, about 33% of farmers are from Ashanti, 26% from
Bono East and 41% from Western North, showing that the sample is
spread across key cocoa-producing regions. Access to climate infor-
mation is relatively good, with about 69% reporting they receive cli-
mate-related information, which is important for climate-smart
decision-making.

4.2 Adoption of adaptation practices among
cocoa farmers

Figure 2 shows very uneven adoption across cocoa CSA practices,
with near-universal uptake of some structural measures and relatively
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low uptake of water-related and income-diversification options. This
pattern is broadly consistent with cocoa studies in Ghana and Cote
d’Ivoire, where agroforestry and improved planting materials are more
common than irrigation or complex SWC packages (Amerino et al.,
2024; Amfo et al., 2021; Kouassi et al., 2023).

Specifically, the study reveals very high adoption levels for agro-
forestry and hybrid planting materials. Agroforestry (93.48%) and
hybrid planting materials (86.30%) are almost universally adopted
among cocoa farmers. Similar high use of shade trees or agroforestry
structures has been reported for many cocoa zones, especially where
policies and extension actively promote shaded cocoa or tree retention
(Kumah et al., 2024; Oliver et al., 2024). Widespread use of hybrids
mirrors findings that most farmers now rely on improved or hybrid
cocoa varieties as part of intensification strategies (Kouassi et al., 2023;
Oliver et al., 2024; Yiridomoh et al., 2022). These two practices form
the core of a modern cocoa system and are often linked to extension,
certification, and company- and government-led programs (Oliver et
al., 2024; Yiridomoh et al., 2022).

There is moderate adoption of basic agronomic and soil practices
among cocoa farmers. The higher adoption rates for lining and peg-
ging (52.39%) and cover cropping (49.13%) reflect the fact that they
are labor- and land-management-intensive activities that require few
financial inputs. Lining and pegging are, in fact, primary best practices
promoted extensively by cocoa extension officers, which is proof is the
success of traditional extension messaging that emphasizes farm
layout as the first step in productivity. Likewise, cover cropping is a
simple biological action that requires minimal infrastructure, and so
farmers are looking to improve soil moisture and weed control with-
out external fertilizers. On the other hand, the moderate-to-low adop-
tion of on-farm diversification and Soil and Water Conservation
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FIGURE 2
Distribution of adoption of CSA practices. Source: Field Survey, 2024.
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(SWC) (35.00%) signals the influence of resource-based constraints
and economic trade-offs on agriculture. Although resilient, on-farm
diversification is complicated by the need for diverse planting materi-
als, knowledge of crop cycles and the ability to cope with pest and
disease interactions with the main cocoa crop. Many farmers are
reluctant to diversify their plots because they fear that diversification
might compete with cocoa for household labor and may only exacer-
bate existing land tenure uncertainty, as changing the farm structure
would be considered a threat to long-term land rights.

The lower SWC adoption rate (35.00%) is the most striking mani-
festation of the structural gap. Unlike biological practices, SWC (such
as terracing, contour drains or silt traps) is physically demanding and
requires specific site-specific engineering that many smallholders may
lack. Furthermore, these processes produce long-term soil health ben-
efits at the expense of immediate land availability or significant labor
hours. For the average cocoa smallholder, the “opportunity cost” of
this labor is high. Without direct subsidies or community support to
undertake heavy earth-moving work, SWC is less of a priority than
everyday maintenance tasks (such as weeding or harvesting). Thus,
adoption levels are a rational response to the “asset-constraint” reality.
Cocoa farmers are not simply ignoring these practices; rather, they are
choosing to put their limited land, labor and capital into the ways that
will provide the best or quickest return. The study suggests that
although extension messaging has been effective in promoting foun-
dational farm management (lining and pegging) and the harder tran-
sitions to diversified, climate-resilient landscapes, these require
institutional support to overcome the significant labor and financial
barriers to structural conservation and farm diversification. These
findings are consistent with CSA literature (Amfo et al, 2021;
Yiridomoh et al., 2022).

However, the study reveals a low adoption level for irrigation,
drainage, and off-farm income diversification. Irrigation (22.83%) and
drainage (30.22%) have the lowest adoption among the physical prac-
tices, as in other cocoa and smallholder systems, where small-scale
irrigation is capital- and knowledge-intensive (Gudina and Alemu,
2024; Kurgat et al., 2020). Off-farm income (33.48%) is also limited,
despite evidence that non-farm earnings can enable investment in
climate-smart practices (Agbenyo et al., 2022; Kpadonou et al., 2017;
Teklu et al.,, 2023). Nevertheless, the relatively low participation in
off-farm income activities indicates that the agricultural sector
remains the primary, and often the only, economic source for these
households. This is not a lack of interest but an indication of structural
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obstacles in the rural economy: lack of access to liquid financial capi-
tal, labor shortages during peak cocoa seasons, as well as lack of job
market development in the non-farm sector is very prevalent. Hence,
farmers continue to work in this environment where the opportunity
cost of turning away from cocoa is high, and the entry cost to the off-
farm business is still too high, so they lean on land-based production.
Opverall, cocoa farmers in Ghana have strongly adopted agrofor-
estry and hybrid varieties, moderately adopted basic agronomy and
soil cover, and lag in water-management and income diversification.

4.3 Perceived effectiveness of CSA in
reducing climate change effects in cocoa

Table 3 shows the rating difference in how CSA practices are per-
ceived to reduce climate-related problems in cocoa production. By
visual inspection, agronomic/field practices appear effective, but
knowledge gaps (high uncertainty) remain for several practices. The
study reveals that across CSA practices, agroforestry and hybrid plant-
ing materials are highly rated by about 85% of the farmers as effective
or highly effective (42.01 and 44.75%; 48.51 and 35.40%, respectively),
with very low uncertain responses (only 6%) and limited ineffective/
highly ineffective responses (less than 10%). This finding aligns with
the literature, which shows that improved varieties and cocoa agrofor-
estry increase yields, buffer against temperature and moisture stress,
and contribute to mitigation, making them strong “triple-win” CSA
options (Blaser-Hart et al.,, 2021; Meshesha et al., 2022; Teklu et
al,, 2022).

However, the study reveals that several CSA practices (off-farm
diversification, irrigation, drainage, SWC, and on-farm diversifica-
tion) are perceived to be effective at 40-47%, but their effectiveness is
also rated as uncertain at 40-46%. The high levels of uncertainty (near
40%) for these climate-smart practices indicate that cocoa farmers face
a large adoption gap, in which the perceived risk of innovation is often
far greater than its technical benefits. When almost half of the respon-
dents still believe that a particular practice is effective at all, it is clear
that farmers are not just lacking information but are also coping with
high subjective risk about their ability to implement these approaches
in their socio-economic contexts. Also, the high level of uncertainty
regarding irrigation, despite the overall effectiveness rating, is likely
due to the high capital and maintenance costs of the mechanical pro-
cess. In contrast to biological plant life, irrigation requires constant
access to energy, special spare parts, and technical expertise that is
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TABLE 3 Perceived effectiveness and uncertainty across CSA options.

