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Introduction: Conservation Agriculture provides sustainable practices for
reducing costs of production and enhancing soil health, yet adoption rate among
smallholder vegetable farmers in South Africa remains inadequate. This study
examines the impact of Conservation Agriculture adoption on farm returns in
the Eastern Cape and explores implications for extension services.

Methods: A mixed-methods approach was employed, using structured
questionnaires from 200 smallholder vegetable farmers. Logistic regression and
Endogeneity Switching Regression (ESR) model were used for analysis.

Results: Logistic regression identified significant factors influencing adoption,
including age, family size, and farm size, education, credit access, market
distance and extension services. An Endogeneity Switching Regression (ESR)
model revealed that CA adopters attained higher vegetable productivity and
income compared to non-adopters. Key challenges to adoption included
financial constraints, limited knowledge, inadequate access to resources, and
socio-cultural factors.

Discussion: The results highlight the economic benefit of CA and the need for
targeted extension support, financial provision such as input subsidies and low-
interest credit schemes to ease the financial burden on smallholder farmers,
additional structured knowledge dissemination. Future research must investigate
the intensity of CA practices across regions and long-term environmental
implications.

KEYWORDS

adoption barriers, agricultural sustainability, conservation agriculture, farm returns,
productivity, smallholder farmers, endogeneity switching regression

Introduction

Agriculture plays a significant role in improving livelihoods and socio-economic
development globally. Agricultural sector is known for its significant contribution to the
economies of many countries (Reyes et al., 2020; Gina et al., 2023; Pandey and Pandey,
2023). In many African countries, especially Sub-Saharan Africa, agriculture is not only a
source of food but also an important contributor to income generation and employment.
Most African regions are predominantly composed by small-scale farmers who heavily
depend on agriculture for food and livelihoods (Amede et al., 2023). Despite growing
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urbanization and industrialization, agriculture continues to offer a
safety net for many rural communities, playing a pivotal role in
combating food insecurity and malnutrition (Abraham and Pingali,
2020; Wangu, 2021).

Several studies assert the positive impact of agriculture on
household food security (Pawlak and Kolodziejczak, 2020; Viana
et al., 2022; Sekaran et al., 2021; Hlophe-Ginindza and Mpandeli,
2021). Small-scale farmers also contribute significantly toward
ensuring household food availability and nutritional diversity
(Gomez y Paloma et al, 2020). Various crops, such as green
vegetables and livestock grown by smallholder farmers, contribute
positively to dietary diversity (Melby et al., 2020; Hlatshwayo et al.,
2023). Due to the nature of smallholder farmers, especially in South
Africa, subsistence farming is considered more vulnerable to socio-
economic, environmental, and institutional constraints that hinder
its potential contribution (Bjornlund et al., 2020; Lottering et al,,
2021).

In South Africa, Agriculture remains significant as most
smallholder farmers reside in rural areas where resource scarcity
is prevalent (Fan and Rue, 2020). These farmers are characterized
by high levels of unemployment and poverty, making agriculture
a main livelihood strategy (Mugejo and Ncube, 2022; Mutengwa
et al, 2023). Due to limited access to education, training,
technology, water, arable land, and improved adaptation strategies
smallholder farmers are considered to be more susceptible to
climate change variability (Mdoda et al., 2024). Additionally, poor
access to lucrative markets and credit facilities has been highlighted
as one of the key factors that have significant implications for
commercialization, affecting profitability and household income
(Opondo et al., 2020; Nontu and Taruvinga, 2022).

The availability of extension services to rural communities
has been identified as a major barrier to effective information
dissemination (Norton and Alwang, 2020). The shortage of
extension agencies in terms of ratio against the number of
communities causes inadequate farmer support (Maake and
Antwi, 2022; Namyenya et al., 2022). This shortage restricts the
dissemination of agricultural knowledge and innovations (Kassem
et al, 2021; Namyenya et al, 2022). As a result, smallholder
farmers often lack access to timely advice on best practices and
new technologies, an issue that is particularly pressing in regions
like the Eastern Cape Province of South Africa, where smallholder
vegetable farming plays a crucial role in rural livelihoods, economic
development, and food security (Mujuru and Obi, 2020; Nontu and
Taruvinga, 2022; Nontu et al., 2024).

Smallholder farmers continue to face persistent issues such as
poor soil fertility, erratic rainfall, and limited access to improved
inputs, which constrain productivity and profitability (Mathinya
et al, 2022). In response to these challenges, several studies
have recommended conservation agriculture (CA) as a sustainable
farming practice that can improve soil health, enhance water-use
efficiency, and lower production costs (Somasundaram et al., 2020;
Jayaraman et al., 2021; Carceles Rodriguez et al., 2022). However,
despite these documented benefits, the adoption of CA in the
Eastern Cape remains limited, raising concerns about its actual
impact on farm returns and its broader economic potential.

Several studies have recommended conservation agriculture
(CA) as a sustainable alternative to traditional farming practices
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that can improve soil health, enhance water-use efficiency, and
lower production costs (Somasundaram et al., 2020; Jayaraman
etal., 2021; Céarceles Rodriguez et al., 2022). Despite these potential
benefits, the adoption of CA remains limited in the Eastern Cape,
raising concerns about its actual impact on farm returns and its
broader economic potential. A study conducted by Muzangwa
et al. (2017) found that only 34.81% of surveyed farmers practiced
no-till farming, 25.93% participated in crop rotation, and 22.22%
retained crop residues. Challenges to adoption include lack of
appropriate equipment, high herbicide costs, lack of knowledge
and conflicts with traditional livestock grazing practices. Similarly,
Bese et al. (2020) noted that while sustainable agricultural practices
such as intercropping and crop rotation are standard, using organic
manure as an alternative to chemical fertilizers is not well-known
due to information gap and low extension coverage.

Good health and wellbeing can be achieved through a
nutritious and well-balanced diet (Morris et al., 2014; James et al.,
2022). Poor vegetable consumption in many African households is
typical (Uusiku et al., 2010; Webb, 2000; Miller et al., 2016), often
contributing to malnutrition at the household level (James and
Zikankuba, 2017; Imathiu, 2021). Vegetables are an important food
source that provides almost all essential nutrients and vitamins to
humans, contributing to good health (Dias, 2012; Ramya and Patel,
2019). However, climate change and population growth are likely to
put pressure on global vegetable production (Ayyogari et al., 2014;
Ebert, 2017), which might lead to dietary changes.

Traditional farming practices and overreliance on
agrochemicals have resulted in severe soil degradation in
smallholder farming systems (Chalise et al., 2019). Consequently,
vegetable production, natural resource functioning, farm
profitability, and food security among smallholder farmers in
the Eastern Cape have declined (Phinzi and Ngetar, 2019; Mdoda
et al., 2022). Smallholder farmers in the Eastern Cape continue
to rely on traditional farming methods despite widespread land
degradation (Muzangwa et al, 2017). Transitioning toward
sustainable farming practices that can increase crop yields and
farm returns is a viable solution for these farmers. Sustainable
farming systems such as conservation agriculture, which aim to
conserve natural resources while also offering economic and social
benefits, should be adopted by smallholder farmers (Andersson and
D’Souza, 2014). To overcome food security challenges and poor
farm returns, farming practices such as conservation agriculture are
being promoted as a solution. The success of vegetable production
in smallholder farming systems under CA is often determined by
soil type and rainfall availability, as most farmers rely on rainfall
for irrigation (Rockstrom et al., 2002; Mburu et al,, 2015).

CA has emerged as a key farming practice that smallholder
farmers adopt (Erenstein et al., 2008; Corbeels et al,, 2014). In
the context of smallholder vegetable farming in the Eastern Cape,
CA offers potential benefits such as improved soil health, water
retention, and reduced production costs (Indoria et al., 2017;
Selvakumar and Sivakumar, 2021; Teng et al, 2024). Despite
these advantages, the adoption of CA remains varied among
farmers due to socio-economic factors, access to resources, and
knowledge gaps in agricultural extension services (Ntshangase
et al, 2018; Rodenburg et al, 2021). Therefore, this study

aims to evaluate the impact of CA adoption on farm returns
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among smallholder vegetable farmers and its implications for
agricultural extension services in promoting sustainable farming
practices among smallholder farmers in the Eastern Cape Province,
South Africa.

Theoretical framework

In evaluating the impact of adopting Conservation Agriculture
(CA) on farm returns for smallholder vegetable farmers in the
Eastern Cape Province, both the Agricultural Innovation System
(AIS) and Diffusion of Innovations (DOI) theories provide valuable
frameworks for understanding the adoption process and its
outcomes. The AIS framework emphasizes the importance of
collaboration and knowledge exchange among various stakeholders
(such as farmers, extension services, research institutions, and
policymakers) in facilitating the uptake of CA practices. By viewing
the adoption of CA as part of a broader innovation system, the
study can assess how different actors and institutional support
mechanisms, including policies, financial resources, and market
access, influence the success of CA adoption. The DOI theory
complements this by focusing on individual adoption decisions and
the factors that determine how innovations like CA are perceived
and adopted by farmers. The key DOI elements, such as relative
advantage, compatibility, complexity, trialability, and observability,
can help evaluate how CA is perceived in terms of its potential
to increase farm productivity and income compared to traditional
practices. By applying both frameworks, the study can gain insights
into how the socio-technical system (through AIS) and individual
farmer characteristics (through DOI) interact to shape the adoption
of CA, ultimately impacting farm returns and sustainability for
smallholder vegetable farmers in the region.

