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Editorial on the Research Topic
 Transforming African food systems




It is now widely recognized that food systems in Africa need to urgently transform with the goal of delivering universal access to sustainable, healthy diets for all. Despite political will and agreements via the UN Food Systems Summit (2021) and the 4th CAADP Biennial Review (2024), progress in transforming African food systems remains far too slow and nutritious diets remain inaccessible to more than 1 billion people in Africa.

Food systems are now operating in a world that is considerably more volatile, with multiple threats intensifying and combining in new ways. Climate change, conflict, human pandemics, crop pests and diseases are all obvious examples. The capacity of African countries to respond to these challenges is increasingly constrained by a developing debt crisis, combined with high levels of inflation. While the outlook is very challenging, recent reviews of African food system transformations (e.g. Global Panel, 2025) chart a way forward, capitalizing on the very considerable human capital across the continent, notably relating to women and youth, and seizing the many opportunities throughout the food value chain, offered by innovation and new digital technologies.

There is a pressing need for researchers to engage in participatory and community-based research to co-develop locally relevant food system resilience programming. To this end, research programmes such as the Food Systems Research Network for Africa (FSNet-Africa) have been designed and implemented to strengthen African research capacity to tackle Africa's wicked food system development challenges (Mkandawire et al., 2024). Developing the next generation of African food systems scientists and practitioners requires intentionally designed, experiential programmes that pair mentored, transdisciplinary research with embedded stakeholder co-creation. The FSNet-Africa model demonstrates how a 2-year fellowship—with training aligned to the research cycle, a multi-mentorship structure, and boundary-spanning engagement through policy-analysis partners—can translate into locally anchored impact (Swanepoel and Mentz-Coetzee, 2025). These design elements echo the call for people-centered, partnership-driven capacity that links science, policy and practice in resource-constrained settings. The results are visible in this Research Topic, with eight FSNet-Africa fellows serving as authors across the collection.

This Research Topic edited by members of the FSNet-Africa leadership team provides a tailored analytical framework aimed at enabling holistic African food systems analysis (May et al.); systematic reviews on the role of new digital technologies in transforming agricultural production (Fue et al.), supply chain challenges (Masekwana and Jokonya; Mbadlisa and Jokonya; Undre and Jokonya) and evidence-informed policymaking (Aremu); together with detailed empirical case study research of food system transformations from across West, East and Southern Africa.

It is only through the collation and comparison of a wide range of food system insights that stronger guidance to policy makers and food system stakeholders will be possible on how to strengthen the resilience of food systems to face the multiple interlinked challenges affecting African food systems. The case studies presented here purposively and effectively address a range of different geographical contexts and different elements of the food system, offering important insights into the strengths of African food systems and opportunities to benefit the health of populations, livelihoods and the environment. For example, in agricultural production, it is vital to develop a better understanding of how regenerative, climate-smart agricultural practices can be incentivised among smallholder farmers (Debie; Ojo et al.) and to recognize the gendered impacts of climate change impacts (Cheboi et al.), resilience-building pathways (Bwalya et al.) and adaptive capacity (Machio et al.). In addition, the case studies here match recent calls (e.g. FAO, 2024) to enhance the potential of the continent's vast array of underutilized (or “forgotten”) food crops, which have the potential to help with drought tolerance and nutrition challenges resulting from the current over-reliance on global commodity foods such as maize and rice. Notably, studies in Ghana highlight how egusi can enhance climate resilience and sustainable nutrition (Boakye et al.), whilst a trade policy review from Tanzania stresses that existing policies do not sufficiently encompass indigenous crops, leading to limited trade potential (John and Gandidzanwa). Similarly, studies in South Africa on taro root and sweet potato uptake by smallholder farmers demonstrate that raising awareness, addressing market constraints, and fostering positive perceptions of underutilized crops are all crucial for increasing their consumption (Cele and Mkhize).

The importance of mixed farming systems with both livestock and crops is another traditional feature of African food systems that offers scope for further transformations through the integrated use of new technologies and the improved targeting of extension advice. For example, studies in Ghana show that small ruminant livestock can efficiently convert nutrient-rich food waste from fruits like cashew apples, papayas, and mangoes into valuable milk and meat products (Anim-Jnr et al.). In Kenya, the value of community-led transdisciplinary research as a tool to enhance the effectiveness of dairy systems is illustrated (Mukhovi et al.), whilst the importance of addressing gender disparities in extension advice in agro-pastoral systems is highlighted for both Zambia (Bwalya et al.) and Kenya (Cheboi et al. ).

The opportunities provided by developing a better understanding of how novel technologies can be applied to enhance resilience at the agro-ecological level is another theme for both smallholder and commercial farming systems. Case study analysis highlights the role financial incentives and targeted extension advice can play in more commercialized farming systems, such as with sugarcane in Tanzania (Pato et al.) and to a lesser extent with Hass avocado in Uganda (Sseruwagi et al.), but also the very significant barriers that remain in smallholder systems as shown for South Africa (Nxumalo and Chauke) and East Africa (Fue et al.).

Food systems governance issues in relation to multi-stakeholder networks and communication channels to build inclusion and agency for local voices (farmer groups, extension staff, and market trader associations) are another area identified as requiring further empirical insight (Global Panel, 2025) and where this Research Topic provides important case study analysis. The importance of stronger multi-stakeholder partnerships working at a local and district level is consistent across all the case studies presented, with challenges noted in terms of the adaptability of both government and donor and civil society organizations in facilitating this, especially in relation to engaging private sector actors to improve nutrition (Mittal et al.) and in catalyzing the role food consumers can play in driving changes in food value chains toward more sustainable and nutritious choices (Alphonce et al.). Studies with agribusiness entrepreneurs highlight the potential of non-profit accelerators in fostering food systems transformation through SME development, with important implications for driving sustainable growth (Lozano Lazo et al.). Similarly, the role of trade agreements and regulation as a means to strengthen the resilience of food systems remains only superficially examined in many cases, and further analysis, as per the Tanzanian example (John and Gandidzanwa), will be important in the coming years.

In all such multi-stakeholder partnership working, especially when considering the role for science and research connections, care needs to be given to issues concerning intellectual property to ensure all relevant actors and especially typically marginalized farming groups, are able to access such developments and benefit directly from new knowledge and technological opportunities. Monitoring of community-level impacts of research connections has been an integral element of FSNet-Africa training (Mkandawire et al., 2024), and we are encouraged by the reflective depth encapsulated in the wide range of case study insights provided in this Research Topic. This is a clear indication of new ways of collaborative working across the academia—policy—practice nexus that is a vital ingredient for creating more resilient and sustainable Food System Transformations across Africa.
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This article studies the body of agriculture evidence synthesis in Nigeria as a basis for evidence-informed policymaking (EIPM). EIPM is seen by its advocates as an objective way of identifying problems and proffering solutions that work, given its potential to offer sound bases for choices, helping with more effective decisions, and preventing detrimental policy outcomes. Yet, according to the EIPM literature, policymakers hardly use evidence or use it to justify pre-existing beliefs. At the same time, EIPM is often criticized as being susceptible to bias, especially given the large volumes of research being published that may arrive at different conclusions. One tool that could address these challenges is research evidence syntheses, known to be objective and rigorous, although there is a gap in knowledge on whether they are produced in ways that make them easily usable by decision makers. To bridge this knowledge gap, this study develops an analytical framework from the literature on facilitators and barriers of scientific evidence use to analyze existing agriculture-based evidence syntheses in Nigeria. The analytical framework was used to analyse and identify gaps in these syntheses that may limit their use by decision makers. Based on pre-defined search criteria, we find 19 relevant syntheses which are more qualitative and useful in defining policy-relevant problems; however, they mostly do not provide quotable economic statistics, solutions to address the problems identified, or implementation strategies. Given the currently limited number of evidence syntheses, especially those evaluating effectiveness of policy solutions, stakeholders interested in strengthening EIPM in Nigeria could facilitate collaborations between policymakers and researchers to popularize policy-relevant evidence synthesis and ensure such are made available and accessible to users in timely and usable formats.

Keywords
 systematic review; meta-analysis; evidence; policymaking; agriculture; Nigeria; knowledge translation


1 Introduction

This article studies the body of agriculture evidence synthesis in Nigeria as a basis for evidence-informed policymaking (EIPM). Politicians and decision-makers often face criticism from EIPM scholars for not using scientific evidence to support their decisions or for using it selectively to fit pre-existing beliefs (Buffardi et al., 2020; Fussy, 2022; Jones and Louis, 2018; Newman et al., 2015; Ouimet et al., 2023; Strassheim and Loer, 2019). Much EIPM research has focused on this low or non-use of evidence by policymakers. If policymakers are not using scientific evidence as expected, understanding these decision makers’ perspectives is crucial to enhancing science’s role in decision-making. Thus, a section of the EIPM literature has also been dedicated to exploring barriers and facilitators to using scientific evidence in policymaking to improve the role of science in the policy process. Part of the challenges identified in this literature is the fact that scientific research is often conducted for an audience of researchers, with little focus on policymakers’ needs (Oliver et al., 2014). Notwithstanding the literature on the facilitators and barriers of evidence use, a gap remains in understanding whether producers of scientific evidence consider the identified barriers and facilitators seriously when producing policy-relevant products. This study attempts to fill this gap in knowledge.