Practice Effective + Highly Uncertain (%) Negatives (%) CSA evidence
effective (%) highlights

Hybrid materials 83.91 5.98 10.12 Higher, more stable yields and
adaptation

Agroforestry 86.76 5.48 7.76 Microclimate buffering,
carbon, diversified income

Lining and pegging 72.24 21.18 6.58 Better spacing improves water
and nutrient use.

Cover cropping 67.20 27.21 5.58 Soil cover, moisture, erosion
control

SWC 55.81 40.47 3.72 Strong erosion reduction,
carbon gains

Drainage 50.82 44.24 4.94 Reduces waterlogging,
complements SWC.

Off-farm diversification 50.00 43.69 6.31 Income buffering and resilience

On-farm diversification 49.06 46.46 4.48 Risk spreading, food security

Irrigation 52.09 41.93 5.99 Productivity + adaptation, but
cost issues

Source: Field Survey, 2024.

hard to acquire in remote cocoa-growing communities. In a controlled
climate, there is uncertainty for farmers about the viability of irriga-
tion in the field due to water-table fluctuations, infrastructure longev-
ity, and the financial cost of failure. Thus, the high level of uncertainty
is a hurdle to the adoption of irrigation, and cocoa farmers are reluc-
tant to invest in technologies that could become stranded assets with-
out sustained institutional support.

The lower confidence scores for on-farm diversification also reveal
the deep-seated fear farmers have of moving away from the cocoa-
centric model. For smallholders, cocoa is a long-term, high-value
commodity, and there is significant concern that intercropping could
compete with cocoa for soil nutrients, shade, or moisture. Uncertainty
is compounded by market risk, and farmers may not know whether
they have the market access to sell different crops or if the introduc-
tion of new pests and diseases will hurt their primary cocoa income.
Hence, diversification is less a stability solution and more a potential
source of income risk, which explains the high levels of hesitation in
the data.

These perceptions ultimately dictate farmers’ adoption of CSA,
and a widespread “wait and see” risk-aversion mindset is prevalent.
Rather than fully implement these, farmers often engage in “partial
adoption,” testing technologies on small experimental patches to
hedge against potential losses. This behavior indicates that extension
services are failing to convert awareness into the conviction necessary
to scale. To overcome this, policy interventions need to move beyond
simple effectiveness and put in place mechanisms that de-risk the
farmer (by providing local demonstration farms, cooperative cost-
sharing, and market guarantees) and provide evidence of uncertainty
that can turn it into concrete confidence. These findings align with
previous studies, which show that farmers see CSA as promising, but
adoption and clear benefit perception depend on information, train-
ing, and context (Mairura et al., 2021; Meshesha et al., 2022; Nyang'au
etal., 2021).

SWC (47% effective; 9% highly effective; only 4% negative) and
drainage construction (43% effective; 8% highly effective) are widely
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perceived as helpful in addressing erosion, runoff and waterlogging.
Global and Ethiopian meta-analyses confirm that SWC, mulching and
related practices strongly reduce soil erosion and enhance yields and
soil carbon (Ma and Rahut, 2024; Teklu et al., 2022). Irrigation has
slightly lower perceived effectiveness (29% effective; 23% highly effec-
tive) and almost half are uncertain (42%), mirroring meta-analytic
findings that drip and deficit irrigation can greatly boost productivity
but are constrained by cost and implementation complexity (Adimassu
etal., 2025b). Similar mixed perceptions are reported in other regions
in the global south, where irrigation is seen as effective but not uni-
versally accessible (Ceesay et al., 2025; Teklu et al., 2022; Tessema et
al., 2025). Cover cropping and lining and pegging are rated very posi-
tively: about 67-72% effective/highly effective and relatively low
uncertainty (27 and 21%). This matches broader CSA literature that
emphasizes cover crops, improved layout and good agronomy as key
to moisture conservation, weed control, and yield stability under cli-
mate stress (Adimassu et al., 2025a; Bhatnagar et al., 2024; Ma and
Rahut, 2024).

The pattern suggests that farmers most clearly perceive genetic
and structural system changes (hybrids, agroforestry) as effective in
reducing climate impacts, consistent with cocoa-specific work show-
ing shade trees and improved material enhance resilience and carbon
storage with limited yield penalties when well designed (Akrofi-
Atitianti et al., 2018; Blaser-Hart et al., 2021). Water/soil management
and diversification strategies are also widely seen as effective but
accompanied by high uncertainty, which aligns with global evidence
that these practices are context-dependent and their benefits become
clear only after some years of adoption, or with adequate support ser-
vices (Belay et al., 2022; Kabato et al., 2025; Mairura et al., 2021; Saran
et al,, 2024). Studies from Ethiopia, Kenya, The Gambia and Ghana
emphasize that positive perceived effectiveness strongly drives adop-
tion, and that improved information, extension and climate services
are crucial to convert “uncertain” perceptions into confident uptake of
CSA packages (Belay et al., 2022; Nyang'au et al., 2021; Tessema et
al,, 2025).
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TABLE 4 Spearman’s rank correlation coefficients.

10.3389/fsufs.2026.1857724

Variable (1) (2) (3) (4) (5) (9] 7) t)) ©))
(1) On-farm Div. 1.000

(2) Off-farm 0.738%%% 1.000

diversification

(3) Irrigation 0.467%%%* 0.390%#* 1.000

(4) Drainage 0.369%%* 0.416%** 0.4967% 1.000

(5) SWC 0.331%** 0.375%** 0.438%** 0.8227%%* 1.000

(6) Lining/ 0.410%%* 0.370%%* 0.519%%* 0.392%%% 0.409%%* 1.000

pegging

(7) Hybrid Mats. 0.3047%%* 0.212%%* 0.365%** 0.2877#%* 0.270%** 0.5547%%* 1.000

(8) Cover crop 0.235%%* 0.314%%* 0.439%#* 0.5027%** 0.5087%** 0.427%%* 0.220%** 1.000

(9) Agroforestry 0.193%:** 0.236%** 0.171%* 0.212%%* 0.117* 0.2927%#* 0.490%** 0.178%** 1.000

Source: Field Survey, 2024. ***represents 1% significant level.

Furthermore, the Spearman rank correlation matrix examines the
relationships among farmers’ Likert-scale ratings (1 = highly ineffec-
tive to 5 = highly effective) for each CSA’s perceived effectiveness in
reversing negative climate impacts on cocoa production (Table 4). The
study reveals that all the estimated coefficients are positive and highly
statistically significant. These imply that farmers who perceive one
measure as effective in reducing climate-related problems (drought
stress, waterlogging, erosion, yield loss) also tend to rate others posi-
tively. Nevertheless, it is important to highlight that the strength of
these correlations varies, suggesting the existence of perceived pack-
ages of strategies that farmers believe work best when implemented
together.