Agricultural innovation systems
framework

This study adopted the AIS Framework to understand
the impact of adopting conservation agriculture on the farm
returns of smallholder vegetable farmers. Figure I shows the
TAS framework for the study. The AIS framework provides an
analytical structure for examining innovation processes (USAID,
2016; Modirwa and Oladele, 2017). AIS is a network comprising
organizations, businesses, and individuals dedicated to introducing
innovative products, processes, and organizational structures into
the economy (World Bank, 2006; Aerni et al., 2015). This network
also includes the institutions and policies that shape their actions
and overall performance. The AIS consists of farmers, public, and
private institutions and applies a systems-thinking approach to
drive innovation in the agricultural sector (Guti¢rrez-Cano et al,
2023; Hall et al., 2006). The AIS framework offers a comprehensive
and dynamic perspective on how agricultural innovations, such
as CA, are adopted and diffused among smallholder farmers.
By emphasizing the interactions and collaborations among a
diverse range of actors (farmers, extension services, researchers,
input suppliers, policymakers, NGOs, and agribusinesses), the AIS
framework highlights the interconnectedness of the agricultural
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ecosystem and the complex processes that drive innovation
and change.

AIS focuses on how knowledge, resources, and technologies
flow between these actors and how their collective actions
influence sustainable practices like CA adoption (Markow et al.,
2023; Toillier et al., 2018). Achieving higher production requires
collaboration among various stakeholders, and the AIS approach
bridges the gap. In this context, the AIS framework is particularly
valuable for understanding how extension services can act as
intermediaries, facilitating knowledge transfer, providing technical
support, and connecting farmers with essential resources to
enhance the adoption of CA approaches to smallholder vegetable
farming. One example of such collaboration is investing in
the capacity of extension workers and organizations to adopt
value chain approaches, market-oriented extension services,
group
effective information-sharing mechanisms. The gap between

and organizational development, agribusiness, and
these organizations poses a challenge in developing effective
research systems and mechanisms for sharing information within
research and extension efforts (Davis and Heemskerk, 2009).
However, various stakeholders in innovation systems play distinct
roles, categorized as facilitators, communicators, collaborators,
coordinators, knowledge providers, policy formulators, and
implementers. Collaboration among these stakeholders helps
clarify the relationships between the key players in an innovation
system and sheds light on their attitudes toward the network. As
a result, the agricultural innovation system approach has gained
significant importance among policymakers (Adenkunle and
Fatumbi, 2012). The AIS framework is designed to overcome the
linear limitations inherent in traditional National Agricultural
Research Systems (NARS) and Agricultural Knowledge and
Information Systems (AKIS) approaches (Chinseu et al., 2018).
It represents a significant shift in the agricultural research and
technology development paradigm, highlighting the idea that
innovations can emerge from formal research institutions and
a wide range of system actors, including agricultural producers.
The AIS is promoted as a strategy to enhance the availability and
effectiveness of knowledge among key stakeholders and to position
agriculture as a primary driver of food security, environmental
sustainability, and economic opportunity. The AIS approach
emphasizes social learning and knowledge-sharing among diverse
actors throughout the research-extension-innovation-utilization
continuum. It also aims to create an enabling environment that
supports dynamic interactions. Viewed as more systems-oriented,
the AIS framework values the importance of multi-directional
interactions in technology generation, dissemination, and use. It
also highlights institutional learning and change processes, striving
to integrate various knowledge and innovation sources (Spielman,
2005; World Bank, 2012).

Spielman and Birner (2008) describe AIS as consisting of three
interconnected clusters: 1) agricultural research and education
systems, 2) bridging institutions, and 3) agricultural value chain
actors and organizations (Figure 1 below). According to Aerni et al.
(2015), an AIS is a network of actors, organizations, and individuals
supported by institutions and policies in the agricultural and
related sectors that facilitate introducing new or existing products,
processes, and organizational models into economic and social
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use. In this approach, various actors collaborate dynamically in an
interactive manner, contributing to the production, distribution,
processing, value addition, and marketing of agricultural goods and
services ( ; ). Public policies and
formal and informal institutions shape the conditions that govern
the AISs operations, such as capacity, procedures, motivations,
and attitudes. These factors influence how knowledge is generated
and shared and how agricultural innovations are developed and
disseminated ( ). By mapping these interactions, the
AIS framework helps identify key leverage points for improving the
adoption of CA, offering insights into how the various components

of the agricultural system (such as policy, knowledge networks,
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and resource access) can either promote or hinder the successful
uptake of innovative practices among smallholder farmers. This
holistic approach underscores the importance of collaboration
and coordinated action among all stakeholders in driving the
widespread adoption of CA and improving smallholder farmers’
productivity and sustainability.

Knowledge networks are vital components of the AIS
framework, facilitating the exchange of information, technologies,
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and innovations among various agricultural actors. These

networks include formal channels like research institutions
and universities, and informal channels like farmer-to-farmer
exchanges, community-based groups, and peer networks. They
connect farmers, extension services, researchers, input suppliers,
and policymakers, enabling collaboration and disseminating
agricultural innovations like CA. A key aspect of these networks
is the relationship between agricultural research systems and
extension services. Research institutions generate scientific
knowledge, but for it to be adequate, it must be communicated in
a way relevant to local farming contexts. Extension services bridge
this gap by tailoring research findings to smallholder farmers’
needs and challenges. Extension officers serve as intermediaries,
organizing workshops, field visits, and demonstrations to help
farmers understand and adopt new practices like CA. They also
facilitate two-way knowledge exchange, allowing farmers to share
their experiences and challenges, which can inform future research.

Peer-to-peer learning is another critical element of a knowledge
network. Farmers who have successfully adopted CA practices
can act as local champions, sharing their experiences with others
and helping to overcome skepticism. This informal learning, often
facilitated through farmer groups or cooperatives, fosters trust
and collective problem-solving, accelerating the adoption of new
technologies in rural communities. The social learning process
builds confidence in CA practices by allowing farmers to learn from
one another’s successes and failures. Research and development
(R&D) play a continuous role in refining and adapting agricultural
practices like CA. Collaboration between research institutions,
universities, and extension services ensures that innovations are
scientifically sound and practically applicable to smallholder
farmers. Strengthening knowledge networks through collaboration
can significantly enhance the adoption of CA, improving farm

productivity, sustainability, and resilience for smallholder farmers.

Bridging institutions

Institutional support and policy frameworks play a crucial
role in shaping the adoption of innovations like CA within the
AIS framework. As key institutional actors, extension services
help translate policies and innovations into actionable knowledge
for farmers, fostering the adoption of sustainable practices. The
effectiveness of these services depends heavily on the policy
environment in which they operate. Extension services can more
effectively facilitate adoption in regions where policies support CA
through subsidies, tax incentives, or training programs. However,
in areas where policies prioritize conventional practices or fail
to integrate sustainability goals, extension services face greater
challenges in overcoming resistance to change. A supportive
policy environment can significantly accelerate the adoption of
CA by providing financial incentives such as subsidies for inputs,
credit facilities, and research and development support. These
policies help reduce the financial barriers that smallholder farmers
face when transitioning to CA. For instance, subsidized seeds,
equipment, or low-interest loans make CA more affordable, while
policies promoting conventional farming can inhibit adoption.
Effective policies must be adaptable to local conditions, especially
in regions with unique agro-ecological challenges. Decentralized
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policies that allow local governments to tailor national guidelines
to local needs are key to overcoming barriers to adoption.

Political channels and stakeholder platforms are critical in
shaping policy development. These platforms bring together
government agencies, farmer associations, researchers, NGOs, and
agribusinesses, facilitating dialogue and ensuring that policies
reflect the needs of all stakeholders. Multi-stakeholder forums
can be particularly effective in aligning policy incentives with the
capacities and needs of local farmers. These platforms also provide
opportunities for sharing knowledge, discussing challenges, and
building consensus on promoting CA adoption. Good governance
is essential for fostering an environment conducive to innovation
adoption. Transparent and accountable governance structures
prioritizing sustainable agriculture and smallholder farmers’
welfare increase the likelihood of successful CA adoption. By
aligning policies, incentives, and stakeholder interests, a well-
integrated policy framework can ensure the long-term success of
sustainable agricultural practices like CA.