The push for using scientific evidence in policymaking gained popularity in the 1990s through the UK Labour Party’s efforts to base policies on research rather than political ideologies (Hadorn et al., 2022; Newman et al., 2015; Nutley et al., 2007; Sager et al., 2023). Advocates argue that scientific evidence helps objectively identify problems, propose solutions, achieve optimal results, and evaluate outcomes (Fussy, 2022; Ndu et al., 2022; Whitfield, 2012). They claim evidence provides a sound basis for decisions, encourages critical questioning, and prevents harmful outcomes (Haddaway and Pullin, 2014; Thomas-Walters et al., 2021; Yanovitzky and Weber, 2020). In Africa, the call for evidence-based agriculture policymaking began in the late 1980s, gaining popularity in the 2000s (Whitfield, 2012). In Nigeria, the 1988 civil service reform established departments of planning, research, and statistics (DPRS) in government ministries to address administrative data challenges (Ajakaiye, 2021). However, EIPM faces criticism for selective use and subjective interpretation of evidence (Newman et al., 2017; Schlaufer et al., 2018). Additionally, relying on single studies for conclusions can be misleading and biased (Siddaway et al., 2019; Tricco et al., 2015).

Consequently, within EIPM circles, evidence syntheses and randomized control trials are often praised for their rigor and objectivity (Bedard and Ouimet, 2017, Cairney and Oliver 2017, White and Waddington, 2012) and ranked highest among other evidence sources (“hierarchy of evidence”) when intervention effectiveness, appropriateness, and feasibility are of interest (Figure 1). A systematic review, often called research synthesis, involves strategies to limit bias in assembling, critically appraising, and synthesizing all relevant studies on a topic (Newcomer et al., 2015).1 These reviews help assess multiple studies to understand or replicate interventions, generalize findings, and summarize complex evidence while limiting bias (Bedard and Ouimet, 2017). Although their use started in medical science, research syntheses (including meta-analysis and systematic reviews) and randomized control trails have been extended to environmental and social sciences (Haddaway and Pullin, 2014). They are praised as the industry standard and best source of evidence; providing policymakers with summaries on intervention impact and effectiveness and identifying points of consensus or dissent across a body of a literature (Bedard and Ouimet, 2017; Haddaway and Pullin, 2014). Compared to single studies, evidence synthesis provides a more objective source for informed policymaking. Recently, living syntheses have also been suggested as even better sources of evidence given that they are continuously updated with the latest evidence to increase value and validity of evidence syntheses in decision making (Elliott et al. 2017; Iannizzi et al., 2021). However, evidence syntheses are currently few (Bedard and Ouimet, 2017) and underutilized (Vale et al., 2015), despite indications that policymakers are interested in using them (Thomas-Walters et al., 2021; Wallace et al., 2012).

[image: Pyramid chart representing the hierarchy of evidence in research. At the top, strongest evidence: living evidence syntheses, meta-analyses, and systematic reviews. Below, randomized and non-randomized control trials, case control and cohort studies. Lower tiers include systematic reviews of descriptive studies, single descriptive studies, with expert opinion at the base as the weakest evidence. Gradients transition from green at the top to red at the bottom.]

FIGURE 1
 Hierarchy of evidence from weak to strong. Source. Author’s, based on a modification of Ball and Regan (2019), Evans (2003), and Miller and Jones-Harris (2005).


This study attempts to bridge the gap in knowledge with regards to the policy relevance of evidence syntheses by analysing systematic reviews and meta-analyses on agriculture in Nigeria using an analytical framework developed based on studies of facilitators and barriers to using scientific evidence. The study answers this question: are evidence syntheses on agriculture in Nigeria produced in a way that predisposes them to being used by decision makers? The paper proceed as follows: in the next section, I present the case of Nigerian agricultural policy and the role of evidence therein. The section after develops the analytical framework before I present our empirical strategy. I then present our findings and discuss them in the light of the analytical framework before I conclude with concrete policy recommendations. I conclude that to promote evidence-informed policymaking, agricultural evidence syntheses should be more policy relevant and available to decision makers in a timely manner and usable formats.



2 Nigeria, agricultural policy, and scientific evidence

Nigeria, with thirty-six states and a federal capital territory divided into six geopolitical zones, is home to over 200 million people and has an economy over $440 billion (World Bank, 2022), making it the largest population and economy in Africa. About 80% of Nigeria’s 924,000 square kilometres of land is arable, but only half is currently cultivated (Tijani et al., 2015). Agriculture, primarily consisting of smallholder farms, employs over 36% of the labour force (Anugwa et al., 2022) and contributes 23–26% to the Gross Domestic Product (NBS, 2022; World Bank, 2022). By the early 1990s, the agriculture sector recognized the importance of reliable and timely data for planning, decision-making, and evaluation, leading to plans for a National Agricultural Information Management System (Ukpong and Alegieuno, 1992). Despite these efforts, gaps remain in generating timely and credible scientific information for policymakers (Delgado et al., 2019; Elueze, 2016; Liverpool-Tasie and Andam, 2021). The agriculture sector faces challenges such as low yield, low investment, land tenure issues, poor research-extension linkage, and limited access to finance (Olomola and Nwafor, 2018). Thus, there is a potentially significant role for research to drive the transformation of Nigeria’s agriculture sector.

While the body of knowledge on evidence-informed decision-making in Nigeria is growing, there is a notable gap of knowledge on EIPM in agriculture and a lack of understanding regarding the role of evidence synthesis in the policy process. Moreso, most EIPM research focus on whether policymakers use evidence (the demand side), with limited studies on whether scientific evidence is produced in ways that encourage use by decision makers (the supply side). Researchers have noted that research syntheses often face challenges that limit its uptake by policymakers (South and Lorenc, 2020; Vale et al., 2015; Wallace et al., 2014). These challenges include accessibility, length, policy relevance, transparency, implementation strategies, and information on benefits, costs, potential harms, and transferability of findings (Haddaway and Pullin, 2014; South and Lorenc, 2020; Lavis, 2009; Munthe-Kaas et al., 2020; Wallace et al., 2012; Wallace et al., 2014). Addressing these challenges could increase the use of evidence synthesis by policymakers.



3 Framework of analysis

As highlighted in the introduction, research syntheses are valuable for policymaking because they provide a comprehensive review of a literature through a transparent and rigorous process that minimises bias (Siddaway et al., 2019). However, producing these syntheses is often time-consuming and resource-intensive, typically taking 9–12 months to complete (Haddaway and Pullin, 2014; Thomas-Walters et al., 2021). Despite these, research syntheses are under-utilized partly because they often fail to offer useful implications for policy and practice (Wallace et al., 2014). While there is considerable evidence on the barriers and facilitators of using scientific evidence, including research syntheses, there is a lack of understanding of whether producers of evidence syntheses prepare them with the recommendations from this literature in mind. To explore this, we develop an analytical framework based on the literature on the barriers and facilitators of using scientific evidence and assess published meta-analysis and systematic reviews against this framework. We focus only on assessing the content of the research syntheses. This means, for instance, that even though the literature emphasizes the importance of policy-relevant dissemination strategies such as briefs, summaries, and targeted messaging (Lavis, 2009; South and Lorenc, 2020; Wallace et al., 2014), it is outside the scope of our study to assess if authors provided this to policymakers. Nonetheless, our theory-driven framework is useful in providing insights on whether evidence syntheses are being produced in ways that increase the likelihood of their use by decision makers.

With the framework, we first provide a general description of the evidence syntheses by examining their publication year, type (qualitative, quantitative, or mixed), number of primary studies included, length, open access status, funding support, and local authorship contribution (Table 1). Next, we analyse each synthesis based on the stage of the policy process it applies to, such as problem framing, policy option identification, or implementation strategies see Table 1 in Lavis (2009). For example, studies that identify indicators or factors contributing to a policy problem, compare data across different contexts, or offer alternative framings are useful for problem framing. Studies that identify policies or programs addressing the problem, including their impacts, cost-effectiveness, and success factors, inform policy option identification. Finally, reviews that identify barriers to implementation or compare the effects of different strategies are relevant for the implementation stage (Lavis, 2009).



TABLE 1 Analytical framework for assessing the research synthesis.
[image: Table listing criteria for research synthesis evaluation. Four main categories are included: General description, Policy process applicability, Potential policy usefulness, and Transparency. Each category has sub-criteria, such as year of publication, type of research synthesis, policy problem definition, review aim, and study limitations. Definitions and explanations are provided for each sub-criterion, with references for further details.]

We then evaluate the reviews’ potential usefulness to the policy process by examining their motivations, collaboration with policymakers, clear provision of policy implications, and inclusion of information on benefits, cost-effectiveness, or economic information. These factors are known to influence the use of evidence syntheses by policymakers [see Siddaway et al. (2019), South and Lorenc (2020), Thomas-Walters et al. (2021), and Wallace et al. (2012)]. Reviews are typically conducted either due to research gaps/curiosity or commissioned by policymakers (Haddaway and Pullin, 2014). Given that researchers tend to have different priorities than policymakers (Hadorn et al., 2022, Newman et al., 2015), it is likely that purely curiosity-driven syntheses focus on identifying research gaps, whereas commissioned syntheses address specific policy issues and are more useful to decision makers. We also assess whether the synthesis process involved collaboration with stakeholders, a factor that enhances the likelihood of evidence syntheses’ use (Munthe-Kaas et al., 2020; Thomas-Walters et al., 2021). Additionally, we examine if each synthesis clearly states policy implications, as research syntheses should target decision-makers and provide practical recommendations (Thomas-Walters et al., 2021; Siddaway et al., 2019). Finally, we analyse whether the syntheses include information on benefits, costs, and economic implication, which are crucial for policymakers (South and Lorenc, 2020; Wallace et al., 2012).