The clearest cluster is around water and soil management: irriga-
tion, drainage construction, soil and water conservation (SWC), cover
cropping, and, to some extent, lining and pegging. Correlations such
as drainage-SWC (0.822), drainage-cover crops (0.502), SWC-cover
crops (0.508), and irrigation-drainage (0.496) indicate that farmers
frequently give similar (usually high) effectiveness scores to these
measures. This pattern suggests that they experience the greatest
reduction in climate-related problems when these practices are com-
bined. Empirical work on cocoa in Ghana supports this view: farmers
widely adopt mulching, shade trees, leguminous intercrops, and other
soil-water conservation practices as core responses to rising tempera-
tures and erratic rainfall because they stabilize yields and increase
productivity under climate stress (Akrofi-Atitianti et al., 2018; Amfo
etal., 2021). Likewise, broader CSA evidence shows that cover crops,
mulching and water-saving practices improve soil moisture, soil
organic carbon, and yield resilience to drought and rainfall variability
(Guja and Bedeke, 2025; Kabato et al., 2025; Nasser et al., 2020).

On-farm and off-farm diversification are also very strongly cor-
related (0.738). Farmers who rate on-farm diversification as effective
tend to see off-farm income diversification as equally important for
coping with climate variability. This finding is supported by other
studies indicating that perceived effectiveness of crop and livestock
diversification, intercropping cocoa, and off-farm activities are central
strategies for spreading income risk under climate change (Amfo et
al., 2021; Magesa et al., 2023). Across smallholder farming systems in
Africa, diversification is one of the most common and effective adap-
tation strategies, supporting income smoothing and food security as
climate hazards intensify (Akinyi et al., 2021; Guja and Bedeke, 2025;
Niether et al., 2020).
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The study further reveals that the perceived effectiveness of plant-
ing technologies and genetic improvement reduces climate risks asso-
ciated with cocoa production. For instance, lining and pegging are
moderately correlated with irrigation (0.519), SWC (0.409) and
hybrid planting materials (0.554), while hybrids are strongly associ-
ated with agroforestry (0.490). These findings imply that farmers rec-
ognize that the effectiveness of spacing and improved cocoa varieties
is best when combined with good soil moisture management and
shade trees. These findings are consistent with the literature, which
suggests that improved, drought-tolerant cocoa varieties, when
planted in well-managed, shaded agroforestry systems, enhance yield
stability, buffer high temperatures, and contribute to long-term pro-
duction resilience (Akrofi-Atitianti et al., 2018; Attiogbé et al., 2024;
Niether et al., 2020). These scientific findings help explain why farm-
ers tend to rate hybrids, agroforestry, and associated management
practices toward the effective or highly effective end of the
Likert scale.

The relatively low but positive correlation between agroforestry
and cover cropping (0.178) indicates that, while their perceived effec-
tiveness is broadly complementary, farmers do not treat all practices
as equally useful or interchangeable. Instead, they differentiate accord-
ing to the specific problems they face (e.g., drought, waterlogging, or
income volatility) and the costs or labor requirements of each option.
It has been identified that CSA adoption behavior is shaped by per-
ceived response efficacy, self-efficacy, and perceived costs and risks
(Ceesay et al., 2025). Systematic reviews underline that the effective-
ness of CSA practices generally increases when complementary prac-
tices are applied together, creating synergies in productivity, resilience
and sometimes mitigation (Bhatnagar et al., 2024; Guja and Bedeke,
2025). This resonates with the strongest associations among perceived
effectiveness of CSA practices from integrated packages, especially soil
and water conservation (drainage, SWC, cover crops, irrigation) and
diversification (on- and oft-farm), with improved planting materials
and agroforestry as important complements.

Generally, the correlation results suggest that cocoa farmers per-
ceive climate-smart strategies not as stand-alone tools but as inter-
linked components of a broader adaptation portfolio. Water and soil
management measures, diversification, and improved planting materi-
als in tree-based systems are collectively judged as most effective in
reducing farming problems associated with climate change and vari-
ability, which is consistent with quantitative impact evaluations and
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reviews from Ghanaian cocoa systems and smallholder agriculture
more generally (Akrofi-Atitianti et al., 2018; Amfo et al., 2021).

4.4 Socio-economic drivers for the
adoption of cocoa CSA practices

Table 5 presents the results of the multivariate probit (MVP)
model, which jointly explains adoption of nine (likely cocoa climate-
smart) strategies: off-farm income, on-farm diversification, agrofor-
estry, cover cropping, hybrid planting materials, lining and pegging,
soil and water conservation (SWC), drainage construction, and irriga-
tion. The highly significant Wald chi-square and likelihood-ratio tests
of the correlation coefficients (rho) confirm the use of the MVP and
that adoption decisions are statistically interdependent. This finding
is aligned with other researchers (Diro et al., 2022; Oumer et al., 2025;
Teklu et al., 2023). It is important to note that the signs and signifi-
cance indicate whether the latent propensity to adopt each practice
increases or decreases, holding other variables constant.

Starting with the socio-demographic characteristics, the study
reveals that gender has no statistically significant effect on any of the
nine practices. This finding contrasts with many studies, which show
that male-headed households are more likely to adopt technologies
due to greater access to land, education, and services (Gudina and
Alemu, 2024; Dessalegne et al., 2024; Neway and Zegeye, 2022). For
example, male heads in Ethiopia are more likely to adopt CSA and
agroforestry (Saran et al., 2024; Tega and Bojago, 2024), and gender
significantly shapes overall technology adoption in Ethiopia and
Ghana (Feyisa, 2020; Neway and Zegeye, 2022). The lack of signifi-
cance here suggests that gender gaps may be smaller in the cocoa pro-
duction population.

Age negatively influences on-farm diversification (p < 0.05) and
positively influences irrigation (p < 0.05). This finding aligns with
mixed evidence that older farmers sometimes resist new practices but
may be more willing to invest in long-term, capital-intensive options
like irrigation once resources accumulate (Diro et al., 2022; Gudina
and Alemu, 2024). Meta-analyses for Ethiopia and broader develop-
ing-country contexts show that age can either discourage or, in some
cases, support adoption, depending on the technology horizon and
risk profile (Ruzzante et al., 2021; Teklu et al., 2023).

Education reduces on-farm diversification (p < 0.1) but is not sig-
nificant for other cocoa climate-smart practices. Many studies find
education generally promotes adoption by improving information
processing and the ability to manage complex practices (Dessalegne
etal,, 2024; Ruzzante et al., 2021; Tega and Bojago, 2024). The negative
effect here may indicate that educated farmers specialize in fewer,
more profitable enterprises or in off-farm work rather than diversify-
ing crops on-farm (Danso-Abbeam et al., 2020; Oumer et al., 2025).