Access to resources (input suppliers
and agricultural value chain actors)

Access to physical inputs, financial capital, human capital, and
market access is critical for smallholder farmers to successfully
adopt CA practices. The AIS framework emphasizes the
interdependence of these resources and the role of extension
services in facilitating their access. Extension services bridge gaps
by providing farmers with knowledge and practical support to
access necessary inputs, including seeds, tools, fertilizers, and
equipment. They also facilitate links between farmers and input
suppliers, ensuring farmers use appropriate resources suited to
their specific agroecological conditions. Financial constraints
often pose a significant barrier to CA adoption, as smallholder
farmers may struggle to afford the initial investment required for
CA practices. Extension services can collaborate with financial
institutions, such as microfinance banks and agricultural credit
schemes, to help farmers access credit, subsidies, or grants. By
educating farmers on available financial products and navigating
the application processes, extension services improve farmers’
ability to invest in CA techniques and tools, thereby enhancing the
financial viability of CA practices.

Human capital, in the form of knowledge and skills, is another
key factor in adopting CA. Extension services provide training
on CA techniques, such as minimum tillage, crop rotation, and
residue management, ensuring that farmers understand how these
practices work and how to implement them effectively. Peer-
to-peer learning, facilitated by extension services, is also vital,
as experienced CA adopters share their knowledge with others.
Collaboration with research institutions ensures that knowledge
generated through agricultural research is disseminated to farmers
in a context-specific manner. Market access is essential to
incentivize CA adoption. Extension services help farmers access
local, regional, and international markets, providing information
about market trends and demand for CA-produced goods. By
linking farmers to buyers, cooperatives, and value chain networks,
extension services help farmers reduce transaction costs, increase
bargaining power, and improve the economic returns from CA.
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Additionally, by helping farmers access premium markets, such as
those for organic or sustainably produced goods, extension services
support the long-term sustainability and economic viability of
CA adoption.

Agricultural innovation policies and
investment

The AIS framework emphasizes that agricultural innovation,
such as the adoption of CA, is driven by collaboration among
various stakeholders. These interactions are closely linked to
agricultural policies and investments, creating an enabling
environment for innovation. Effective policies are critical in
supporting farmer groups, cooperatives, and community-based
organizations, which provide platforms for peer learning and
collective action. Policies that offer subsidies for CA inputs, access
to credit, and investments in training and extension services
enhance the capacity of these groups and facilitate the adoption of
CA practices.

Multi-stakeholder
agencies, international institutions, research institutions, NGOs,

partnerships (comprising government
agribusinesses, and financial organizations) are essential for

addressing challenges in agricultural innovation. Policies
that foster collaboration among these actors and investments
in infrastructure, technology, and market access are key to
overcoming barriers to CA adoption. By aligning agricultural
policies with the needs of smallholder farmers, these partnerships
can drive the scaling of CA practices. The agricultural policies and
investments form the foundation for collaborative efforts within
the AIS framework. When strategically aligned, they enable the
adoption of sustainable agricultural practices, like CA, and support

long-term innovation and sustainability in agriculture.

Diffusion of innovations theory

The DOI theory, proposed by Everett Rogers, provides a
comprehensive framework for understanding how new agricultural
practices, such as CA, are adopted by farmers. The theory identifies
several key factors that influence the adoption process, including
the characteristics of the innovation itself, the adopter’s personal
attributes, and the broader social system in which adoption
occurs. In the context of CA, one critical element is relative
advantage, which refers to how farmers perceive the benefits
of CA compared to conventional farming methods. For CA to
gain traction, smallholder farmers need to see it as offering
clear advantages regarding improved farm productivity, increased
income, or enhanced sustainability. If CA is perceived as more
labor-intensive or less profitable than traditional methods, its
adoption will be slow. Therefore, extension services must highlight
the relative benefits of CA, providing clear evidence of its economic
and environmental advantages to overcome initial resistance.

Another crucial DOI element is compatibility, which refers to
the alignment between innovation and potential adopters’ values,
needs, and experiences. For smallholder farmers in regions like
the Eastern Cape, the degree to which CA practices fit within
their existing farming systems, cultural norms, and ecological
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conditions plays a pivotal role in adoption. Practices such
as zero/minimum tillage, crop rotation, and soil conservation
might be considered too unfamiliar or disruptive if they do
not align with farmers established knowledge and farming
habits.
facilitating the adaptation of CA practices to local agroecological

Extension services, therefore, have a wvital role in
conditions and in demonstrating how these practices can
complement traditional methods rather than replace them entirely.
Compatibility also extends to the social system: if a farmer’s
community or peer group is adopting CA, it can increase the
likelihood of individual adoption through social influence and
collective learning.

The perceived complexity of CA techniques is another key
factor in the DOI framework. Innovations perceived as difficult
to understand or implement are less likely to be adopted,
particularly among smallholder farmers who may lack technical
expertise or resources. Techniques like zero/minimum tillage
and crop rotation require new skills and equipment, which
can seem daunting to farmers accustomed to conventional
methods. Trialability (the ability to test new practices on a
small scale before fully committing) helps mitigate perceived
risks and encourages experimentation. Farmers may be more
willing to adopt CA if they can try it out on a limited portion
of their land without committing all their resources upfront.
Additionally, observability, or the visibility of benefits, is crucial
in diffusion. Farmers are more likely to adopt CA if they
can see tangible results, such as improved soil quality, better
crop yields, or enhanced resilience to climate change. Extension
services are critical in making these benefits visible through
field demonstrations, farmer-to-farmer learning, and showcasing
successful case studies. Extension services can help facilitate the
diffusion of CA and accelerate its adoption among smallholder
farmers by addressing barriers related to complexity, trialability,
and observability.

Methodology

Description of the study area

The study was conducted in South Africa’s Eastern Cape
Province (ECP), the country’s second-largest province, renowned
for its remarkable diversity in landscapes and culture. Figure 2
below shows the study sites. Situated in the easternmost part of
South Africa, the province spans nearly 170,000 square kilometers,
encompassing six district municipalities and two metropolitan
municipalities. The Eastern Cape has a rich cultural heritage,
primarily driven by the vibrant Xhosa traditions. It boasts a
range of natural wonders, from temperate forests in the south to
tropical woodlands in the north. The province is also a haven
for biodiversity, with its protected areas home to the “Big Five”
(elephant, lion, leopard, rhino, and buffalo) and unique marine
life, such as dolphins and whales along the coast. Despite these
ecological and cultural riches, the province faces significant socio-
economic challenges, with ~60% of its 6.6 million inhabitants
living in rural areas marked by high levels of poverty and isolation
(Mdoda et al., 2023). The economy relies heavily on agriculture,
automotive industries, and tourism, yet many remain unemployed
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or underemployed. Approximately 2.5 million individuals in the
region are unemployed, and many rely on subsistence farming,
especially in rural areas where the agriculture sector is vital
for livelihoods.

Agriculture in the Eastern Cape is diverse, spanning livestock
production and crop cultivation, particularly vegetables. However,
the region’s agricultural potential is hindered by climatic variability,
with coastal areas experiencing temperate maritime climates
and the interior regions grappling with semi-arid conditions
(Mujuru and Obi, 2020). This climatic diversity presents challenges
such as droughts, erratic rainfall, and soil degradation, affecting
agricultural productivity. Smallholder vegetable farmers, who play
a central role in the local economy, struggle with low yields, poor
soil health, and high production costs. These factors exacerbate
socio-economic hardships and contribute to food insecurity in
the province. As traditional farming practices prove increasingly
unsustainable, adopting more resilient and environmentally
friendly methods, such as CA, has become essential. This study
focuses on smallholder vegetable farmers in various districts within
the Eastern Cape, examining their farming practices, challenges,
and opportunities for adopting CA. By exploring these aspects,
the study aims to provide insights into how sustainable farming
techniques can improve productivity, enhance soil health, and
contribute to the region’s long-term economic and environmental
resilience. Figure 2 shows the study areas.

Frontiers in Sustainable Food Systems

Research design

This study employed a robust mixed-methods research
design, combining quantitative and qualitative approaches to
comprehensively analyze the impact of Conservation Agriculture
(CA) adoption on farm returns among smallholder vegetable
farmers in the Eastern Cape. A sample of 200 farmers was
selected, ensuring diverse representation from various regions
and farming conditions, which enhanced the generalizability of
the findings. The quantitative component involved structured
surveys to capture key data on farm-level economic outcomes,
adoption patterns, and socio-economic characteristics. These
surveys collected information on farm productivity, income levels,
resource access, and the extent of CA adoption. Logistic regression
was applied to analyze the data and identify factors influencing
the likelihood of adopting CA. At the same time, Endogeneity
Switching Regression (ESR) was used to assess the impact of
CA adoption on farm returns and income, facilitating a robust
comparison between adopters and non-adopters and addressing
potential endogeneity issues.