Lastly, we examine how transparent authors are in the evidence synthesis. Without high-quality evidence, necessary policy changes might not occur, or decisions could lead to harmful outcomes (Haddaway and Pullin, 2014). Recognizing the importance of quality evidence in policymaking, we assessed the syntheses’ quality based on their transparency in research methods and reporting of limitations and potential risks or harms (Haddaway and Pullin, 2014; Tricco et al., 2015; Wallace et al., 2012). A known facilitator of evidence synthesis use is if the synthesis increases the confidence of policymakers (Wallace et al., 2014). Policymakers are likely to trust and use a research synthesis if the authors clearly provide easily interpreted methods, assumptions, bias, and limitations involved in the research process.



4 Research design

Research synthesis can be broadly classified into quantitative and qualitative approaches (Siddaway et al., 2019). Boaz et al. (2006) also identified three classes of synthesis, including quantitative synthesis, qualitative or narrative synthesis, and meta-ethnography. This study employs a qualitative systematic review, or narrative review, which is suitable for addressing specific research questions posed. A narrative review is effective for synthesizing studies with different theoretical frameworks, constructs, and relationships [Baumeister 2013 in Siddaway et al., 2019]. Given that agriculture is very broad, encompassing sub-fields like crops, livestock, fisheries, and forestry, each with further subdivisions such as livestock diseases and production systems, a narrative review is the most appropriate synthesis method. We adhere to standard systematic review procedures: formulating a question, writing a protocol, searching for studies, screening, appraising, extracting data, and synthesizing findings (Haddaway and Pullin, 2014).


4.1 Search strategy

A search was conducted on the Web of Science database in January 2023 which produced 187 initial results with the following terms: “meta-analysis” OR “systematic review” OR “meta-synthesis” OR “systematic literature review” OR PRISMA [in the abstract] AND (agriculture OR animal OR livestock OR fish OR aquaculture OR crop OR forest OR farm) AND Nigeria [in all fields]. The same search terms were used on Science Direct, Taylor and Francis Online, and Wiley Online Library databases, producing 1,435, 288, and 508 initial results, respectively, (Figure 2). A similar search was conducted on Google scholar with the terms: (systematic review OR synthesis OR meta-analysis OR meta-synthesis) AND Nigeria AND (agr* OR food OR farm* OR forest OR fish* OR livestock) -metal* -nano* which produced an initial 7,160 results.2 Based on the defined criteria and after title and abstract screening and duplicate removal, full text of 57 articles were reviewed which eventually produced a total of 19 articles that met the inclusion criteria and were included for the qualitative systematic review.

[image: Flowchart depicting article identification and screening process. Initially, 9,579 articles were identified from various sources. After title and abstract screening, 68 articles were selected. Reasons for exclusion include irrelevance to agriculture sectors or Nigeria. Ultimately, 19 articles remained for analysis after eliminating duplicates.]

FIGURE 2
 Flow diagram of the steps in the selection of eligible studies for the review. GS, Google scholar, SD, science direct; T&F, Taylor and Francis online; WOL, Wiley online library; WoS, web of science; HS, hand searching.




4.2 Inclusion and exclusion criteria

The inclusion criteria defined in advance are (1) systematic reviews and meta-analyses that relates to food and agriculture (i.e., discussing crop, livestock, fisheries, forestry, or general agriculture), and (2) focus directly on Nigeria. That is, a study with a West African, sub-Saharan Africa or African focus was not included as these were beyond the scope of this study. Studies that also focused on food science, processing, safety, and technology, human health, nutrition and biofortification, environmental science, botany and medicinal plants, conservation, energy, etc. were excluded because these were regarded as not directly related to agriculture which is the focus of this review. For instance, two of the excluded studies are Abdullahi et al. (2020) on hospital infection-causing Vancomycin-Resistant Enterococci and Wada et al. (2020) on West Nile virus. Only few of the original articles used in these two studies were animal-related and of those animals, fewer were livestock or food animals. We also excluded meta-analytic studies on chicken feed from a research group in Nigeria (e.g., Ogbuewu et al., 2020, 2021; Ogbuewu and Mbajiorgu, 2022) because their data were not sourced from primarily Nigerian studies.

We provide a descriptive account of the studies in the following before analysing them along the criteria from the analytical framework.




5 Results

After a descriptive account of the sample, we assess the studies along the criteria developed in the analytical framework.


5.1 General description of studies

We found 19 systematic reviews and meta-analyses that meet our criteria, published between 2011 and 2022 with an average of about three articles per year (Figure 3). A summary of the primary studies is provided in Table 2. One of these studies (Ilesanmi and Akinmusola, 2016) did not explicitly state systematic review/meta-analysis as its method, but the analytical approach described met criteria for an evidence synthesis, so it was included. The number of publications per year ranged from 1 (in 2011 and 2016) to 3 (in 2019 and 2022). These syntheses included between 12 and 133 original studies, averaging about 56 studies, and were 8 to 37 pages long, with an average length of about 17 pages. Ten (53%) of the articles were qualitative, five (26%) were mixed, and three (21%) were quantitative syntheses. In three studies (Fitz et al., 2022; Odeniran et al., 2021; Onyeneke et al., 2020), research synthesis was used alongside other methods. Similarly, among the 19syntheses, the only study that evaluated economic impact assessment (Odeniran et al., 2021) utilized meta-analysis to determine disease’s pooled prevalence, while the economic impact analysis component relied on data collected from a (single study) survey conducted by the authors.3 Ten (53%) of the articles were published as open access. Among the 17 syntheses where funding information was available, nine (53%) were unfunded. Of the funded studies, only one (Oruma et al., 2021) received funding from a local government organization, while the others were funded by foreign, multilateral, or international non-governmental organizations (see Supplementary Table 1 in Supplementary material). Regarding local author affiliation, thirteen (68%) of the syntheses had a locally affiliated first author, and seventeen (89%) of the studies included at least one local author. Additionally, some authors contributed to multiple evidence syntheses as lead authors: Onyeneke to two, Karshima to three, and Odeniran to three syntheses. More descriptive information about the evidence syntheses is available in the Supplementary material.

[image: Line graph showing data from 2011 to 2022. Starts at 1, increases to 3 in 2018, peaks at 4 in 2019, declines to 3 in 2020, then rises to 4 in 2022.]

FIGURE 3
 Number of systematic reviews and meta-analyses published per year.




TABLE 2 Summary of evidence syntheses on agriculture-related topics in Nigeria used for the review.
[image: A table summarizing various research articles across different agricultural sub-sectors in Nigeria. It includes details such as sub-sector, authors, article title, number and type of studies, open access status, applicable policy process stages, potential policy usefulness, and transparency aspects. Each row represents a different study with specific details under each column heading, such as collaboration and economic implications.]



5.2 Policy process applicability

Most (i.e., 16 or 84%) of the 19 syntheses have application in problem definition, few (i.e., 10 or 53%) in policy option identification, and even fewer (i.e., 5 or 26%) in implementation strategy identification (Figure 4). Seven (39%) of the studies apply to only 1 of the three stages of the policy process, eight (44%) apply to 2 of the three stages, and only three (17%) apply to all 3 stages. One review (Onyeneke et al., 2020) does not have application to any stage of the policy as it focused on identifying theoretical and methodological gaps in climate vulnerability research. The three syntheses that apply to all three stages are Begho et al. (2022) on farmers’ attitude toward risk and uncertainties, Morse on technical efficiency of yam production, and Oruma et al. (2021) on implementation of fourth industrial revolution in agriculture.

[image: Stacked bar chart showing survey responses for three policy steps. Policy Step 1 has mostly "Yes" with around 85% and "No" at 15%. Policy Step 2 shows a balance with about 50% each. Policy Step 3 has about 70% "No" and 30% "Yes".]

FIGURE 4
 Relevance of the research syntheses to different stages/steps of the policy process.


The 15 studies useful for problem framing discussed different challenges in the agriculture sector. Ilesanmi and Akinmusola (2016) reported the factors contributing to the low adoption of a yam cultivation technique (low extension, low survival of the technology in some environments, high-cost requirements for adoption). Morse (2021) and Ogundari and Brümmer (2011) discussed technical efficiency of agriculture. Oruma et al. (2021) outlined the challenges of the crop value chain and factors contributing to these challenges, such as poor transport infrastructure, cold storage, low adoption of technology and mechanization, insecurity, land degradation, and climate change. Two studies discussed factors contributing to environmental degradation in water and forest ecosystems. Amadi et al. (2019) found an erosion of fish biodiversity in the Nigerian river basin due to deforestation, pollution, and competition between local species and species introduced through aquaculture. Similarly, Fitz et al. (2022) reported that forest fragmentation continued in the Cross River National Park because of economic exploitation by communities around the park in the form of agriculture, logging, and infrastructural development. Other studies relevant to this stage of the policy process discussed factors predisposing women more to climate vulnerability (Anugwa et al., 2022), factors predicting farmers’ risk behavior and regional differences in their risk behavior (Begho et al., 2022), and the epidemiology, distribution, economic implications, and sub-population differences in animal diseases (de Gier et al., 2020; Esonu et al., 2022; Karshima et al., 2020; Karshima, 2019; Karshima et al., 2018; Odeniran et al., 2021; Odeniran and Ademola, 2019; Odeniran and Ademola, 2018; Oloso et al., 2018).