It reveals that household size significantly shapes several practices.
For instance, it decreases agroforestry adoption (marginally significant
at the 10% level) and lining and pegging (significant at the 5% level)
but increases cover cropping and drainage construction (both signifi-
cant at the 1% level). Larger households provide more labor, often
favoring labor-intensive climate-smart practices such as conservation
agriculture and soil fertility management (Gudina and Alemu, 2024;
Dessalegne et al., 2024; Oumer et al., 2025). The positive effects on
cover cropping and drainage fit this pattern, while the negative signs
for agroforestry and pegging may reflect land or labor competition
with staple crops or the migration of working-age members (Oumer
etal,, 2025; Teklu et al., 2023; Zegeye et al., 2022).
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Farming experience increases on-farm diversification (p < 0.05)
and irrigation (p < 0.05) but decreases the adoption of hybrid planting
materials (p < 0.01). Experience has often been associated with greater
adoption of complex, long-term technologies such as conservation,
CSA packages, and irrigation (Diro et al., 2022; Dessalegne et al., 2024;
Zegeye et al., 2022). The negative association with hybrids may reflect
experienced farmers’ attachment to local varieties or skepticism about
seed markets, a pattern also noted for improved varieties in some con-
texts (Donkoh et al., 2019; Ruzzante et al., 2021).

Furthermore, access to extension and markets (distance) influ-
ences cocoa climate-smart practices. Extension distance strongly dis-
courages adoption of off-farm income diversification, on-farm
diversification, agroforestry, SWC and drainage (p < 0.10-0.01). This
finding aligns with broader evidence that greater physical distance
from extension services reduces contact, information flow, and adop-
tion of CSA, land management, and improved agronomic practices
(Gudina and Alemu, 2024; Ruzzante et al., 2021; Zegeye et al., 2022).
For example, Ethiopian and Ghanaian studies repeatedly show that
closer extension contact increases the uptake of conservation agricul-
ture, crop diversification, soil fertility management, bunds, and irriga-
tion (Donkoh et al., 2019; Dessalegne et al., 2024).

Similarly, district (administrative) distance has a more nuanced
role for cocoa farmers’ adoption of climate-smart practices. For
instance, the study reveals that a district’s distance from communities
reduces on-farm diversification while increasing the adoption of cover
cropping, hybrid seeds, pegging, and irrigation (all significant).
Studies have shown that distance to towns and markets often reduces
adoption by limiting access to inputs, credit and information (Donkoh
et al., 2019; Feyisa, 2020; Zegeye et al., 2022). The positive effect here
for some sustainable land practices may indicate that farmers further
from district centers rely more on in-situ adaptation measures (cover
crops, hybrids, irrigation) because they face more pronounced climate
or market risks, similar to findings where remote farmers adopt CSA
to buffer against shocks (Djido et al., 2021; Musyoki et al., 2022). Farm
distance (from homestead to plots) discourages on-farm diversifica-
tion and irrigation but increases agroforestry, SWC and drainage (sig-
nificant at 5-1% levels). This finding is consistent with the literature
that farmers tend to invest in labor-intensive soil and water conserva-
tion and agroforestry on distant or erosion-prone plots to protect land
quality, while reserving nearer plots for intensive, high-management
crops and irrigated production (Diro et al., 2022; Dessalegne et al.,
2024; Oumer et al., 2025).

Membership in social groups has a complex pattern in relation to
the adoption of cocoa climate-smart practices. The study found that
membership in a social group increases off-farm diversification
(p < 0.05) but strongly reduces hybrid adoption and pegging (p < 0.01
and p < 0.1). Social capital, as a form of membership in an FBO, usu-
ally enhances adoption through information sharing and risk pooling
(Dessalegne et al., 2024; Ruzzante et al., 2021; Tega and Bojago, 2024;
Teklu et al., 2023).

The negative effect on climate-smart practices could indicate
group norms favor traditional varieties and planting layouts, or that
groups are oriented to other technologies (e.g., non-hybrid CSA)
rather than input-intensive options. Similarly, FBO membership sig-
nificantly promotes hybrid seed adoption (p < 0.05) but strongly dis-
courages SWC, drainage and irrigation (p < 0.01-0.10). This pattern
mirrors findings from Ghana, where FBOs and research partnerships
increase adoption of improved varieties and agronomic packages but
not always structural conservation (Danso-Abbeam et al., 2020;
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TABLE 5 Multivariate probit coefficient estimates.
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Variables (2) (3) (4) (5) (6) (8) )]
On-farm Agroforestry Cover Hybrid Lining and Drainage Irrigation
diversification cropping planting pegging construction
materials (3 m*3 m)
Gender -0.167 0.083 0.269 0.082 —0.086 0.082 0.217 0.192 0.238
(0.142) (0.141) (0.219) (0.173) (0.180) (0.157) (0.168) (0.175) (0.204)
Age 0.007 —0.018%* —0.006 —0.009 ~0.003 —0.001 ~0.006 ~0.007 0.008
(0.008) (0.008) (0.009) (0.008) (0.011) (0.007) (0.007) (0.007) (0.009)
Education 0.004 —0.028* —0.023 -0.019 0.008 ~0.001 —0.004 -0.019 —0.009
(0.012) (0.016) (0.017) (0.016) (0.017) (0.013) (0.013) (0.012) (0.018)
House size —0.041 0.006 —0.081% 009155 —0.047 —0.067%* 0.012 0.0607%* —0.034
(0.031) (0.030) (0.045) (0.035) (0.042) (0.031) (0.031) (0.029) (0.039)
Experience ~0.008 0.020%* —0.000 0.006 —0.03774% ~0.007 —0.001 0.006 0.0277%*
(0.008) (0.008) (0.011) (0.009) (0.012) (0.008) (0.010) (0.008) (0.011)
Extension distance —0.047%%% —0.020* —0.038%* —0.008 0.015 —0.012 —0.046%** —0.058?#:## —0.017
(0.013) (0.012) (0.016) (0.012) (0.017) (0.012) (0.012) (0.014) (0.013)
District distance 0.011%* —0.035%% —0.009 0.028% 0.030%% 0.009* ~0.009 ~0.000 0.034%*
(0.006) (0.006) (0.009) (0.007) (0.007) (0.005) (0.007) (0.008) (0.015)
Farm distance —0.037 —0.078%* 0.169%% —0.122%%% —0.024 0.009 0.110%%* 0.115%% —0.109%*
(0.030) (0.038) (0.056) (0.036) (0.042) (0.030) (0.031) (0.030) (0.047)
Social group 0.520%* —0.108 0.021 —0.028 —0.855%:%* —0.391* 0.381 0.385 0.115
(0.231) (0.223) (0.316) (0.223) (0.231) (0.231) (0.233) (0.251) (0.350)
Farm size —0.003 0.079% 0.031 0.007 0.0887% 0.009 —0.012 -0.017 0.0477%%
(0.018) (0.017) (0.034) (0.022) (0.027) (0.017) (0.019) (0.018) (0.023)
Livestock (count) 0.053 0.043 ~0.006 0.029 0.045 0.126%* 0.014 —0.002 0.201 %%
(0.049) (0.054) (0.073) (0.056) (0.063) (0.051) (0.051) (0.043) (0.049)
Television -0.197 0.156 0215 0.129 —0.323* —0.254 0.047 —0.493%#% 0.88477%
(0.160) (0.159) (0.264) (0.196) (0.194) (0.171) (0.149) (0.148) (0.195)
Radio —0.196 —0.606%** 0.586* —0.342 -0.221 —0.503%* -0.227 —0.200 -0.232
(0.193) (0.206) (0.317) (0.211) (0.329) (0.205) (0.170) (0.184) (0.251)
Mobsile phone —0.079 0.195 —0.650* 0.613%%% —0.106 0.015 0.627%% 0.649% 12445
(Continued)
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Variables (2) (3) (4) (5) ()] (8) 9)
On-farm Agroforestry Cover Hybrid Lining and Drainage Irrigation
diversification cropping planting pegging construction
materials (3 m*3 m)
(0.194) (0.211) (0.375) (0.218) (0.301) (0.190) (0.206) (0.207) (0.271)
FBO 0.186 0.112 0.378 0.092 0.512%* 0.023 —1.292%%% —1.337%#%% —0.548%*
(0.213) (0.227) (0.315) (0.222) (0.240) (0.210) (0.214) (0.254) (0.310)
Risk taking —0.668%** —0.616%** 0.370* 0.100 —0.141 —0.013 0.123 0.185 —1.158%**
(0.216) (0.216) (0.223) (0.233) (0.234) (0.208) (0.222) (0.228) (0.303)
Ashanti region 0.274 0.364 0.591 —1.975%#% —1.361%%%* —1.150%%*%* —0.9927%%* —2.191%%% —0.134
(0.295) (0.302) (0.420) (0.360) (0.340) (0.275) (0.417) (0.378) (0.558)
Western north 0.491%* —1.383%** 0.870%** 1.089%** 0.342 0.424* 1.107%** 0.810%** 2.638%**
region
(0.245) (0.266) (0.332) (0.245) (0.387) (0.243) (0.224) (0.277) (0.418)
Climate 0.3727%* —0.020 0.229 0.883 %% 0.482%* 0.805%%* 0.6577+%* 0.482%* 1.284%%*
information
(0.181) (0.171) (0.263) (0.197) (0.196) (0.174) (0.206) (0.252) (0.397)
Constant —0.222 1.817%%* 0.529 —0.997 2.512%%% 0.707 —1.013 —0.696 —4.769%**
(0.567) (0.612) (0.810) (0.618) (0.814) (0.583) (0.627) (0.721) (0.975)
Wald chi2(171) = 2223.08
Prob > chi2 = 0.0000
Observations 455
Likelihood ratio test of rho21 = rho31 = rho41 = rho51 = rho61 = rho71 = rho81 = rho91 = rho32 = rho42 = rho52 = rho62 = rho72 = rho82 = rh092 = rho43 = rho53 = rho63 =r
ho73 = rho83 = rh093 = rho54 = rho64 = rho74 = rho84 = rh094 = rho65 = rho75 = rh085 = rh095 = rho76 = rh086 = rh096 = rho87 = rh097 = rh098 = 0: chi2(36) = 322.022: Prob > chi2 = 0.0000