To complement the quantitative analysis, in-depth semi-
structured interviews were conducted with a subset of farmers
selected from the survey sample. These qualitative interviews
provided valuable insights into the personal experiences,
challenges, and motivations behind CA adoption. Participants
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discussed barriers to adoption, perceived benefits, and the role of
extension services while highlighting socio-cultural factors such
as family traditions, community support, and local knowledge
systems that influenced their decisions. By triangulating the
quantitative and qualitative findings, the study aimed to provide a
nuanced understanding of the relationship between CA adoption
and farm returns. The mixed-methods approach allowed for a
deeper exploration of the socio-economic and institutional factors
shaping adoption decisions, offering both statistical rigor and
rich contextual insights. Ultimately, this comprehensive design
provided a well-rounded perspective on the potential for CA
to improve the sustainability and productivity of smallholder
vegetable farming in the Eastern Cape.

Sampling procedure, sample size, and data
collection

The study utilized a stratified random sampling technique to
select smallholder vegetable farmers from diverse districts within
the Eastern Cape Province of South Africa. This method was
designed to ensure a balanced representation of farmers from
varying socioeconomic and geographic backgrounds, facilitating
a comprehensive analysis of the factors influencing the adoption
of CA. Each district within the province with a substantial
population of vegetable farmers practicing CA or conventional
farming was treated as a distinct stratum. From these strata, farmers
were randomly selected in proportion to the size of the farming
population, ensuring that both CA adopters and non-adopters were
adequately represented.

The sample size for the study was set at 200 smallholder
vegetable farmers, a figure derived from a power analysis aimed
at detecting statistically significant differences in farm returns
between CA adopters and non-adopters, as well as understanding
the relationship between adoption determinants and various
socio-economic characteristics. Given the research objectives and
available resources, this sample size was considered optimal,
striking a balance between being large enough to provide a
representative snapshot of the smallholder farming community in
the province and small enough to allow for effective and robust
statistical analysis. Ultimately, the sampling strategy ensured that
the study’s findings would be reliable and relevant to the broader
context of smallholder vegetable farming in the Eastern Cape.

Data collection

Data collection for this study employed a robust mixed-
methods approach, integrating quantitative and qualitative
techniques to comprehensively understand CA adoption and
its effects on farm returns. A structured questionnaire was
administered to all 200 participating farmers, gathering data on
demographic characteristics, farm operations, income levels, and
the extent of CA adoption. In addition to these core questions, the
survey also explored factors such as access to resources, availability
of extension services, market access, financial support, and other
key elements influencing farmers’ decisions to adopt CA practices.
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This quantitative data laid the foundation for understanding the
broader patterns of CA adoption within the farming community.
To complement these findings, semi-structured interviews were
conducted with a targeted subset of 20 farmers selected from the
larger sample for pre-testing so that the reliability, validity, and
training of enumerators would be familiar with the questionnaire.
The researchers, together with Department of Agriculture
Extension personnel, revised the questionnaire. These interviews
provided rich qualitative insights into the personal experiences,
challenges, and socio-cultural factors influencing CA adoption,
offering a deeper understanding of the nuanced barriers and
motivations that the survey alone could not capture. Furthermore,
detailed financial and production data were collected from CA
adopters and non-adopters, including input costs, crop yields,
and revenue figures. This economic data facilitated a comparative
analysis of farm returns, enabling the application of descriptive
and regression-based methods to assess the financial impact
of CA practices. Integrating these diverse data sources allowed
for a well-rounded, in-depth assessment of CA’s effects on the
sustainability and productivity of smallholder farms, ensuring that
both statistical trends and personal narratives were considered in
evaluating the practice’s overall impact.

Data analysis

The analysis is composed of three strands. Firstly, through
descriptive statistics, we provide a profile of smallholder vegetable
farmers, the challenges, and the impact of CA. This was done
through the use of means, percentages, and graphs. Stage 2 involved
using logistic regression analysis to estimate the factors influencing
the adoption of CA by smallholder vegetable farmers. Stage three
involved endogeneity switching regression to estimate the impact of
adopting CA on the farm returns of smallholder vegetable farmers.

Adoption of CA practices

According to Aziz et al. (2015), Binary logistic regression
is a statistical method used to predict a categorical (usually
dichotomous) variable from a set of predictor variables. With
this model, one or more independent variables can determine the
outcome, where there are only two possibilities. The assumption is
that P (Y = 1) is the probability of the occurring event; therefore,
the dependent variable must be coded accordingly. The factor
level 1 of the dependent variable should represent the desired
outcome. Another fundamental assumption is that the binary
logistic regression model assumes linearity of the independent
variables and the log odds.

The general Binary Logistic Regression Model is expressed
as follows:

Log (P) = In(lf;ip) —a +BXie .. BiXe+ i (1)

Where In (pi/l-pi) is the natural log of the odds, Pi
is the probability that smallholder farmers adopt conservation
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agriculture, 1 - Pi is the probability that smallholder farmers do
not adopt conservation agriculture, f; is the estimated parameter,
X; is the explanatory variable, and Uj is the disturbance term.

Impact of adopting CA

Endogeneity Switching Regression (ESR) was explored to
examine the relationship between the outcome variables and a set
of exogenous variables in the context of adopting CA practices. ESR
is a sophisticated statistical technique designed to address the issue
of endogeneity in treatment effects estimation, which often arises in
observational studies.

Endogeneity can occur due to several reasons, including:

Omitted variable bias
When an both the
treatment (e.g., adoption of CA) and the outcome, leading to

unobserved variable influences

a biased estimate.

Measurement error
When the variables used in the model are inaccurately
measured, it affects the validity of the results.

Simultaneity

When the treatment and outcome mutually influence each
other, creating a feedback loop distorts causal inference.

The ESR methodology is particularly valuable when estimating
the impact of a treatment like conservation agriculture adoption,
as it accounts for these endogeneity issues. It operates on the
concept of latent outcomes and uses switch points to manage
the endogenous nature of the treatment variable. It allows for
the differentiation between the treatment effect on various groups
(e.g., farmers who adopted CA vs. those who did not), addressing
potential biases that could skew the findings. Studies like Oduniyi
et al. (2022), Toiba et al. (2020), and Okello (2024) have used this
model to estimate impact analysis in agriculture. The Endogeneity
Switching Regression (ESR) model offers several key benefits,
making it a powerful tool for assessing the impact of CA adoption.
First, it effectively addresses endogeneity, mitigating issues such
as omitted variables, measurement errors, and simultaneity, which
are common challenges in treatment-effect studies. By handling
these biases, ESR enhances the ability to make more accurate causal
inferences about the impact of CA adoption on outcome variables.
Additionally, ESR allows for the estimation of heterogeneous
treatment effects, meaning it can assess how the impact of adopting
CA varies across different groups, such as diverse farmers. The
model also incorporates latent outcomes, helping to estimate what
would have happened had participants not been exposed to the
treatment, providing a more accurate and reliable measure of causal
effects. In summary, ESR is a valuable approach for studying the
effects of CA adoption, as it addresses endogeneity concerns and
enables more precise estimation of treatment effects, mainly when
those effects differ across groups.
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The subsequent second stage involves the outcome equation,
where farm returns, measured in Rands (ZAR) per hectare,
are utilized to divide the endogenous model into two distinct
components (Lokshin and Sajaia, 2004). This entails implementing
separate commands or production functions to analyze small-scale
crop farmers’ decision-making process regarding the adoption vs.
non-adoption of CA practices. The study presumes that the arrays
representing these outcome variables adhere to a linear relationship
with explanatory factors to assess the influence of adopting
CA conditions on farm net returns. This linear specification is
articulated as follows:

Yi= Xiu + yip +&i (2)

Where

Y; is the vector of outcome variables (farm net returns), and
X; is the vector of explanatory variables such as age, education,
family size, farm characteristics (e.g., farm size, location of the farm,
family size), and institutional and financial variables (e.g., access to
extension services, training received on CA, and credit), while y; is
a dummy variable capturing the adoption of CA practices, o and ¢
are parameters to be estimated, and ¢i represents the error term.

Estimation and identification

Specific to the research study’s reliance on survey data and
the non-random nature of selection in CA adoption, it becomes
imperative to utilize an approach that addresses selection bias
effectively. Hence, this study opted for an Endogenous Switching
Regression (ESR) model to mitigate selection bias stemming
from both observable and unobservable heterogeneity within the
sample, drawing upon the works of Lokshin and Sajaia (2004),
Tanimonure and Naziri (2021), and Abdulai and Huffman (2014).
This model operates in two stages: firstly, the decision-making
process regarding adoption is examined as outlined in the selection
Equations 1, 2; secondly, two distinct equations are formulated to
represent outcomes for adopters and non-adopters.

Command 1 to Adopt y1; = X8+ €11 if Ai=1  (3)
Command 2 to Not to adopt y2; = Xoif + €2 if Ai=0 (4)

Where

y1i and y»;, respectively, represent crop yield and farm returns
for adopters and non-adopters of CA, measured as ZAR/hectare. X;
is the list of explanatory variables. £1; and &,; are the error terms for
adopters and non-adopters, respectively.