The nine studies that apply to identifying policy options provided policy and strategy options to reduce women’s vulnerability to climate change (Anugwa et al., 2022), recommendations on reducing farmers’ risks through the provision of insurance (Begho et al., 2022), recommendations on improving the technical efficiency of yam production via extension and training support for farmers (Morse, 2021), an outline of technology options to improve productivity in the crop sub-sector (Oruma et al., 2021), a synthesis of currently adopted climate change adaptation strategies (Onyeneke et al., 2019), and strategies to contain and prevent the spread of different livestock diseases (Esonu et al., 2022; Karshima, 2019; Karshima et al., 2018; Odeniran et al., 2021).

In the five studies with considerations for policy implementation, Ilesanmi and Akinmusola (2016) highlighted relevant issues for the future deployment of technologies to farmers. Similarly, Oruma et al. (2021) discussed the knowledge, adaptation, and budget requirements of adopting a technology-driven agriculture system. Also, Morse (2021) highlighted knowledge, input, and budget considerations for improving the productivity of yam farmers. Conversely, Begho et al. (2022) called attention to the importance of context-specific risk policies which considers geographic differences in risk behaviors. Lastly, Fitz et al. (2022) discussed the need for policies to address the resettlement and economic opportunities of the communities around the Cross River National Park.

In summary, most of the evidence syntheses addressed problem identification whereas only few provided solutions to policy problems or considerations for implementing the policy solutions.



5.3 Potential policy usefulness

On motivation for the review, all but one (i.e., de Gier et al., 2020) of the reviews – 95% - were published due to curiosity or to fill a research gap. Although there was no specific mention of it being commissioned, de Gier et al. (2020) is part of a larger project of syntheses (the Programme Against African Trypanosomosis or PAAT) supported by the United Nations Food and Agriculture Organisation to develop a geospatial database of tsetse fly-transmitted animal trypanosomiasis in different sub-Saharan African countries [see Cecchi et al. (2014)]. Similarly, for collaboration, only three (16%) of the reviews have co-authors based in government-related agencies. One of the co-authors of the synthesis of Nigerian farmers’ attitudes to risks (Begho et al., 2022) is a member of staff at the Federal Ministry of Agriculture and Rural Development. For the development of an atlas of tsetse fly and African animal trypanosomiasis disease distribution, de Gier et al. (2020) collaborated with an author based at the Nigerian Institute for Trypanosomiasis Research. Likewise, the qualitative synthesis by Oloso et al. (2018) on antimicrobial resistance in livestock/food animals included a co-author working in the Veterinary Drugs/Animal Welfare Branch, Quality Assurance and Standards Division at the Federal Ministry of Agriculture and Rural Development.

With respect to policy implications, while most of the studies did not have a dedicated section on policy recommendations/implications, thirteen of the nineteen syntheses (i.e., about 68%) provided policy recommendations in some form, either in the results and discussion or conclusion section. Nonetheless, many of these studies identified gaps for future research to address. Lastly, ten of the nineteen studies (53%) reported benefits, cost-effectiveness, or economic importance associated with their synthesis. However, fewer studies in this half specifically provided statistical information.

In summary, while some of the evidence syntheses provided policy recommendations, most of them were motivated by filling gaps in research (as opposed to being commissioned by decision makers because of policy priorities), did not include policymakers as collaborators, and did not provide statistical and economic information that may be of interest to policymakers.



5.4 Transparency

All the syntheses provided explanations of their analytical approach to varying degrees, including using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) framework and declaring assumptions made during data extraction and analysis. Although most studies noted that their synthesis followed the PRISMA framework, not all the systematic reviews included the PRISMA chart to provide a visual summary of the synthesis process (e.g., Karshima, 2019; Oloso et al., 2018). On study limitations, thirteen of the nineteen syntheses (i.e., 68%) included limitations. These limitations include heterogeneity in effect size/pooled prevalence estimates (often due to differences in primary studies) and data limitations (often due to the scarcity of primary studies).




6 Discussion

Despite the potential of systematic reviews and meta-analyses in decision-making, they are currently underutilized (Vale et al., 2015) while their status in a developing country like Nigeria, particularly in the agriculture sector, remains not well known. Our study shows that there are limited evidence syntheses (19 in total that meet the eligibility criteria) in the agriculture sector, especially in sub-sectors like fisheries and forestry. Although it is difficult to conclude definitively that Nigerian agricultural policymakers do not consult evidence syntheses (as our focus is on peer-reviewed evidence syntheses, while there may be commissioned ones not published or peer-reviewed), our findings suggest a likely low production and popularity of such evidence in the policymaking space. For example, despite yam, cassava, rice, and beans being staples in Nigeria, only yam production has been systematically reviewed, with two studies in total. Morse (2021), who conducted one of the quantitative syntheses analyzed in our study, had noted this low number of evidence syntheses published in Nigeria. This also aligns with findings elsewhere that evidence syntheses are often insufficient on topics important to policymakers (South and Lorenc, 2020). Nonetheless, the involvement of local researchers in conducting systematic reviews indicates local expertise in these methods, even though studies are likely concentrated among groups of the same researchers.

Additionally, there are few quantitative evidence syntheses (meta-analyses) available, which could be partly due to the limitations of data needed for this type of analysis. Authors often cite challenges such as lack of sufficient data, varying study designs, and lack of harmonized measurement methods (Morse, 2021; Odeniran and Ademola, 2018; Oloso et al., 2018). These challenges lead authors to conduct only qualitative syntheses (e.g., Begho et al., 2022; Esonu et al., 2022; Oloso et al., 2018), meta-analyses after improvisation or cumbersome harmonization of studies (e.g., Amadi et al., 2019; Morse, 2021), analyses with high heterogeneity (e.g., Karshima, 2019; Karshima et al., 2020; Odeniran and Ademola, 2018; Odeniran and Ademola, 2019), or meta-analyses without important sub-population analyses (e.g., Odeniran et al., 2021). It is likely that this primary data limitation is why other authors conduct meta-analysis using studies from outside Nigeria (c.f. Ogbuewu et al., 2020, 2021; Ogbuewu and Mbajiorgu, 2022).

Furthermore, most of the syntheses were published without funding support from Nigerian government agencies and with almost no collaboration with government stakeholders (at least from the list of authors of the primary studies). Moreover, more than 47% of the syntheses were not open access which could limit accessibility to policymakers, a known barrier to use of evidence (Cherney et al., 2015; Oliver et al., 2014; Williamson et al., 2019). Evidence synthesis published to fill research gap, with no funding support from the government, no collaboration in the production, and no clear recommendations for policy action will likely not be useful or usable for policymakers. Creating a space for relationship between researchers and policymakers could facilitate use of evidence (Tricco et al., 2015) as it can create legitimacy and trust for researchers and help them identify policy priorities to focus evidence synthesis on.

In this study, we made a distinction between the syntheses’ policy process applicability (i.e., whether the content of the synthesis can find application in one or more of the three stages of the policy process) and policy implications (i.e., if the syntheses provide explicit recommendations for policymakers). For applicability, our findings show that while many of the reviews could potentially be applied to problem definition, only a few focus on identifying options to address the policy problem or how to implement these options. The lack of implementation strategies in evidence syntheses is established in the literature as a barrier to their use (e.g., Wallace et al., 2014). This points to a gap either in evidence syntheses relevant to these stages of the policy process or a lack of relevant primary studies to conduct syntheses relevant to the stages of the policy process. For instance, although syntheses related to effectiveness of different policies could help policymakers identify suitable policy option or how to best implement policies, their almost non-existence among the studies reviewed hinders evidence-informed decision making, especially for public administrators whom this type of evidence is most suited for (Sager et al., 2023). In any case, the limited number of syntheses that offer policy solutions to policy problems or advice on how to implement policy solutions restricts the role that evidence can play in the policy process, at least from an ‘object-bound’ policy knowledge (Sager et al., 2023) point of view.

Similarly, few of the studies dedicate time to explain the relevance of their studies to policy and offer clear recommendations for policymakers, even though evidence syntheses are expected to do this (Haddaway and Pullin, 2014; Siddaway et al., 2019; Thomas-Walters et al., 2021). This could be because most of the syntheses were conducted to fill a research gap (rather than because they were commissioned by decision makers) and provided recommendations for future research more often than for policies. It could also be due to the differences in the priorities of researchers and policymakers: while researchers go after publications and publish for a research audience, policymakers are more interested in timely, and policy-relevant information (Hadorn et al., 2022). This aligns with previous finding by Oliver et al. (2014). The syntheses also hardly discuss economic implications even though some researchers (e.g., South and Lorenc, 2020) have noted that this kind of information are of importance to policymakers.