Robust standard errors in parentheses; ***p < 0.01, **p < 0.05, *p < 0.1. Reference category: Bono East Region.
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Donkoh et al., 2019). Similar studies highlight that group-based seed
and input projects can target hybrids and row planting, while physical
conservation works often depend more on public programs and exten-
sion campaigns(Diro et al., 2022; Dessalegne et al., 2024; Reshad et
al,, 2025).

Notwithstanding, farm assets such as land, livestock, and house-
hold capital shape the adoption of climate-smart technologies. Farm
size increases adoption of on-farm diversification, hybrid planting
materials and irrigation at various significant levels. Larger farms
allow experimentation with multiple technologies, better risk spread-
ing, and more capacity to absorb losses, reflecting a consistent finding
across empirical and meta-analyses (Asante et al., 2024; Oumer et al.,
2025; Ruzzante et al., 2021; Tega and Bojago, 2024; Zegeye et al., 2022).
Thus, land size is a robust positive determinant of adoption, particu-
larly for improved varieties, fertilizer, zero tillage, row planting, agro-
forestry and conservation measures (Gudina and Alemu, 2024;
Dessalegne et al., 2024; Oumer et al., 2025; Tega and Bojago, 2024).

Livestock ownership increases adoption of pegging by 5% and of
irrigation by 1% at the 5% significance level. Livestock is a proxy for
wealth and risk-bearing capacity, helping farmers adopt CSA prac-
tices. The strong association of livestock with irrigation implies that
better-off farmers can invest in pumps, canals, or wells to enhance
farm productivity. These findings are consistent with other studies
that show higher livestock holdings tend to raise the adoption of
capital-intensive technologies and conservation measures (Oumer et
al., 2025; Teklu et al., 2023; Zegeye et al., 2022). Similarly, ownership
of a television (T'V) does not significantly affect most practices but
reduces hybrid and drainage adoption and increases irrigation at the
1% significant level. Radio ownership, in contrast, powerfully reduces
on-farm diversification and pegging but increases agroforestry at the
10% marginal significance level. Communication devices are increas-
ingly recognized as key channels for climate and technology informa-
tion (Asante et al., 2024; Diro et al., 2022; Djido et al., 2021; Musyoki
etal, 2022). The mixed signs of TV ownership’s association with CSA
indicate that different information content (e.g., the promotion of
specific technologies or off-farm opportunities) and audience target-
ing may steer households toward certain practices while discourag-
ing others.

Mobile phone ownership strongly increases adoption of cover
cropping, SWC, drainage, and especially irrigation, all significant at
the 1% level, while reducing agroforestry adoption at the 10% signifi-
cant level. Mobile-based weather information and extension tools play
a vital role in increasing the adoption of water management, multiple
cropping and CSA bundles among farmers. For instance, mobile
phones have emerged as a critical enabler of CSA and multi-technol-
ogy adoption by improving access to extension services, markets, and
climate information (Diro et al., 2022; Djido et al., 2021; Musyoki et
al., 2022; Teklu et al., 2023). The strong positive coefficients for several
labor- and knowledge-intensive practices are consistent with this
evidence.

Risk attitudes and livelihood strategies play a vital role in the
adoption of CSA practices. Risk-taking attitude is negatively associ-
ated with off-farm diversification, on-farm diversification, and irriga-
tion, all at 1% significant levels, but positively associated with
agroforestry at the 10% significant level. This finding suggests that
more risk-averse farmers diversify income sources and adopt irriga-
tion as insurance. In contrast, risk-takers may prefer longer-term
agroforestry investments that promise higher but uncertain payoffs.
CSA adoption studies increasingly emphasize risk preferences: more
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risk-averse farmers often adopt soil and water conservation and insur-
ance-linked practices, while risk-tolerant farmers engage in input-
intensive or speculative innovations (Oumer et al., 2025; Teklu et al.,
2023). In Kenya, for example, risk attitudes significantly affected the
adoption of terraces and ridges (Musyoki et al., 2022). Off-farm diver-
sification as a dependent outcome is influenced by social groups (posi-
tively) and negatively by extension distance and risk-taking. Evidence
from Ghana shows that non-farm income diversification generally
enhances the capacity to adopt agricultural technologies by easing
liquidity constraints (Danso-Abbeam et al., 2020; Oumer et al., 2025).
At the same time, high dependence on off-farm income can reduce
time available for on-farm practices, implying complex bidirectional
effects (Danso-Abbeam et al., 2020; Teklu et al., 2023).