In the context of this switching regression model, selection bias
arises in the error terms € and 1. Assuming the explanatory factors
do not account for unobserved variables, there exists a correlation
between the error terms of the production and selection equations,
denoted as corr (g, 1) # 0. The error terms 14i, £1; and &,; adhere
to a trivariate normal distribution with a mean of zero, and the
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covariance matrix is delineated as follows:

82 81, b
Cov(ni, e1and &) = { &y, &2 . (5)
Sy . 63

where

The variance of the error terms in the selection equation and
the two-production commands 1 and 2 are respectively denoted by
875873 and 83.

The covariance of the selection equation error term (1;) and the
production regimes 1 (g1;) and 2 (&y;) is respectively 81, and &,,.
The dot (.) shows that the commands 1 and 2 outcomes cannot be
simultaneously observed for a farmer and hence the covariance is
not present (Maddala, 1983). In the presence of selection bias, the
expectations of the error terms for the two regime equations are
different from zero.

D(Zia)
E[e1i | A = 1 =6y WZ) = 81y AL, (6)
Q(Zioc)
Elesi | A = 0 = —83) — 22 = 5, hay 7
[821| i 2n 1— &(Zy) 2n A2i, ( )

where

&(.) is the standard normal probability distribution.

®(.) is the standard normal cumulative distribution.

A1 and Ay; are interpreted as inverse Mills ratios (Heckman,
1979) where these were incorporated in the production correct
side equations for capturing any selection bias. The correlation
coefficients between the error terms of the production and the
selection equations are shown.

51
0
= 8
P1 501 (8)
53
0
= 9
02 5,2 %)

The significance of the estimated covariances and rho sub 2
reflect that the decision to adopt farm returns is correlated, which
rejects the null hypothesis of sample selectivity bias. This highlights
the importance of the endogenous switching model. In this
regard, the complete information maximum likelihood estimate
provides an efficient ESR output, simultaneously estimating both
the selection and production equations. This is higher than the two-
step estimators, which are inefficient for deriving standard errors.

The treatment effect of adaptation
strategies

The Endogenous Switching Regression (ESR) model is justified
in this context because CA adoption is likely influenced by both
observable and unobservable farmer characteristics, leading to
selection bias. ESR corrects for this bias by jointly estimating
a selection equation (adoption decision) and separate outcome
equations (income) for adopters and non-adopters. It accounts for
the fact that adopters and non-adopters may systematically differ
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in ways that also affect income, such as risk preferences, access
to information, or motivation. By modeling these differences and
estimating counterfactual outcomes, ESR isolates the true effect of
CA adoption on income while correcting for endogeneity in the
selection process. The study estimates the effect of adopting CA
practices on farm returns by employing an endogenous regression
model, where adopters are regarded as the treatment group (A; =
1), and their counterfactual is estimated. The observed outcomes
for both adopters and non-adopters are outlined below:

Adopter E[y;; | A; = 1] = Xyp1 +81yh1, (10)
Non — adopter E[y,; | Aj = 0] = X2ifs + 82y A2i,  (11)

Likewise, the equation for the counterfactual farm returns of
both adopters and non-adopters is as follows:

Adopter counter factual E[ys; | A; 0] =X1iB2 + 82y Mij,
(12)

Non — adopter counterfactual E[y | A; = 0] = Xyif1 + 81,(13)

Then the average treated impact of farm returns for those is
computed as:

ATT = Elyii| Ai = 1] — Elyai | A = 1]
= X1i(By — B2) + (81y—829) Ay,

And the predicted impact of adoption on farm returns for non-
adopters (untreated) is:

ATU =E[y1;1Ai = 0] — E[y2 | A; = 0] (14)
= X2i(B1 — B2) + (61y—32y ) Ay; (15)

Where

ATT—represents the average treatment for the treated
(adopters), and ATU—represents the untreated (non-adopters)
treatment. The validity of the ESR requires an exclusion restriction
that is correlated with adoption, while it does not play a role in
the productivity of small-scale crop farmers. Therefore, the study
utilizes a set of variables as selection instruments, comprising
CA training information and distance to market. These variables
are deemed instrumental, as they are crucial factors influencing
the decision to adopt to CA, as researchers argue. Nevertheless,
variables did not directly dictate farmers farm income levels.
Empirically, the validity of instruments in the Endogenous
Switching Regression (ESR) model is assessed. The initial test
involves employing a logit model to adopt the CA practices,
incorporating both instruments and additional variables. These
instruments are collectively confirmed as robust predictors for
adoption. A distortion test is also conducted to ascertain whether
the instruments significantly influenced return processes. This
investigation indirectly verifies whether the instruments exhibit
a correlation with unobservable factors. The test affirms that
the instruments do not collectively hold statistically significant
influence over farm returns among non-adopters.

Cross-sectional data were used in this study because they
support causal inference when combined with robust econometric
models like Endogenous Switching Regression (ESR), which
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accounts for selection bias and unobserved heterogeneity. ESR
enables estimation of treatment effects (ATT and ATU) by
modeling both the decision to adopt conservation agriculture (CA)
and the income outcomes for adopters and non-adopters. The
results in Table 5 show that CA adoption significantly increases
farm income, with both adopters and non-adopters benefiting if
they choose CA. However, the absence of a time dimension in cross-
sectional data limits the ability to confirm causality, as it cannot
establish temporal precedence. Additionally, reliance on strong
parametric assumptions and the risk of unmeasured confounders
can weaken the reliability and generalizability of causal claims.
These were addressed through estimating counterfactual scenarios;
the model helps infer causal impacts even in the absence of
longitudinal data.

Data

Table 1 below illustrates the data collected from smallholder
farmers in the study area.

Results and findings

This analysis of smallholder vegetable farmers profiles
highlights several socio-economic factors significantly associated

TABLE 1 Variable description and expected sign.

Variable Description and Expected
variable measurement sign

Age Number of years (Continuous) +

Gender Dummy, 1 if the farmer has access +
to extension services, 0 otherwise

Access to extension Dummy, 1 if the farmer is male, 0 +

services otherwise

Access to credit Dummy, 1 if the farmer has access +
to credit, 0 otherwise

Access to agricultural Dummy, 1 if the has access to -

input (fertilizer) agricultural input, 0 otherwise

Member of a farm Dummy, 1 if the farmer is a +

organization member of a farm organization, 0
otherwise

Full-time farmer Dummy, 1 if the farmer is +
full-time, 0 otherwise

Family size Number of people in the household +
(continuous)

Years spent in school Years spent by the farmer in school +
(Continuous)

Distance to the market Distance traveled to access the -

input/output input/output market in Km

Farm size The size of the farm (Continuous) +
in Ha

Access to trainings Dummy, 1 if the farmer has access +
to trainings, 0 otherwise

Outcome variable

Household monthly The income per farm output (ZAR)

Income
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with adopting CA, as shown in Table 2 below. Key differentiators
include access to extension services (68% of adopters vs. 42% of
non-adopters), membership in farm organizations, and training
on new agricultural techniques, each showing a strong association
with CA adoption. The results of this study suggest that
several demographic and economic factors play a crucial role
in determining the adoption of CA practices among smallholder
farmers. The results reveal that female farmers dominate
smallholder farmers in the study area, with 60%. It is not surprising
that the agricultural landscape has changed throughout the world
as more females are investing in and practicing farming. However,
these results contradict the findings of Kangogo et al. (2021) and
Uddin and Dhar (2016), who found that male farmers dominate
smallholder farming as females take care of the household chores.
In terms of demographic characteristics, adopters of CA tend to be
younger, with a mean average age of 47 years, have slightly larger
families (mean average family size of 4 persons in the household),
and farm on marginally larger plots of land (mean farm size of
3 Hectares). The age was used as a proxy for farm experience,
and this means that these smallholder farmers were at their active
age and had farm experience, which guided them to be more
open to adopting innovative agricultural practices as they aim to
enhance their agricultural productivity and farm returns so that
they can take care of their families. These results concur with
Oduniyi et al. (2022), Mango et al. (2017), Apeh et al. (2023), and
Mdoda et al. (2023) that middle-aged farmers played an important
role in adopting innovative technologies aimed at enhancing their
agricultural productivity and farm returns, as these farmers are still
active, able to read, and access information about new agricultural
technologies. Family size was used as a proxy for family labor. The
larger family sizes provide more labor, facilitating the additional
work required for CA methods. Larger farm sizes can also offer
greater scope for implementing practices such as crop rotation
and minimal tillage, which are core to CA. This aligns with the
notion of Mango et al. (2017) that having a larger family size
provides the necessary access to labor and land resources, directly
influencing the decision to adopt CA, as it reduces the operational
constraints that might discourage adoption due to labor limitations.
Furthermore, economic factors such as higher household incomes
and greater educational attainment among adopters signal that
financial stability and knowledge acquisition are key drivers of
adoption. The higher average monthly income (R5,821.20) of
adopters compared to non-adopters (R3,567.31) could mean that
those with more disposable income are better able to afford the
initial investments or input costs required for CA, making them
more likely to engage in sustainable agricultural practices (Geffersa
et al, 2021). Additionally, the results reveal that farmers were
literate (having a mean average of 11 years spent in school) as they
spent more years of schooling, suggesting that adopters may better
understand agricultural techniques and are more likely to be aware
of the long-term benefits of CA. These results agree with Nkonki-
Mandleni et al. (2022) that being literate has assisted the majority of
smallholder farmers to adopt innovative technologies such as CA,
as they have better knowledge and can understand the instructions
on operating these innovative technologies on their farms.