7 Conclusion and policy implication

Even though evidence synthesis may be one of several types of scientific evidence in the policy process and may not be appropriate in all instances, they still present an objective way of summarising and making sense of the body of evidence to make more informed decision. This analysis has shown that despite the prospects of evidence synthesis in policymaking, there are currently few evidence syntheses relevant to agriculture in Nigeria and they are motivated by filling research gaps rather than meeting policy needs. While most of the reviewed syntheses were transparent on methods and limitations, they focused more on problem definition than other stages of the policy process and on livestock compared to other agriculture sub-sectors. Furthermore, a common issue highlighted across many of the syntheses is the challenge of availability of sufficient primary studies which limits the production of more quantitative evidence synthesis.

Following the gaps identified, this study offers a basis for concrete policy recommendations. Addressing the low number of evidence synthesis first requires educating policymakers on the usefulness of this type of evidence to create demand for them. Similarly, producers of the evidence synthesis could benefit from training on making evidence syntheses more policy-relevant (i.e., highlighting the policy implication of evidence synthesis and providing more recommendations on how to solve policy problems/how to implement policy solutions). Given the repeatedly mentioned challenge of primary data limitation, it will be useful to increase support for research across the country through funding, especially for primary studies that are based on rigorous experimental or quasi-experimental methods (or meta-analyses of these) that offer quantitative insights on (cost-)effectiveness of government policies. Research funders should dedicate special funding to cover publication costs of evidence syntheses so that more syntheses are published as open access and decision makers who need them may access them. Special research grant calls could be dedicated to areas which are of importance to policymakers but with little or no coverage by evidence syntheses. Additionally, internal review boards across universities in the country could work to ensure that there is some harmonization or comparability in variables measured in research proposals to avoid the complexities associated with variables measured differently across primary studies.

As agriculture policy in Nigeria leapfrogs from primary studies to evidence synthesis vis-à-vis evidence-informed policymaking, it also needs to quickly catch up with current trends in this space. Considering the time and other resource commitments involved in producing evidence syntheses (Haddaway and Pullin, 2014; Thomas-Walters et al., 2021), producing syntheses that quickly becomes outdated is not cost-effective and would not serve policymakers needs. Hence, there is need to shift from conducting static evidence syntheses to a paradigm of living evidence syntheses which is syntheses that are constantly updated and hence continuously relevant. Government agencies and development partners involved in funding research can support research institutions to gain expertise in this area to meet the current needs of policymakers. Such support should involve policymakers and identify key policy priorities so that syntheses produced are relevant, timely, and have immediate policy use.

Finally, the analytical framework used in this study applies to peer-reviewed studies. Future study may extend the data sources to include grey, unpublished, and non-peer reviewed articles to better understand if evidence syntheses are produced in ways that increase their likelihood of use by decision makers. Further research in this area may also be needed to understand the perception of policymakers about systematic reviews and their interest in using them in the decision-making process, evidence on which is currently missing. Beyond decision makers’ perception, future studies can also more objectively trace the use of this kind of evidence in policymaking using newly developed methods such as Jørgensen (2024) or Yanovitzky and Weber (2020). Given the limited knowledge on the effectiveness or cost-effectiveness of evidence-informed policies (Buffardi et al., 2020), future studies could also assess if policies supported by evidence syntheses produce better outcomes than those based on single studies.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

TA: Conceptualization, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The author thanks the Gund Institute and the Department of Community Development and Applied Economics at the University of Vermont for providing the fees to cover the article processing charges.



Acknowledgments

The author thanks Fritz Sager of the University of Bern for his invaluable comments on earlier drafts of the paper and the reviewers for their comments that improved the manuscript.



Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fsufs.2024.1465214/full#supplementary-material



Footnotes

1   In this study, qualitative synthesis (systematic review) and quantitative synthesis (meta-analysis) are jointly referred to as research evidence synthesis or research synthesis or evidence synthesis.

2   Because Google Scholar did not allow viewing more than 1,000 results, the search results were divided into range of years so that results returned are less than 1,000 until all results assessed for relevance to this study.

3   While Odeniran et al. (2021) focused on the economic impact assessment of a disease, Morse (2021) and Ogundari and Brümmer (2011) also addressed economics-related issue with respect to the yam and entire agriculture value chain, respectively.
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Climate change is a major challenge impacting food security globally. Sub-Saharan African (SSA) countries including Nigeria has experienced the negative effect of climate vagaries most especially on agricultural production, thus, leading to food insecurity. However, sustainable land management (SLM) practices have a huge potential to minimize the impacts on food security in a rapidly changing climate. This study estimates the determinants of the adoption of SLM practices and the impact of adoption on household food security among smallholder rice farmers in Ogun State, Nigeria. A multistage sampling procedure was used to select 120 respondents. A Poisson endogenous treatment (PET) model was employed to analyse the determinants of level of adoption of SLM and impact of SLM adoption on household food security level of smallholder rice farmers in the study area. To account for counterfactuals, a doubly-robust augmented-probability-weighted regression adjustment (APWRA) was also used. In the same vein, the study employed the marginal treatment effects (MTE) approach to estimate the treatment effects heterogeneity. The results showed that socio-economic factors greatly influenced the adoption of SLM practices, such as age and educational level of farmers. The effect of SLM adoption on food security of smallholder farmers was found to be improved when they used SLM package consisting of variety of practices, hence, SLM practices have the potential to alleviate food insecurity among rice farmers if well combined and used to a large extent. The study concluded that knowledge in form of formal education, some form of vocational training, and trainings to access weather information were key to influencing SLM adoption among smallholder farmers in the study area. The treatment effects on untreated (ATU) are lower than that of ATE and ATT, confirming the positive selection on unobserved gains. In particular, the ATU results show that for an average non-adopting household, adoption of SLM practices would significantly improve dietary diversity by about 27%. Farm-level policy efforts that aims to equip farmers through education, trainings and disseminating information on climate change would be a huge step towards the promotion of SLM practice which eventually leads to increased food security. The study recommended that continuous adoption and extensive use can be fostered by encouraging farmers to join a social organisation where related and relevant information on sustainable land management practices is shared through trained agricultural extension officers.
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1 Introduction

In developing nations, agricultural output needs to rise in order to feed a growing population. Studies indicate that managing land sustainably could boost food production without harming water and soil resources (Hlatshwayo et al., 2023; Xiong and Li, 2024; Sheikh et al., 2024). Agroforestry, terraces, minimal soil disturbance, organic fertilization, water harvesting and conservation, and the integration of residues are examples of improved agronomic techniques (Leng et al., 2024; Srivastav et al., 2024). Nearly half of the world’s population, including 50–90% of those in developing nations, resident in rural regions and depend heavily on agriculture for their livelihood (Munaweera et al., 2022; Ben Hassen and El Bilali, 2022). As posited by Xu et al. (2021), an estimated 821 million people in the world were undernourished in 2017; at least one person out of every nine in the world (FAO et al., 2018). In Africa, the situation is more pressing in the region of sub-Saharan Africa (SSA) where an estimated 23.2% of the population or between one out of four and one out of five people in the region may have suffered from chronic food deprivation in 2017 (World Health Organization, 2018). The number of undernourished people in SSA countries, Nigeria inclusive, rose from 212.2 million in 2014 to almost 256.5 million in 2017, an increase of 20.9 percent in 3 years (FAO et al., 2018).

Nigeria is one of the West African countries experiencing food insecurity (Ukonu et al., 2024). The estimated that 12.1 million Nigerians are in a food insecurity crisis, and it is feared to increase to 16.9 million people if humanitarian support and government interventions are not scaled up. Although endowed by nature with extensive land mass, varieties of crops in different ecological zones with optimal yield, oil wells and increasing population, harnessing these resources to provide national food sufficiency has proved problematic (Oriola, 2009). This has been exacerbated by the COVID-19 pandemic, civil insecurity (Krishnamurthy et al., 2020), bad governance and corruption (Igbinedion and Aihie, 2015) and land degradation in Nigeria (Adenle et al., 2022). In accordance with the 2020 global food security index, Nigeria’s food insecurity status is considered serious in the severity chart (von Grebmer et al., 2020). The Federal Ministry of Agriculture of Nigeria in 2014 estimated that 65% of the population is food insecure despite having more than half of all employment’s dependent on agriculture (El-ladan, 2014). Among several other factors, heightened food insecurity among farm households is caused by limited access to credit, poor storage and improved agricultural facilities, and negative environmental influences such as erosions and floods (El-ladan, 2014). Other reasons include the lower household income necessary for food purchases needed to attain food security (Osabuohien et al., 2018; Ogunpaimo et al., 2021; Ojo et al., 2022), a huge reliance on imported food items (Adeniyi and Dinbabo, 2019) and land degradation (Adenle et al., 2022). The 2030 United Nations Sustainable Development Goals are new global policies with the objective to restructure regional and national development plans over the next 10 years. The global policy aims to put an end to poverty and hunger, food insecurity, sustaining natural resources and the environment, and promote food and agriculture sustainability (SDG, 2019).

Nigeria, in West Africa, experiences one of the highest rates of land degradation with biomass decline amounting to about 400,000 ha/year and losses of agricultural productivity (Ridder, 2007; main report). Demand for agricultural land displaces forests or leads to agricultural productivity losses (Arowolo et al., 2018), which drives degradation in remote areas (Adenle and Ifejika Speranza, 2020). Land degradation has been the critical challenge for SSA countries. The causes of land degradation are complex and vary from place to place. Land degradation is considered major threat to the survival and livelihoods of millions of people in SSA (Maja and Ayano, 2021; Amoako Johnson and Hutton, 2014). Besides, addressing the intricate causes of the prevailing land degradation problems remains a critical policy challenge for Nigeria since its economy greatly relies on subsistence agriculture. These land degradation problems have also far-reaching economic, social, and environmental influences (Pender and Gebremedhin, 2008). With regard to cost of land degradation, various estimates show that it costs a considerable proportion of a country’s national income. Accordingly, sustainable land management practices (SLMPs) play a vital role in the sustenance of food production by addressing the effect of climate change on soil and land use, and improving land degradation (Hermans and McLeman, 2021; Sekaran et al., 2021).