The regional dummies indicate large location effects. Compared
with the reference region, Ashanti farmers are significantly less likely
to adopt cover cropping, hybrids, pegging, SWC, and drainage, with
adoption rates ranging from 1 to 5%. Western North farmers are much
more likely to adopt off-farm diversification, agroforestry, cover crop-
ping, pegging, SWC, drainage and irrigation, but less likely to diversify
on-farm (significant for most). Spatial heterogeneity in CSA and tech-
nology adoption is well documented: agroecology, market access,
program targeting, and cultural practices produce sharp regional con-
trasts even within a single country (Asante et al., 2024; Donkoh et al.,
2019; Reshad et al., 2025; Teklu et al., 2023). Studies in the global south
show region/location dummies are among the most robust predictors
of multiple CSA and technology packages (Donkoh et al., 2019;
Gudina and Alemu, 2024; Reshad et al., 2025; Zegeye et al., 2022).

Access to climate information strongly and positively affects oft-
farm diversification, cover cropping, hybrid seeds, pegging, SWC,
drainage and irrigation (p < 0.05-0.01), with a particularly large coef-
ficient for irrigation. This finding aligns with growing evidence that
weather and climate information services (WCIS) are a key driver of
CSA adoption, particularly in water management and multiple crop-
ping (Djido et al., 2021; Musyoki et al., 2022; Teklu et al., 2023). Access
to climate information via extension, radio, or mobile platforms sig-
nificantly increases adoption of crop diversification, agroforestry, soil
fertility management, and water-saving technologies (Asante et al.,
2024; Diro et al,, 2022; Djido et al., 2021).

4.5 Synergies and trade-offs for cocoa CSA
practices

Table 6 demonstrates that the correlations among practices show
clear bundles and trade-offs. The pairwise correlation matrix shows
how farmers combine the nine strategies and whether practices tend
to be complementary/synergistic (positive correlation) or substitutes/
trade-offs (negative correlation).

The study revealed that off-farm income has a positive correlation
with on-farm diversification (0.326) and SWC (0.242). The finding sug-
gests that households with off-farm earnings are better able to diversify
their crop mix and invest in soil conservation. Similar links between
non-farm income, diversification, and adoption of climate-smart agri-
culture (CSA) are reported in Ethiopia, Tanzania and Southern Africa,
where off-farm income relaxes liquidity constraints and supports tech-
nology uptake (Gudina and Alemu, 2024; Kurgat et al., 2020; Makate
et al., 2019; Negera et al., 2022). Irrigation shows strong positive cor-
relations with most structural and input-intensive practices such as
cover cropping (0.398), SWC (0.415), drainage (0.353), pegging (0.280)
and hybrids (0.156). This finding indicates a package of water
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TABLE 6 Pairwise correlations.

10.3389/fsufs.2026.1857724

Variables (1) (2) (3) (4) (5) (6) (7) (t) )
(1) Off farm 1.000
(2) on-farm 0.326 1.000
diversification (0.000)
0.174 —0.104 1.000
(3) Irrigation
(0.000) (0.025)
(4) Hybrid planting —0.039 —0.128 0.156 1.000
materials (0.404) (0.006) (0.001)
0.150 0.033 0.039 0.176 1.000
(5) Agroforestry
(0.001) (0.482) (0.407) (0.000)
0.077 —0.148 0.398 0.214 0.083 1.000
(6) cover cropping
(0.100) (0.002) (0.000) (0.000) (0.074)
(7) Lining and 0.077 —0.019 0.280 0.418 0.066 0.353 1.000
pegging (3 m*3 m) (0.100) (0.677) (0.000) (0.000) (0.161) (0.000)
0.242 0.019 0.415 0.120 0.102 0.300 0.298 1.000
(8) SWC
(0.000) (0.686) (0.000) (0.010) (0.029) (0.000) (0.000)
(9) Drainage 0.175 ~0.005 0.353 0.138 0.078 0.281 0.258 0.778 1.000
construction (0.000) (0.914) (0.000) (0.003) (0.095) (0.000) (0.000) (0.000)

Probability values are in parentheses.

management, soil protection, and improved seed practices. Comparable
complementarities between irrigation, SWC, improved varieties and
fertilizers are widely documented in Ethiopia and Tanzania, where
multivariate probit and meta-analyses show CSA practices are often
adopted jointly rather than in isolation (Adimassu et al., 2025b; Teklu
et al., 2022; Wainaina et al., 2016). The very high SWC-drainage cor-
relation (0.778) confirms that farmers who invest in soil structures also
construct drainage, reflecting an integrated land and water manage-
ment strategy consistent with CSA bundles described in Ethiopia,
Ghana and Southern Africa (Adimassu et al., 2025b; Gudina and
Alemu, 2024; Issahaku and Abdulai, 2020; Makate et al., 2019).

For hybrid planting materials, pegging and lining, and cover crop-
ping, the study reveals that hybrid planting materials are strongly asso-
ciated with pegging (0.418) and moderately with irrigation (0.156) and
agroforestry (0.176), while pegging and lining also correlate with cover
cropping (0.353) and SWC (0.298), all significant. This pattern suggests
that once farmers adopt hybrids, they also improve planting geometry
and soil management to realize their yield potential. Studies from
Tanzania, Ethiopia and Malawi similarly find complementarities
among improved varieties, fertilizer/soil practices and better agronomy
(row planting, spacing) (Kurgat et al., 2020; Teklu et al., 2023; Makate
et al,, 2019). Cover cropping itself is positively related to irrigation,
pegging, SWC and drainage, forming part of a conservation-oriented
cluster. Meta-analyses show cover crops and conservation tillage often
co-occur, enhancing soil organic carbon and resilience (Adimassu et
al., 2025b; Bai et al., 2019).

Similarly, agroforestry within CSA portfolios has moderate posi-
tive links with hybrids (0.176) and weaker but positive correlations
with most structural practices, though many are not statistically sig-
nificant. This finding is consistent with reviews showing agroforestry
is frequently part of broader CSA portfolios, combined with improved
varieties and soil fertility management rather than used alone (Kurgat
et al., 2020; Ntawuruhunga et al., 2023; Teklu et al., 2023). Systematic
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reviews of climate-smart agroforestry emphasize its role alongside
other CSA practices in boosting income, resilience and mitigation (Bai
etal,, 2019; Ntawuruhunga et al., 2023).