The study also underscores the importance of proximity
to markets in promoting CA adoption. Adopters are located,
on average, 19.26 kilometers from markets, compared to 21.42
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TABLE 2 Profile of smallholder vegetable farmers in the study area.

10.3389/fsufs.2025.1605561

Variable Adopters of CA (120) Non-Adopters of CA (80) Overall (200) T-test ‘
Sex: female 0.58 0.62 0.60 0.018**
Marital status: married 0.66 0.64 0.65 0.876
Access to extension services: yes 0.68 0.42 0.55 0.042**
Member of farm organization: yes 0.70 0.68 0.69 0.003***
Training on new agricultural techniques: yes 0.66% 0.342 0.50 0.016™*
Occupational status: farmer and other 0.54 0.74 0.64 0.752
Variable Adopters of CA (120) Non-Adopters of CA (80) Overall (200) Chi-square
Age 47.68 46.20 46.94 0.008***
Family size 4.26 3.68 3.97 0.028"*
Farm size 2.56 245 2.51 0.030%*
Years spent in school 12.10 10.23 11.17 0.001***
Household monthly income 5821.20 3567.31 4694.26 0.002***
Distance to market output/input 19.26 21.42 20.34 0.012%*

Significance at the 5%, and 1% levels are indicated by **, and ***, respectively.

kilometers for non-adopters. This shorter distance to markets
facilitates more straightforward access to necessary inputs, such
as seeds, fertilizers, and farming equipment, and enables more
convenient sales of agricultural products. This logistical advantage
suggests that CA adoption is influenced by internal factors like
family size and education, and external factors such as market
access, which can significantly reduce barriers to adopting new
farming methods. Social support networks, such as membership in
farm organizations and access to extension services, also emerge
as critical components for adoption. These results concur with
Nkonki-Mandleni et al. (2022) that having contact with other
farmers in the form of farm organizations and contact with
extension agents augments the ability of farmers to use innovative
technologies such as CA on their farms. Adopters are more likely to
have received training on new agricultural techniques and be part
of farm organizations providing valuable resources and support.
Being a full-time farmer played a crucial role in adopting CA, as you
know what is essential for the farm and how to enhance the farm’s
operation. Most of the farmers were full-time farmers. These factors
highlight that adopting CA requires education, financial resources,
social networks, and physical resources.

Extent of farmers’ knowledge about
conservation agriculture practice

The analysis highlights a notable knowledge gap between
adopters and non-adopters of CA practices among vegetable
farmers, indicating that successful adoption is closely tied to
familiarity with these practices. Table 3 below shows Extent of
farmers’ knowledge about conservation agriculture practice by
vegetable farmers. The results reveal that 64%, 26%, and 45%
of adopters, non-adopters, and overall farmers had fundamental
knowledge about CA practices. These results aligned with Uddin
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TABLE 3 Extent of farmers’ knowledge about conservation agriculture
practice by vegetable farmers.

Overall
(200)

Non-
Adopters
of CA (80)

Variable Adopters
of CA

(120)

Zero/minimum tillage 0.56 0.18 0.37
(ripping land preparation)

Crop residue 0.63 0.24 0.44
management (Leave crop
residues in the field after
harvesting, used manure
for fertilizer and weed
scrapper)

Diversified crop rotation 0.72 0.36 0.54
(crop rotation and
intercropping)

Total 0.64 0.26 0.45

Training received on crop 0.54 0.32 0.43
farming

and Dhar (2016) that smallholder farmers know conservation
agricultural practices. The substantial differences in awareness,
such as 56% of adopters understanding zero/minimum tillage
compared to only 18% of non-adopters, suggest that knowledge
of CA methods is critical for implementation. This implies that
efforts to promote CA should prioritize education and awareness
programs targeting non-adopters, particularly practical aspects like
zero/minimum tillage, crop residue management, and diversified
crop rotation.

Moreover, the results indicate that training significantly
influences knowledge levels, with 54% of adopters receiving
relevant training vs. 32% of non-adopters. Providing targeted
training could enhance the knowledge base of non-adopters,
potentially leading to increased adoption rates. The findings
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underscore the importance of integrating training and education
into agricultural policies and initiatives, as they can facilitate the
transition toward more sustainable farming practices.

Determinants of adopting
conservation agriculture by
smallholder vegetable farmers

Understanding the factors influencing the adoption of CA
is essential for enhancing sustainable farming practices among
smallholder vegetable farmers. Table 4 shows the Logistic results
of adopting conservation agriculture by smallholder vegetable
farmers. This study utilized logistic regression to estimate
factors influencing the adoption of conservation agriculture by
smallholder vegetable farmers in the study area, as shown in
Table 4. The table below depicts the factors influencing the
adoption of CA by smallholder vegetable farmers. The logistic
regression analysis of the data, comprising 200 observations, reveals
significant insights into the relationship between predictors and
the binary outcome of CA adoption. The model demonstrates
robustness, highlighted by a high likelihood ratio chi-square (LR)
value of 172.60, indicating an excellent fit to the data. The
associated p-value of 0.0000 firmly rejects the null hypothesis that
no predictors influence the outcome, confirming the statistical
significance of the model. Furthermore, the Pseudo-R? statistic, at
0.6846 (68.46%), indicates that the model explains a substantial
portion of the variance in the dependent variable, showcasing its
efficacy in capturing the relationship between predictors and the
binary outcome. The log-likelihood value of —245.35285 supports
the model’s adequacy, as a higher value indicates a better fit. These
findings demonstrate that the logistic regression model effectively
clarifies the influence of predictors on the likelihood of adopting
conservation agriculture, making it a reliable tool for policy and
decision-making. The next section explores the specific variables
that significantly affect adoption, offering insights into how targeted
interventions can support greater uptake of CA practices among
smallholder farmers. These results support the Logistic and ESR
model’s appropriateness and confirm that selection bias was present
and adequately addressed.

The logistic regression results provide detailed insights into
how various factors influence the adoption of CA among
smallholder vegetable farmers. The farmer’s age is a continuous
variable, which was also used as a proxy for farm experience,
and emerges as a significant determinant in the adoption of CA
among smallholder vegetable farmers, as evidenced by the logistic
regression results. The coeflicient of age was positive (0.682) with a
standard error of 0.239, indicating a positive relationship between
age and CA adoption, with a statistical significance of a 5% level
(p = 0.040). This suggests that every additional year of age by the
vegetable farmer induces the log odds of adopting CA to increase
by 0.682 units. The marginal effect of age (0.032) further clarifies
this impact, showing that each year increases the probability of CA
adoption by ~3.2%. These findings imply that younger and middle-
aged farmers are more likely to embrace CA practices, potentially
due to entrenched farming methods, resistance to change, or high
exposure to new agricultural techniques to enhance productivity
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TABLE 4 Logistic results of adopting conservation agriculture by
smallholder vegetable farmers.

Variable Coef. Std Err. P>Z Marginal
effect
Age 0.682 0.239 0.040** 0.032
Years spent in 1.224 0.294 0.008*** 0.051
school
Access to credit 1.835 0.359 0.007*** 0.025
Distance to market —3.047 0.756 0.001*** 0.038
input/output
Access to 0.7166 0.328 0.029** 0.014
extension services
Family size 1.259 0.126 0.021** 0.023
Farm size —0.423 0.170 0.015™* 0.022
Number of LR Chi- Prob > Pseudo- Log-
observations: 200 square: chi?: R%: likelihood:
172.60 0.0000 0.6846 —245.35285

Significance at the 5%, and 1% levels are indicated by **, and ***, respectively.

and farm returns. These findings align with Nkonki-Mandleni et al.
(2022), who observed that younger and middle-aged farmers are
more likely to adopt CA compared to older farmers, who tend
to have more conservative views and are thus more resistant to
change. As a result, there is an inverse relationship between age and
long-term conservation investment. These results are in contrast
with Ngoma et al. (2021), who found older farmers to be more open
to adopting CA as compared to younger farmers.