In addition, in the absence of effective sustainable land management (SLM) practice, it is less likely to eradicate poverty. Sustainable land management practices (SLMPs) are important for ensuring environmental protection, food security, poverty alleviation, and economic growth in a nation. While Sustainable Land Management (SLM) has emerged as a widely accepted approach for addressing land degradation in agroecosystems, the use of SLM practices remains low among smallholder farmers. The ability of agricultural innovation, including appropriate technologies, to improve long-term food security in Africa is closely related to diffusion progression and the conditions for adoption that smallholders face. However, adoption of SLMPs is hampered by institutional factors such as credit and adequate extension services and information (Thinda et al., 2020). High costs paid for chemical inputs are also beyond the financial capacities of the poor smallholder farmers across the continent (Mthethwa et al., 2022; Gwacela et al., 2024).

As reviewed, despite the abundance of research works in SLM and its crop productivity effect, the studies are extensively oriented towards the initial adoption but with no attention to the intensity of adoption of SLM practices (Mutenje et al., 2019; Ojo et al., 2022; Oduniyi et al., 2023; Mthethwa et al., 2022; Mncube et al., 2023; Nyam et al., 2024). These studies explored the determinants and intensity of SLM practices and climate -smart agriculture (CSA), respectively in South Africa and Nigeria. However, the studies failed to simultaneously consider the impact of adoption of either SLM on household food security. Therefore, this present study evaluates the factors affecting smallholder rice farmers’ decision and intensity of adoption of SLM practices and the impact of adoption on household food security. Thus, studying the simultaneous adoption behavior of farmers and the intensity of the use of SLM practices vis-à-vis the impact of adoption on household food security would be helpful to the existing body of knowledge. This study is imperative as it would help to better understand the households’ decision behavior towards land management practices on farm plots as well as institutional and biophysical factors that affect such decisions. The study will also provide information about impact of adoption of SLMPs on household food security in Ogun State area of Nigeria by accounting for selection bias (Cornelissen et al., 2016; Shahzad and Abdulai, 2021), marginal treatment effects approach. The MTE approach considers both observable and unobservable factors influencing the adoption of SLM practices. It also helps estimate treatment effect heterogeneities by showing the MTE curve against various degrees of unobservable resistance to SLM adoption.



2 Conceptual framework


2.1 The determinants of adoption of sustainable land management practices by smallholder rice farmers

Empirical studies have hypothesized that both adoption and intensity of SLMP are influenced by household socio-demographic characteristics and other forms of institutional factors (Adeagbo et al., 2021; Oduniyi et al., 2023). The framework of the double-hurdle model incorporates a first stage adoption of SLMP based on the same set of covariates determining the adoption of SLM practices.

With the assumption of the error terms in the equations is uncorrelated conditional on all covariates, the standard errors from separate estimations are also valid for conducting statistical inference. If the conditionally uncorrelated errors assumption does not hold, coefficient estimates from separate regressions will be biased (Heckman, 1977; Harding et al., 2020). According to testing for conditionally uncorrelated errors follows the same method as well as the Heckman test for selection bias. Although it is not technically necessary for identification, it is standard to impose at least one justifiable exclusion restriction when estimating the second stage. The null hypothesis that the first and second stage errors are conditionally uncorrelated is tested using the standard t-statistic for the coefficient estimate on inverse mill ration (IMR). If the coefficient estimate is statistically significantly different than zero, the null hypothesis is rejected and the model must be re-estimated to conduct valid inference (De Luca and Perotti, 2011). Failure to reject the null, the second stage parameters excluding IMR is re-estimated. A probit model of SLM for selection equations is estimated using a function of explanatory variables that are likely also determine SLM intensity, vis-a-vis one or more exclusion variables. The IMR predicted from the first-stage probit regression is added as a regressor to account for the selection bias in the second hurdle. Following Adeagbo et al. (2021), adoption of SLM practices can be stated as the stage at which a household decides to adopt one or more adaptive option in mitigating the effect of climate change. The underlying latent variable that captures the true farmers’ socio-economic characteristics is hypothesized to determine the probability of adoption of SLM by a smallholder farmer. The regression Equation 1 indicates the latent variable [image: Mathematical notation showing the expression "SLM" with a subscript "i" and an asterisk symbol at the top right.]:

[image: Equation labeled (1) shows a formula: \( SLM^*_i = D_i \alpha + e_i \), where \( e_i \) is approximately normally distributed with mean 0 and variance 0.1. It is noted as "First hurdle."]

and, [image: Mathematical equation displaying "SLM" with subscript "i" equals one.] if [image: Mathematical expression: \( SLM_i^* > 0 \).]

[image: Mathematical expression showing "SLM subscript i equals zero".] if [image: Mathematical expression displaying "SLM subscript i asterisk less than or equal to zero."]

where [image: The image shows the mathematical notation "SLM" with a subscript "i".] is a categorical variable that takes the value of 1 if a smallholder farmer adopts SLM practices and 0 otherwise. α is a vector of parameters to be estimated. In line with Wooldridge (2002), a probit model of [image: Text displaying "SLM" with a subscript "i".] which follows random utility is as expressed in Equation 2:

[image: Equation labeled (2) presents a probability expression. Pr(SLM sub i = 1 | D sub i, α) equals Φ(D sub i; α) plus e sub i.]

where, [image: SLM with subscript i in italic font.] equals 1 for households that adopts SLM practices and 0 otherwise; [image: Italicized letter D with subscript i.] represents the vector of independent variables; α, vector of parameters to be estimated; [image: Lowercase italic letter "f" on a white background.], standard normal cumulative distribution function; ei is a random error term hypothesized to be distributed normally with unit variance and zero mean.



2.2 The intensity of SLM practices among smallholder rice farmers

Ordinary least squares (OLS) regression cannot accurately estimate count data since they are non-normal (Maddala et al., 2001). The Poisson regression model (PRM), the negative binomial regression model (NBRM), the zero-inflated Poisson (ZIP), and the zero-inflated negative binomial model are the most popular regression models used to assess count data models (ZINB). Regression models with non-negative integer responses are typically analyzed using the PRM and NBRM models (Greene, 2008; Kirui et al., 2013). In contrast to the situation in this study, the final two (ZIP and ZINB) are specifically employed to account for scenarios with frequent zero counts (i.e., where there are more zeros than would be expected). Only the PRM is therefore discussed here since the response variables were non-negative integers and with only a few zero counts.

In implementing any given technology, smallholder farmers frequently make logical selections Zhang and Zeng (2021). Farmers typically consider the advantages of a specific technology before adopting it since their goal is to maximize predicted (discounted) profits over time subject to input and commodity prices and technological constraints. A farmer will rationally accept new technology if the projected (discounted) value of profits from employing it exceeds utility from the existing technique (Channa et al., 2019). Using a Poisson model, the intensity of SLM’s determinants were estimated. The Poisson model is the most straightforward and likely the most popular approach for modeling counts variables (Cameron and Trivedi, 2001; Siegfried and Hothorn, 2020). In this study, Poisson regression was adopted since diagnostic tests showed that there was neither overdispersion or under dispersion. Following Wooldridge (2002) and Greene (2008), the density function of the Poisson regression model is given in Equation 3 by:

[image: Probability equation: \( \text{Pr}(M = m) = \frac{e^{-\partial(m)} \sigma_i(h)^M}{f(1 + M)} \). Equation number three.]

Where; [image: The formula represents \(\sigma_i = \exp(\Upsilon + D^i\Theta)\), where \(\sigma_i\) is a function of the exponential of the sum of \(\Upsilon\) and the product of \(D^i\) and \(\Theta\).] and M = 0,1,…, [image: Lowercase letter "i" in a serif font.] is the number of SLM used by the farmers and D vector of predictor variables and Υ and 𝛩 are the parameters to be estimated.

Greene (2008) show that the expected number of events 𝛿 (in this case, number of SLM practices adopted by the farmers) is given in Equation 4;

[image: Mathematical equation: \( E(M_i = m_i) = \text{Var}(M_i / m_i) = \sigma_i = \text{Exp}(\gamma + D_i \Theta) \) for \( i = 1, 2, \ldots, n \). This is equation (4).]



2.3 Impact of SLM practices adoption on household food and nutrition security

This section presents a framework to illustrate how adoption decisions of farm household’s impact on household food security. The main hypothesis of the study is premised on the adoption of SLMP on food and nutrition status of small-scale crop farmers in the study area. The adoption decision is expected to impact food and nutrition security status of households. Considering the outcome variable, HDDS, as a linear function of the treatment variable (i.e., SLMP) and a set of other covariates X, then the linear equation (5) is expressed as:

[image: Equation labeled as five: \( Q_i = \varnothing X_i + \lambda SLMP_i + \varepsilon_i \).]