However, the study reveals a trade-off with on-farm diversification.
On-farm diversification is negatively correlated with irrigation (0.104),
hybrids (0.128) and cover cropping (—0.148), all significant at various
levels. The finding suggests a trade-off between extensive diversifica-
tion and intensive, input-heavy strategies. Farmers who specialize in
irrigated hybrid systems and intensive soil management may narrow
their crop mix, while more diversified farmers adopt fewer of these
high-input practices. Similar trade-offs between diversification and
intensive CSA technologies are noted in Tanzania, Ghana and multi-
country syntheses, where crop diversity sometimes falls as households
specialize in profitable, input-intensive crops (Agbenyo et al., 2022;
Erekalo et al., 2024; Ma and Rahut, 2024).

Generally, the correlations show that cocoa farmers do not choose
practices independently. There is a clear irrigation-SWC-drainage-
cover-crop-pegging-hybrid bundle, plus supportive roles for off-farm
income and agroforestry. The findings align with multivariate probit
evidence and systematic reviews indicating that CSA practices are
largely complementary and most effective when promoted as packages
tailored to local conditions (Gudina and Alemu, 2024; Kurgat et al.,
2020; Makate et al., 2019).

The correlation matrix of the findings provides a framework for
understanding the complex decision-making climate for smallholder
cocoa farmers, where synergies and trade-offs directly impact agricul-
tural development policies. In cocoa farming, where farm productivity
is often constrained by climate vulnerability and aging trees, these
synergies and trade-offs are not merely statistical artifacts but also the
working realities of the smallholder cocoa economy. These patterns
need to be considered when constructing policies to move farmers
toward climate-smart cocoa systems without jeopardizing their
livelihoods.
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For instance, when policymakers find strong synergies, such as the
strong positive relation between SWC and drainage construction
(0.778), these practices are regarded by cocoa farmers as a package of
water management. For cocoa-specific interventions, this is crucial as
cocoa is highly water-sensitive and prone to erosion and waterlogging.
Policy needs, therefore, to shift from presenting these as best practices
to providing a comprehensive package of assistance (e.g., subsidized
land preparation and equipment) that covers both interventions simul-
taneously. By bringing these together in extension services delivery, the
government can reduce transaction costs for cocoa farmers and ensure
that farm infrastructure is implemented holistically, not just in one
area, and that soil health is not compromised by erosion or flooding.

Also, the negative correlations, for example, between on-farm
diversification and cover cropping (0.148) or on-farm diversification
and hybrid planting materials (0.128), underscore the structural trade-
offs that policymakers need to address. In the cocoa industry, these
trade-offs are often linked to competition for land, labor, and capital. If
a cocoa farmer is heavily invested in diversifying their income by grow-
ing non-cocoa crops, they may not have the labor to maintain cover
crops for years. If policy ignores these realities and focuses on or
rewards specific practices, it can inadvertently force cocoa farmers to
abandon profitable diversification to comply. An honest policy will not
only be effective in this regard but will also be effective in this regard.
However, it will also enable the government to provide targeted sup-
port, such as mechanization or labor-sharing cooperatives, to reduce
the barriers that make these practices mutually exclusive.

Finally, a prioritization based on correlations enables better
resource allocation in the cocoa supply chain. In terms of the so-called
hubs of synergy (irrigation, for example, has a positive correlation with
almost all other adaptive strategies), policymakers can make these the
foundation technologies. Irrigation schemes are not just an asset that
increases yield, but they create an environment for other sustainable
practices (like planting hybrid materials or cover crops) to come to
fruition. Instead of spreading funds across the board, prioritization will
focus on gateway practices most likely to lead to the adoption of a more
resilient cocoa-farming system. By doing this data-driven sequencing,
it is possible to ensure that interventions are not only technically sound
but also economically and practically viable for the smallholder farmer.

5 Conclusion

The results show that cocoa climate-smart agriculture (CSA) in
rural Ghana is characterized by uneven but highly interlinked adop-
tion. Farmers strongly favor relatively low-cost, agronomically familiar
practices such as agroforestry and hybrid planting materials, which
they also perceive as highly effective against climate variability. This
pattern aligns with wider evidence that CSA in cocoa can raise incomes
and preserve forest resources when adopted in integrated systems
rather than as isolated practices.

The study further concludes that synergies are clear for cocoa CSA
practices: strong positive correlations among cover cropping, soil and
water conservation (SWC), drainage, and lining/pegging indicate that
farmers tend to adopt these as reinforcing bundles that jointly improve
soil moisture, root establishment, and resilience. Similar multi-tech-
nology complementarities have been found for maize and mixed farm-
ing in Ghana and Tanzania (Asante et al., 2024; Kurgat et al., 2020). The
findings further show that on-farm diversification and off-farm
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strategies highlight trade-offs in labor, land, and risk management,
echoing broader findings that CSA interventions can simultaneously
enhance productivity while increasing labor burdens or greenhouse gas
emissions (e.g., irrigation).

In addition, proximity to extension support services, farm distance,
climate information, digital/ICT access, farmer-based organizations,
and region reflect the national situation in which institutional access,
land/tenure conditions, and credit shape both the type and intensity of
CSA adoption. These findings reinforce understanding of CSA practice
adoption and its costs, which are central to designing equitable climate-
smart cocoa policy rather than assuming a simple “triple-win”
narrative.

5.1 Policy recommendations

The findings of this study underscore that promoting individual
climate-smart agriculture practices in isolation is unlikely to maximize
productivity, resilience, and environmental outcomes in Ghana’s cocoa
sector. Instead, policy should focus on strengthening the institutional
and economic mechanisms that facilitate the adoption of complemen-
tary CSA practice bundles while addressing the trade-offs that con-
strain farmer decision-making.

5.1.1 Harmonize extension delivery around
integrated CSA bundles

A fundamental policy priority is the redesign of extension systems
from promoting individual technologies to delivering integrated climate-
smart cocoa packages. The evidence demonstrates that several CSA prac-
tices are complementary and yield greater benefits when adopted jointly
than when adopted individually. Consequently, Ghana Cocoa Board
(COCOBOD), the World Cocoa Foundation, sustainability certification
organizations, development partners, and private cocoa companies
should collaborate to develop a harmonized national extension frame-
work centered on integrated climate-smart cocoa systems.

Rather than implementing fragmented training programs, exten-
sion curricula should promote complementary technology bundles
comprising agroforestry, improved cocoa varieties, cover cropping, soil
and water conservation, drainage management, and integrated soil
fertility management. Such a harmonized extension approach would
reduce conflicting technical messages delivered by different organiza-
tions, improve learning efficiency, lower transaction costs for farmers,
and accelerate the diffusion of synergistic technologies across cocoa-
growing landscapes. Importantly, extension recommendations should
explicitly communicate both complementarities and trade-offs among
practices, enabling farmers to make informed investment decisions
based on their resource endowments and local production conditions.

5.1.2 Realign subsidies and climate-smart finance
to promote technology bundles

Current subsidy programs and sustainability interventions remain
largely commodity- or input-oriented, with limited consideration of
the complementarities among CSA technologies. The findings indicate
that many high-return practices, particularly irrigation, drainage
infrastructure, and labor-intensive soil and water conservation invest-
ments, remain under-adopted despite their perceived effectiveness.