The years spent in school by farmers are a continuous variable,
and they emerge as an essential factor influencing the adoption of
CA among smallholder vegetable farmers. The coefficient of years
spent in school was positive (1.224) with a small standard error
of 0.294, indicating a robust and statistically significant positive
relationship between education level and CA adoption at a 1% level
(p = 0.008). This implies that each additional year spent in school
by the farmers induces the log odds of adopting CA to increase by
1.224 units. The marginal effect of 0.051 further underscores this
impact, demonstrating that each additional year of schooling raises
the probability of adopting CA by ~5.1%. These findings highlight
the critical role of education in enhancing farmers awareness,
knowledge, and receptivity to sustainable farming practices. These
results agree with Mdoda et al. (2023) that educated farmers adopt
innovative technology to enhance farm productivity and farm
returns of smallholder farmers. Educated farmers may have better
access to information on the benefits of CA and the skills necessary
to implement these practices effectively.

Access to credit is a categorical variable and arises as a crucial
determinant influencing the adoption of CA among smallholder
vegetable farmers, as indicated by the logistic regression findings.
The coefficient of access to credit was positive (1.835) with a low
standard error of 0.359, underscoring a strong and statistically
significant positive relationship between access to credit and CA
adoption at a 1% level (p = 0.007). This suggests that higher
credit access levels increase the likelihood of adopting CA by
1.835 units. The marginal effect of 0.025 further elucidates this
impact, indicating that improved access to credit enhances the
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probability of CA adoption by ~2.5%. This relationship highlights
the role of financial resources in facilitating the adoption of
sustainable farming practices. Farmers with easier access to credit
may have the means to invest in new agricultural techniques,
purchase necessary inputs, or mitigate risks associated with
adopting unfamiliar methods. These findings are consistent with
those of Gebeyehu (2023) and Nkonki-Mandleni et al. (2022),
who emphasized that access to credit helps ease farmers’ financial
limitations, thereby increasing their ability to cover the transaction
costs associated with adopting conservation agriculture practices
they wish to implement.

The distance to markets for inputs and outputs is a continuous
variable and appears to be a significant factor influencing the
adoption of CA among smallholder vegetable farmers. The
coefficient of distance to market for inputs/output was negative
(—3.047), coupled with a standard error of 0.756, indicating a
robust and statistically significant negative association between
distance to market and CA adoption at a 1% level (p = 0.001).
This suggests that farmers closer to markets for inputs and
outputs are more inclined to adopt CA practices than vegetable
farmers far from the central business area. The marginal effect
of 0.038 provides further clarity, illustrating that for each unit
decrease in distance to the market, the probability of CA adoption
increases by ~3.8%. This finding emphasizes farmers’ logistical
and economic challenges when accessing essential resources and
markets. Proximity to markets facilitates more straightforward
access to agricultural inputs, knowledge, and potential markets for
produce, all of which are crucial for successfully implementing and
sustaining CA practices.

As the logistic regression analysis indicates, access to extension
services is a categorical variable and is a fundamental factor
influencing the adoption of CA among smallholder vegetable
farmers. The coefficient of access to extension services is positive
(0.7166), with a standard error of 0.328, revealing a statistically
significant positive relationship between access to extension
services and CA adoption at a 5% level (p = 0.029). This implies
that improved access to extension services increases the likelihood
of adopting CA by 0.7166 units. These results were in line
with Loki and Mdoda (2023), who stated that having access to
extension services assists farmers in adopting new technologies
to enhance their production. The marginal effect of 0.014 further
clarifies this impact, indicating that better access to extension
services leads to an approximate 1.4% increase in the probability
of CA adoption. Extension services are crucial in disseminating
knowledge, providing technical support, and facilitating access
to resources necessary for adopting new agricultural practices.
Farmers with enhanced access to extension services will likely
receive guidance on CA techniques, benefits, and implementation
strategies, reducing adoption barriers such as uncertainty and
lack of information. Gebeyehu (2023) and Nkhoma and Kalinda
(2017) highlighted that having access to agricultural extension
services significantly improves the efficiency of adoption decision-
making processes.

Family size is a continuous variable and is one of the crucial
determinants influencing the adoption of CA among smallholder
vegetable farmers. The coeflicient of family size was positive
(1.259), coupled with a standard error of 0.126, indicating a robust
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and statistically significant positive relationship between family size
and CA adoption at a 5% level (p = 0.021). This suggests that
larger families are more likely to adopt CA practices, increasing
the log odds of adoption by 1.259 units. The marginal effect
of 0.023 provides further insight, indicating that each additional
family member increases the probability of CA adoption by
~2.3%. Larger families may have more labor resources, allowing
them to effectively implement and manage the additional tasks
associated with CA practices. Moreover, larger households might
also perceive CA adoption as a strategy to enhance productivity and
sustainability, aligning with their economic and food security goals.
These results align with the findings of Oscar et al. (2019), who
emphasized the importance of family size in smallholder farming.
A larger family provides essential labor for the farm, which is
particularly vital for conservation agriculture practices, as these
families are more likely to have a surplus of labor needed to carry
out conservation activities.

Farm size is a continuous variable and plays a crucial role in
shaping the adoption of CA among smallholder vegetable farmers,
as evidenced by the logistic regression analysis. The coefficient of
farm size was negative (—0.423), accompanied by a standard error
of 0.170, revealing a statistically significant negative relationship
between farm size and CA adoption at a 5% level (p = 0.015). This
suggests that larger farm sizes decrease the likelihood of adopting
CA by 0.423 units. The marginal effect of 0.022 further elucidates
this relationship, indicating that each additional unit increase in
farm size corresponds to an ~2.2% decrease in the probability of
CA adoption. This finding may stem from several factors: larger
farms already have established practices that are less compatible
with CA, face higher operational complexities in transitioning to
new methods, or perceive lower immediate benefits from changing
practices than smaller farms. However, it’s essential to note that
while larger farms may show lower adoption rates of CA, they
could still benefit from tailored support and incentives to overcome
barriers and promote sustainable practices. These results contrast
with the findings of Ngoma et al. (2021), who discovered that
farmers with larger farm sizes can experiment with conservation
agriculture on certain portions of their land while continuing to use
conventional farming methods that are lower in risk and return.

Impact of the adopted conservation
agriculture by smallholder vegetable
farmers

In this study, missing data were carefully addressed to maintain
the integrity and reliability of the analysis. Table 5 shows the
findings from the Endogenous Switching Regression (ESR) model,
which evaluates the impact of adopting conservation agriculture
(CA) on the farm income of smallholder vegetable farmers. Prior
to model estimation, the dataset was examined for incomplete
observations. Cases with missing values on key variables [such as
farm income, CA adoption status, and instrumental variables (e.g.,
access to extension services, distance to market)] were excluded
using listwise deletion, as the proportion of missing data was
relatively low (<5%). This approach ensured that only complete
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and consistent records were included in the Endogenous Switching
Regression (ESR) model. Although listwise deletion may reduce
sample size, it avoids introducing potential bias associated with
imputation methods when the missing data are minimal and
assumed to be missing completely at random. This strategy helped
preserve the validity of the estimates while ensuring that the
analysis was based on a robust and complete dataset.

Table 5 shows the findings from the Endogenous Switching
Regression (ESR) model, which evaluates the impact of adopting
conservation agriculture (CA) on the farm income of smallholder
vegetable farmers. The analysis considers both the Average
Treatment Effect on the Treated (ATT) and the Average Treatment
Effect on the Untreated (ATU), offering a detailed comparison
of income outcomes between adopters and non-adopters. In this
study, the Endogenous Switching Regression (ESR) model assumes
joint normality of the error terms in the selection and outcome
equations, but this assumption was not formally tested. This was
a practical choice due to data limitations, allowing the model to
estimate treatment effects and correct for selection bias. While the
results suggest a strong positive impact of CA adoption on income,
the results were interpreted with caution, and future studies are
encouraged to test this assumption or use alternative estimation
methods for validation. Results are shown in Table 5 below.

The analysis of the impact of adopting conservation agriculture
(CA) on farm income among smallholder vegetable farmers reveals
several key insights. Adopters of CA earned an average income of
ZAR 7,294, compared to ZAR 6,205 for non-adopters. The Average
Treatment Effect on the Treated (ATT) is estimated at ZAR 3,982
(p < 0.01) with a standard error of 176, indicating that adopters
earned nearly ZAR 4,000 more than they would have if they had
not adopted CA. Similarly, the Average Treatment Effect on the
Untreated (ATU) is ZAR 1,893 (p < 0.01) with a standard error of
43, suggesting that non-adopters could have significantly increased
their income had they adopted CA practices. The results clearly
demonstrate the positive and significant economic impact of CA
adoption among smallholder vegetable farmers. These findings are
consistent with previous empirical studies (Khonje et al., 2018;
Oduniyi et al., 2022; Sankhulani, 2021), which also documented
income gains from CA adoption. Moreover, the greater potential
benefit for non-adopters (ATU) suggests a missed economic
opportunity and highlights the importance of addressing the
barriers to adoption, such as limited awareness, access to resources,
or risk aversion. The generated income assisted smallholder
vegetable farmers in investing in new and improved agricultural
inputs, ultimately enhancing farmers capacity to accumulate
productive assets required for farm operations. Notably, the
analysis also reveals significant heterogeneity in treatment effects,
with the potential income gain being greater for non-adopters

10.3389/fsufs.2025.1605561

(ZAR 1,759) than for current adopters (ZAR 670). This suggests
that while CA benefits all farmers, its impact may vary depending
on individual or contextual factors. Therefore, efforts to promote
CA should focus not only on expanding adoption but also on
tailoring support to farmer-specific needs to maximize its benefits.