Where [image: The image shows the mathematical notation \( Q_i \), with "Q" as the main character and "i" as a subscript.] indicates a measure of food and nutrition security, [image: Lowercase letter "x" with a subscript lowercase letter "i".] is set of explanatory variables, SLMPi is an indicator variable for SLMP adoption, [image: A cursive lowercase "delta" symbol followed by a "rho" symbol, often used in mathematical or scientific contexts.] and [image: Greek lowercase letter lambda.] denote parameter vectors and [image: Lowercase Greek letter epsilon with subscript i, often used to represent an error term in mathematical equations.] is an error term. The estimated parameter [image: Lowercase Greek letter lambda symbol (λ) in black on a white background.] measures the causal effect of SLMP adoption on farm performance if and only if adoption and non-adoption of SLMP is random (Bello et al., 2024). However, the decision to adopt SLMP is mostly influenced by unobservable characteristics such as motivation/inherent abilities, managerial skills and risk preferences. As a result, it cannot be random as these observed and unobserved characteristics may have correlations with error term of the outcome variables. For example, a skewed bias is most likely to occur if farmers with high managerial skills or inherent abilities adopt SLMP. Similarly, farmers with high educational attainment may easily access information leading to SLMP adoption, which can result in upward biasedness. This is because farmers self-select themselves into adoption and farmers with high educational level and highly motivated are likely to have undue advantage over their counterparts with low educational attainment and low self-esteem or managerial skills. This also suggests that adoption of SLMP is potentially endogenous. Consequently, a double-robust AIPW postestimation test different from PET model, following Cattaneo et al. (2013), was performed to obtain consistent estimates. Thus, the AIPW can ensure consistent results, as it permits the treatment and the outcome model to account for misspecification due to its double-robust property.1 However, there is strong evidence to support the notion that the adoption of SLMP is likely to be influenced by unobservable characteristics like, risk aversion, technical proficiency, and social capital, which may be correlated with the HDDS (Oseni and winters, 2009). Therefore, impact in the outcome variable’s distribution between the adopters and non-adopters may not only reflect the treatment’s effects but also variations as a result of selection process (Abadie, 2003). The marginal treatment effects can be defined as a function of the quantiles, or the treatment effect at a particular value of error term (Cornelissen et al., 2016). In estimating the marginal treatment model, this study follows the mathematical model employed by (Shahzad and Abdulai, 2021). The MTE method accounts for both observable and unobservable factors influencing adoption of SLMP practices based on propensity scores and plots the MTE curve against varying levels of unobservable resistance to SLMP adoption.




3 Research methodology


3.1 Study area

The study is conducted in Ogun State, a Southwestern part of Nigeria. Rice is one of the most important staple foods in Nigeria. Smallholder rice farming has an important role in achieving a sustainable livelihood and food and nutrition security in Nigeria. Rice is a staple food in Nigeria and the main source of agricultural income (Sanusi and Dries, 2024). Its production is dominated by smallholder farmers who are vulnerable to the risks of changing weather patterns, and land and environmental degradation (Vivek, 2019; Akanbi et al., 2022). Rising temperatures and changes in rainfall patterns have direct effects on crop yields and indirect effects through irrigation water availability, thus exacerbating the impacts of droughts, soil degradation and the decline in biodiversity (FAO, 2016). Economic activities in relation to the production and consumption of rice are being widely regarded a panacea for economic development and reducing poverty (Demont and Ndour, 2015). However, only about 57% of the 6.7 million metric tonnes of rice consumed in Nigeria annually is locally produced, leading to a supply deficit of about 3 million metric tonnes. Consequently, Nigeria is the leading importer of rice in the global market (Idris et al., 2024).

Ogun State in Nigeria is one of the major rice producing States in the nation with heavy reliance on rain-fed agriculture. This is evident as some areas in Lagos and Ogun States were said to have experienced an uncommon rainfall with thunderstorms in the early days of 2021, drawing attention to the fact that these regions record the highest number of industries in Nigeria. The challenge of climate unpredictability makes subsistence farming difficult (Etim et al., 2021; Ojo et al., 2022). South West Nigeria is one of the geopolitical zones of Nigeria consisting of Ekiti, Lagos, Ogun, Ondo, Osun and Oyo States. The zone lies between Latitude 4°North and 9°North of the equator and Longitude 3°East and 6.2° East of the Greenwich meridian, it is bounded on the North by Kwara and Kogi states, in the South by the Atlantic Ocean and in the West by the republic of Benin. The Southwest is characterized by a tropical climate with weather conditions varying between the dry and rainy seasons, the wet season runs from March till October while the dry season is shorter, it runs from November to February. The temperature ranges between 21 and 34°C while the annual rainfall ranges between 1,500 and 3,000 mm. The major inhabitants of South-West Nigeria are the Yorubas but there are also a lot of immigrants from neighbouring countries and other geopolitical zones, this is due to the conducive economic attributes that supports agricultural practices. The combined population of the zone is estimated at 32.5million people.

Ogun State borders Lagos State to the South, Osun and Oyo States to the North, Ondo State and the Republic of Benin to the West. Ogun State comprises varying dialects of the Yoruba language. Some important cities and towns in the state include Abeokuta, Ijebu-Ode, Sagamu, Ikenne Remo, Ilaro, Ijebu-Igbo, Aiyetoro, Ota etc. Abeokuta being the State’s capital is the most populous city. The State generally is noted for its high concentration of industrial estates being a major manufacturing hub in Nigeria, major factories in Ogun includes the Dangote Cement in Ibese, Nestle, May and Baker, Lafarge Cement factory in Ewekoro, amongst others. Ogun state is also noted for being an exclusive site of Ofada rice production. There are 20 local government areas in the state with each headed by a chairman. However, only eight out of these 20 local government are involved in rice production, Abeokuta North, Yewa North, Ewekoro Ifo, Ijebu-North, Ikenne, Obafemi Owode, and Ogun Waterside (Figure 1).

[image: Map of Ogun State, Nigeria, showing local government areas. Key locations include Abeokuta North, Abeokuta South, Yewa North, Yewa South, Ijebu North, Ijebu East, Ijebu-Ode, and others. A compass rose indicates north.]

FIGURE 1
 Map of Ogun State showing the local government areas. Source: Gbadebo (2012). Geochemical analysis of groundwater quality in Agbara and environs.




3.2 Sampling technique and sample size

The study employed a multistage sampling procedure that combined purposive and proportionate random sampling methods. The first stage involved the purposive selection of Abeokuta North, Yewa North, Ewekoro Ifo, Ijebu-North and Obafemi Owode local governments areas (LGAs) based on the predominance of rice farmers in the region. At the second stage, 3 villages in each local government were randomly selected from the rice-producing communities in the LGAs. At the final stage, 8 rice-farmers were selected from each of the communities using a simple random technique. A quick census of rice-farming households in the selected communities was carried out to get the sampling frame for each community and the targeted sample size of rice-farming households in the community. To determine the sample size, the study followed Slovin’s (1974) and Tejada and Punzalan (2012) formula. Slovin’s formula is as expressed:

[image: Mathematical equation depicting \( n = \frac{N}{1 + N \times e^2} \).]

Where n = sample size, N is total population, and e, margin of error. This study determined its sample size with 95% confidence level. Hence, margin of error is 5%. A total sum of one hundred and twenty respondents (120) was used for the study.

Data was obtained by carrying out both on-farm and home interviews. Because of the dynamics of rice farming in Ogun state which involves a huge form of accountability to the State’s government, it was necessary to liaise with extension officers in certain local governments in order to hasten the data collection process. Questionnaires were primarily made use of; schedule interviews and field observation were also employed. Primary data was collected from the respondents (rice farmers in Ogun State) with the aid of well-structured questionnaire. The survey questionnaire assessed the relevant socioeconomic characteristics of the farmers including their age, gender, primary and secondary occupation, data on the household dietary diversity score (HDDS) which speaks of the consumption frequency of diverse food groups was used to estimate the level of farmers’ food security through the measurement of household food access. Information on farmers’ choices of SLM practices were also collected.




4 Results and discussion


4.1 The socio-demographic characteristics of the smallholder rice farmers in Ogun state

This section reports the description of both dependent and the explanatory variables included in the model estimations (Table 1).



TABLE 1 Definitions and summary statistics of variables used in the model.
[image: A table presents variables related to food security and SLMP (Sustainable Land Management Practices) adoption. It includes dependent variables like "Food security" (Mean 6.05, Std. Dev. 3.06), "Adoption of SLMP" (Mean 0.60), and "Level of SLMP adoption" (Mean 4.97, Std. Dev. 3.37). Explanatory variables include details such as "Age" of household head, "Gender," "Marital status," and other socio-economic factors with respective means and standard deviations. Each variable is aligned with its description, mean, and standard deviation values.]

Age is a significant factor in agricultural output, according to Hoffert et al. (2002), because it affects the family head’s level of farming experience. The sampled household heads are 43 years old on average. Given that the average life expectancy in Nigeria is 51.9 years, this indicates that the respondents are still of an age where they can work. This adds to the findings of Musemwa et al. (2007), which suggested that the longer the household head has been in charge, the more sustainable the household economy has been. This is because older people have a relative wealth of experience in both the social and physical environment, as well as more farming experience. According to the gender analysis, men make up 80% of household heads. This suggests that men predominate in the research area’s rice production. The outcome also shows that 90% of household leaders are married. This demonstrates that if farmers had sufficient responsibilities, they would be required to commit to solutions for coping with climate change, which would eventually lessen their status of food insecurity. Zenda (2002), who stated that married households benefit from having partners who can work and help them in agricultural operations, supports the findings.