Future policy should therefore transition from subsidizing
isolated inputs toward supporting integrated climate-smart
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investment packages. COCOBOD, commercial banks, develop-
ment finance institutions, and private sustainability programs
should establish dedicated climate-smart financing mechanisms,
including concessional credit, guarantee schemes, blended
finance facilities, results-based payments, and climate-risk insur-
ance. Such instruments would reduce liquidity constraints while
encouraging farmers to adopt complementary CSA portfolios
rather than isolated technologies. Public support should also
incentivize labor-saving mechanization services and community-
based service providers to reduce the labor burden associated
with
simultaneously.

implementing  multiple conservation  practices

5.1.3 Strengthen carbon finance and ecosystem
payment mechanisms

The study highlights the strategic role of agroforestry and other
land-based CSA practices in simultaneously enhancing farm produc-
tivity, climate resilience, and carbon sequestration. However, uncer-
tainties surrounding tree tenure in Ghana and benefit-sharing
continue to weaken farmers’ incentives to invest in long-term adop-
tion of agroforestry practices.

Policy reforms should therefore integrate carbon finance into
mainstream climate-smart cocoa programming. Payment for ecosys-
tem services, carbon credit schemes, and jurisdictional REDD+ pro-
grams should provide direct financial incentives to farmers who
adopt synergistic CSA bundles that generate measurable environ-
mental benefits. These incentive mechanisms should be supported by
transparent tree tenure arrangements, equitable benefit-sharing sys-
tems, and robust monitoring frameworks to ensure that farmers
receive predictable returns from long-term investments in agrofor-
estry and ecosystem restoration.

5.1.4 Expand rural credit and digital financial
inclusion

Access to affordable finance remains one of the strongest deter-
minants of multiple CSA adoption. Nevertheless, conventional agri-
cultural credit systems rarely accommodate the delayed returns,
investment risks, and seasonal cash-flow characteristics associated
with climate-smart cocoa production.

Financial sector policies should therefore expand specialized
rural credit products designed specifically for CSA investments.
Mobile money platforms, digital banking services, warehouse receipt
systems, and farmer credit scoring mechanisms should be integrated
into cocoa value chains to facilitate timely access to loans, subsidies,
insurance, and performance-based incentive payments. Strengthening
digital financial inclusion would lower transaction costs, improve
financial access for remote producers, and enable farmers to invest in
complementary technology portfolios rather than delay adoption due
to liquidity constraints.

5.1.5 Strengthen climate information and farmer
institutions

The findings demonstrate that institutional support systems sig-
nificantly enhance the adoption of synergistic CSA practices. Access
to extension services, climate information, and farmer-based organi-
(FBOs) increases farmers’

zations capacity to coordinate
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complementary investments while reducing uncertainty associated
with climate variability.

Accordingly, public investment should prioritize expanding
extension personnel, strengthening farmer organizations as local
innovation platforms, and embedding climate advisory services
within existing cocoa extension programs. Digital climate informa-
tion systems, weather-index advisories, and early warning services
should be to extension delivery and financial services so that farmers
receive integrated technical, climatic, and financial support for imple-
menting complex CSA packages.

5.2 Overall, policy implication

The overarching policy implication emerging from this study is
that climate-smart cocoa should be treated as an integrated systems
intervention rather than a collection of independent technologies.
Effective policy requires aligning complementary policy levers,
including harmonized extension systems, targeted subsidies, climate-
smart finance, rural credit, carbon finance, secure tenure arrange-
ments, digital financial services, and strengthened farmer institutions,
to encourage farmers to adopt mutually reinforcing CSA bundles.
Such an integrated policy architecture would minimize adoption
trade-offs, maximize technological synergies, and simultaneously
improve cocoa productivity, climate resilience, ecosystem restoration,
and smallholder livelihoods, while advancing Ghana’s commitments
under the European Union Deforestation Regulation (EUDR),
national climate policies, and REDD+ initiatives.

5.3 Limitations and suggestions for future
research

All empirical studies have limitations; this study is no exception.
First, the analysis relies on cross-sectional survey data collected at a
single point in time. While the data provide valuable insights into
farmers’ adoption of cocoa CSA practices, they do not permit the
identification of dynamic adoption pathways or temporal changes in
CSA practices. Consequently, the estimated relationships should be
interpreted as associations rather than causal effects. Longitudinal or
panel data would provide a more robust basis for examining the per-
sistence, sequencing, and evolution of cocoa CSA adoption over time.

Second, the study is based primarily on self-reported information
provided by farmers. Variables such as adoption of CSA practices,
access to climate information, institutional participation, and per-
ceived benefits are subject to recall bias, reporting errors, and social
desirability bias. Farmers may unintentionally misreport management
practices or overstate adoption to align with perceived expectations,
introducing measurement error into the estimation. Future studies
could improve measurement accuracy by combining household
survey data with objective field-level observations, remote sensing,
geospatial information, farm records, or agronomic measurements.

Third, although the multivariate probit (MVP) model provides a
flexible framework for jointly estimating the adoption decisions of
multiple CSA practices while accounting for correlations among
unobserved determinants, it has important limitations. The estimated
error-term correlations capture statistical dependence among adop-
tion decisions but should not be interpreted as definitive evidence of
complementarities, substitution effects, or resource trade-offs between
practices. Correlated adoption may arise from shared unobserved
characteristics or common external constraints rather than true
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technological interactions. Consequently, the MVP framework identi-
fies adoption of cocoa CSA practices as a bundle rather than causal
synergies or trade-offs among CSA practices. Similarly, the MVP
model assumes jointly normally distributed error terms and treats
explanatory variables as exogenous. These assumptions may not be
met in practice. Several explanatory variables included in the empiri-
cal specification, particularly farmer-based organization (FBO) mem-
bership, access to climate information, mobile phone ownership, and
participation in social networks, are potentially endogenous. Farmers
with greater managerial ability, innovativeness, stronger risk prefer-
ences, or better information-seeking behavior may be both more likely
to access these institutional resources and more inclined to adopt CSA
practices. Such self-selection introduces the possibility of omitted
variable bias, reverse causality, and simultaneity, potentially leading to
biased coefficient estimates. As a result, the estimated effects of these
variables should be interpreted as conditional associations rather than
causal impacts.

Therefore, future research should address these limitations by
employing panel or longitudinal datasets that enable stronger
causal inference and the analysis of dynamic adoption trajectories.
The application of instrumental variable approaches, control func-
tion methods, endogenous multivariate choice models, or panel
estimators would help account for endogeneity arising from self-
selection and unobserved heterogeneity. In cross-sectional set-
tings, propensity score matching or inverse probability weighting
may partially mitigate selection bias. Also, future studies could,
where feasible, integrate experimental or quasi-experimental
research designs to strengthen causal identification. Finally, com-
bining household survey data with objective biophysical measure-
ments and expanding the geographical scope to multiple
cocoa-growing regions would improve external validity and pro-
vide a more comprehensive understanding of the complementari-
ties, substitution effects, and long-term sustainability of CSA
adoption among smallholder cocoa farmers.
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