Challenges faced by smallholder
vegetable farmers in adopting CA

Adopting CA poses several challenges for smallholder vegetable
farmers, as highlighted by the statistics detailing the specific
constraints they face. Figure 3 below illustrates constraints faced
by smallholder vegetable farmers in adopting CA. One of the most
significant hurdles is the lack of financial support, which affects 28%
of farmers attempting to transition to CA practices. This includes
difficulties securing funds for purchasing necessary equipment,
seeds, and inputs crucial for implementing CA techniques
effectively. Without adequate financial resources or access to credit,
farmers struggle to make the initial investments required, hindering
adoption efforts. Another critical issue is farmers insufficient
knowledge about CA, affecting 18% of those surveyed. Many
smallholders may not be familiar with the principles and benefits
of CA, such as soil conservation practices, crop rotation, and
integrated pest management. This lack of technical knowledge
and training hampers their ability to successfully adopt and adapt
CA practices.

Social and cultural factors also play a significant role, impacting
22% of farmers. Traditional farming practices deeply ingrained in
local communities may resist changes brought by CA, complicating
adoption efforts despite potential benefits. Moreover, the perceived
risks and uncertainties associated with transitioning to CA, cited
by 10% of farmers, further deter adoption. These uncertainties
may include uncertain yield outcomes, market acceptance of
CA-produced crops, and climate variability affecting farming
conditions. Additionally, the high costs (14%) and inaccessibility
(8%) of CA tools and equipment pose considerable barriers.
Farmers may find it financially challenging to acquire specialized
equipment and may face logistical difficulties in accessing these
tools due to limited availability in local markets or inadequate
infrastructure Figure 3.

Implications for extension services

The role of extension services in promoting the adoption
of CA among smallholder vegetable farmers is critical, as they
directly influence key factors such as knowledge dissemination,

TABLE 5 ESR estimating the effect of the adopted conservation agriculture by smallholder vegetable farmers.

Variable Smallholder vegetable Adopters of CA Non-adopters of Treatment effect:
farmers Strategies (c1) any CA Strategies (c2) ATT/ATU (c3)
Farm income Adopters (r2) 7294 (175) 3312(15) 3982 (176)***
Non-adopters (r3) 6205 (39) 4642 (16) 1893 (43)***
Heterogeneity (r4) 1089 670 1,759***
¥ p < 0.01, **p < 0.05, Standard errors in parentheses.
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FIGURE 3
Constraints faced by smallholder vegetable farmers in adopting CA.

training, and resource access. The findings of this study
demonstrate that adopters of CA exhibit significantly higher
awareness levels compared to non-adopters, with 64% of adopters
being knowledgeable about CA practices, compared to just 26%
of non-adopters. This disparity underscores extension services’
pivotal role in bridging the knowledge gap. By offering tailored
training, demonstrations, and information on sustainable farming
practices like zero/minimum tillage, crop residue management, and
diversified crop rotation, extension services can enhance farmers’
understanding and encourage the broader adoption of CA.
Training is another critical component that influences adoption
rates. The study reveals that 54% of CA adopters received
relevant training, compared to 32% of non-adopters. Providing
structured, practical training that is closely aligned with local
farm conditions and socio-economic contexts equips farmers
with the necessary skills to implement CA practices successfully.
This highlights the importance of extension services in building
farmers’ capacities by disseminating knowledge and fostering the
confidence needed to adopt innovative agricultural methods. In
addition to knowledge and training, access to resources and
continuous support are essential for promoting CA adoption. The
study finds that 68% of CA adopters had access to extension
services, compared to 42% of non-adopters, further emphasizing
the importance of extension agents in offering sustained guidance.
Extension services can connect farmers to crucial resources
such as farm organizations, inputs, and support networks that
enhance collaboration, knowledge-sharing, and resource access.
These services can also assist in overcoming financial barriers by
advising farmers on cost-sharing mechanisms, credit access, and
subsidies for adopting CA technologies. Economic support and
the long-term financial benefits of CA practices can significantly
motivate farmers, especially those with higher disposable incomes.
Furthermore, tailoring extension services to meet the specific
needs of diverse demographic groups, such as younger farmers,
larger families, and female farmers, can increase CA adoption.
An inclusive approach that addresses gender-specific challenges
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ensures that all farmers have equal opportunities to benefit from
CA practices. Extension services can also help farmers overcome
logistical challenges, such as improving market access and
promoting local input suppliers significantly farther from markets.

The study’s findings highlight the critical role that extension
services play in facilitating the adoption of CA. With 68% of
CA adopters having access to extension services vs. just 42% of
non-adopters, it is clear that extension services are a significant
factor in enabling the transition to sustainable farming practices.
Furthermore, the study reveals that 66% of CA adopters received
training on new agricultural techniques, compared to only 34%
of non-adopters. These findings emphasize that through practical
training and information dissemination on CA practices like
zero/minimum tillage and crop residue management, extension
services can bridge the knowledge gap and help farmers overcome
barriers to adoption. The study also identifies socio-economic
factors (such as education, family size, farm size, and income)
as significant contributors to CA adoption. Adopters tend to be
more educated and have larger families that can provide the labor
required for CA practices. These factors suggest that targeted
extension services tailored to the socio-economic profiles of
farmers can significantly increase CA adoption, thereby promoting
sustainable agricultural practices on a wider scale.

Additionally, addressing logistical and economic challenges is
crucial in facilitating the adoption of CA. Proximity to markets, for
instance, plays a significant role, with adopters living an average
of 19.26 kilometers from markets, compared to 21.42 kilometers
for non-adopters. Extension services can mitigate such challenges
by improving access to resources such as seeds, fertilizers, and
equipment, which are necessary to implement CA successfully.
Membership in farm organizations also plays a crucial role, as these
organizations often serve as platforms for information sharing,
problem-solving, and mutual support. These findings align with
previous research that emphasizes the importance of extension
services in enhancing the capacity of smallholder farmers to
adopt sustainable farming practices. Extension services can help
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smallholder farmers overcome financial constraints, knowledge
gaps, and resistance to change by providing technical expertise
and logistical support. Therefore, the study advocates for increased
investment in extension services and support structures that
create an environment conducive to the widespread adoption of
Conservation Agriculture among smallholder vegetable farmers.

Conclusion and policy
recommendations,

This study assessed the impact of Conservation Agriculture
(CA) adoption on farm returns among smallholder vegetable
farmers in the Eastern Cape Province. Using a mixed-methods
approach, data were collected from 200 smallholder farmers
through structured questionnaires, interviews, and farm-level
economic analysis. Logistic regression and Endogeneity Switching
Regression (ESR) were applied to examine both factors influencing
CA adoption and its effect on farm profitability.

The findings reveal vital insights into smallholder dynamics and
the effectiveness of CA practices. A key finding is the knowledge
gap between adopters and non-adopters of CA practices, with
awareness playing a central role in successful implementation.
Fifty-six percentage of CA adopters understood zero/minimum
tillage, compared to only 18% of non-adopters, highlighting the
critical importance of awareness in influencing behavior.

Training is the key factor in influencing adoption. Fifty-four
percentage of CA adopters received CA training, while only 32%
of non-adopters had similar exposure, highlighting the value of
technical support in agricultural transformation. These findings
suggest that enhancing training and awareness, particularly on
practical aspects such as zero/minimum tillage, crop residue
management, and crop rotation, could significantly encourage CA
adoption. By incorporating education and training into agricultural
policies and initiatives, farmers’ knowledge of CA can be improved,
fostering the adoption of sustainable practices that contribute to
environmental resilience and long-term farm productivity.

The logistic regression analysis identified additional factors
influencing CA adoption. Age has a negative effect on CA
adoption, suggesting that younger farmers are more likely to
adopt innovative practices. Education, access to credit, proximity
to markets, and access to extension services positively influence
adoption, while larger farm sizes tend to discourage transition to
CA among smallholders.

These findings offer valuable insights for policymakers and
agricultural stakeholders to implement targeted interventions that
promote CA adoption and improve agricultural sustainability
in smallholder farming communities. Strengthen the capacity of
extension agents to deliver tailored CA training. Outreach efforts
could play a key role in disseminating CA techniques and technical
support to farmers, especially those with limited resources.

Moreover, policy efforts to enhance financial inclusion for
smallholder farmers. Establish microcredit facilities, flexible input
financing schemes, and subsidies that make it easier for smallholder
farmers to invest in CA practices. This could assist in improving
access to agricultural inputs while encouraging the adoption of
CA, particularly in rural areas. Addressing barriers to credit access
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through partnerships with financial institutions, cooperatives and
government is critical to ensure sustainable funding mechanism.
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