The average respondents in the study area spent approximately 14 years in school. This is in line with the minimum prescription of 9 years of basic education under the Universal Basic Education Programme in Nigeria. In relation to the source of income within the study areas, some households reported having one main source (89%), however, some reported that they had more than one source of income (52%). These findings are supported by Vernooy (2022) who state that households in the rural areas turn to look for other income sources so as to increase their household income and that rural area can diversify their income. About 66% of the rice smallholder farmers had access to credit, which is a major determinant in choosing adaptation strategies. However, there was noticeable variation in the access to information. For example, about 48% of farmers who adopted at least one strategy had access to information related to climate change.

Following Oduniyi (2022), Kolapo et al. (2022), it is important to understand and identify SLMP used by the smallholder rice farmers for implementation of feasible practices at farm level. Smallholder farmers employed different practices against land degradation (Figure 2). In response to land degradation, households in the studied area have developed multiple SLMP to mitigate the negative impact of land degradation. The following various methods were mostly employed, including soil erosion management (92%), minimum soil disturbance (85%), vegetation management (85%), integrated soil management (80%). Others were animal waste (76%), water management (75%), integrated farming (71%). Some of these strategies were also identified in the studies of Salaisook et al. (2020); Oduniyi (2022), Kolapo et al. (2022) and Oduniyi (2022). In categorising the adoption of SLMPs into adopters and non-adopters, the mean value was determined and used as a threshold. A smallholder rice farmer is an adopter of SLMP if the mean value is greater than or equal to 5 and 0, otherwise. The dichotomous variable of SLMP was then used as the dependent variable in the first hurdle (Probit) model.

[image: Horizontal bar chart titled "Percentage of SLM Practices." It displays various sustainable land management practices with percentages: Integrated (71%), Pest and Disease (61%), Minimum Soil Exposure (85%), Soil Erosion Control (92%), Agroforestry (48%), Water Management (75%), Animal Waste Management (76%), Vegetation (85%), and Integrated Soil Management (80%). The x-axis ranges from 0% to 100%.]

FIGURE 2
 Distribution of SLMP used by smallholder rice farmers in Ogun State.


In line with the outcome variable, the household dietary diversity score (Table 2). The results show that the adopters of SLMPs had a significantly higher HDDS than the non-adopters. However, the significant mean difference in the HDDS between the adopters and the non-adopters, does not translate to causal inferences about the adoption of SLMPs as a result of the significant differences in observable characteristics between the two groups, which could lead to selection bias. Hence, the choice of poisson endogenous treatment effects to control for observed and unobserved heterogeneity between the adopters and the non-adopters to allow us to establish the causal effects of the adoption of SLMPs.



TABLE 2 Summary statistics of farm-households by adoption status.
[image: A table compares characteristics between adopters and non-adopters of SLMP. It includes variables like age, gender, education, farming experience, household size, farm size, access to resources, and financial support. Differences are shown in the last column, with statistical significance indicated by asterisks. Notable differences include higher HDDS, age, education, and farming experience for adopters.]



4.2 Household food security score based on HDDS

Food consumption of respondents was measured qualitatively through the use of dietary diversity. According to Leser (2013), dietary diversity can be defined as the number of different food groups consumed over a reference time period. The food groups consumed over a 24-h recall period was used as the basis of household dietary diversity. Table 3 represents the responses registered from the food groups consumed by the household of the farmers in the study areas 24 h before the questionnaires were administered. As shown in Figure 3, results on the household dietary diversity score indicated that the rice farmers’ households examined were 70% food insecure, 13% food secure, 10% mildly food secure and 7% moderately food secure. This agrees with the recent survey carried out by National Nutrition and Health Survey (2018) and affirmed by Otekunrin and Otekunrin (2022) which showed that the nutritional status of households in Ogun State is generally poor; stunting, wasting and underweights were revealed to be currently at 29.6, 6.6, and 20.4%, respectively.



TABLE 3 Responses from household food security score using HDDS.
[image: A table lists food groups and their corresponding consumption percentages. Cereals top the list at ninety-eight point three percent, followed by roots or tubers at ninety-seven point three percent, and vegetables at eighty-five percent. Fruit consumption is seventy-six point six percent, and meats are seventy-five percent. Fish and seafood are consumed at ninety-one point six percent, and legumes at eighty-five point eight percent. Eggs have forty-seven point five percent, milk or milk products at thirty-five point eight percent, fats and oils at seventy point eight percent, sweets at twenty-three point three percent, and condiments or coffee at thirty-one point six percent.]

[image: Pie chart titled "Household Food Security Status" showing four categories: Food insecure at 70% in yellow, Food secure at 13% in blue, Mild food insecure at 10% in orange, and Moderately food insecure at 7% in gray.]

FIGURE 3
 Household food security status. Responses with food items 0–3 are coded food insecure, 4–6, moderately food insecure, 7–9, mildly food insecure and 10–12 food items are coded food secure.




4.3 The household food security status in relation to adoption of SLMPS

The result of the relationship of household food security and adoption of SLMPs is presented in Figure 4. This result compares the household food security status of adopters and non-adopters of SLMPs.

[image: Bar chart titled "HDDS by SLMP Adoption" comparing four categories of food security between non-adopters and adopters. Categories include food secure, mildly food insecure, moderately food insecure, and food insecure. Non-adopters have higher values in moderately food insecure (87.5) and food insecure (68.6), while adopters have higher values in food secure (75) and mildly food insecure (75).]

FIGURE 4
 Household food security status in relation to adoption of SLMP.


The HDDS results score was categorized (food secure, mildly food insecure, moderately food insecure and food insecure). The results presented in Figure 4 show that adopters of SLMPs were more food secure compared to non-adopters. There are about 75% of the SLMPs adopters were food secure, 25% were mildly food insecure, 12.5% were found to be moderately food insecure with about 31.4% of the SLMP adopters were food insecure. In comparison to the food security status of non-adopters of SLMPs, the distribution of the food security status of adopters is better off than those households that did not use SLMP to mitigate the negative effects of land degradation.



4.4 The determinants of adoption of SLM practices among smallholder rice farmers (Probit regression model)

Table 4 showed the analysis and results of the Probit regression model (first hurdle).



TABLE 4 The determinants of adoption of SLM among smallholder rice farmers (probit regression).
[image: Table presenting logistic regression results with variables such as gender, age, training, household characteristics, and access to resources. Columns include coefficients, standard errors, p-values, dy/dx, and significant levels marked with asterisks. Key findings show significant factors like training on weather information, age of household head, household size, highest education level, and government fund access affecting the outcome.]

The explanatory variables included in the model are: gender of respondent, age of respondent, availability of training by an organisation on how to access weather information, age of household head, marital status, household size, educational level, highest level of education received by any household member, years of farming experience, access to information, access to market, membership in any cooperative society, support from government on farm input, and access to good road networks. The probit analysis found six out of the 14 independent variables included in the model had relevant explanatory power on the determinants of SLM adoption. They included: availability of training by an organisation on how to access weather information, age of household head, household size, highest level of education received by any household member, support from government on farm input, and access to good road networks.

The coefficient of availability of training/education by an organisation on how to access weather information had a negative relationship with the adoption of SLM among smallholder farmers and it is significant at 10% level of significance. This implies that the adoption of SLM decreases with increased exposure to trainings on how to access SLMP information, this possible explanation could be based on the fact that farmers who assume that access to SLMP information are at their fingertips tend to be more laid back and not proactive in implementing SLM practices. This however contradicts the findings of Ndamani and Watanabe (2016) who argued that farmers who have been trained are more knowledgeable as a result of their ability to readily access climate change information and those involving adaptation options.

The coefficient of age of household head had a negative relationship with SLM adoption and it is significant at 5% level of significance. This implies that farmers’ capacity to adopt SLM decreases with age. This is in line with the findings of Oduniyi (2022) who established that young farmers are more energetic, risk-tolerant which gives them the platform to implement different and newer practices relating to climate change adaptation. The coefficient of household size (in numbers) had a negative relationship with the adoption of SLM and it is significant at 5% level of significance. This implies that as the farmers’ household size increases, the likelihood of adopting SLM would decrease. The negative and significant effects of the household size could be attributed to the reduced financial capacities of larger households, this is in line with the findings of Rochecouste et al. (2015) which opined that the technologies required for the successful implementation of SLM practices are often expensive, hence, smallholder farmers’ ability to access and use them are limited.

The coefficient of highest level of education attained by any household member had a positive relationship with the adoption of SLM and it is significant at 1% level of significance. This suggests that in increase in the education level of farmer or any member of his household such as the children significantly increases the probability of adopting SLM. Exposure to education and training is thought to enhance cognitive ability, which is consistent with numerous studies that show that farmers’ educational attainment generally correlates with their ability to adopt technological innovations due to the presumption that knowledge is linked to farmers’ ability to make wise decisions (Dung et al., 2021; Fadina and Barjolle, 2018; Kien et al., 2023; Santoso et al., 2023). As a result, in situations where a farmer is lacking in this area, the presence of a household member who is competent could give the farmer an advantage over his less educated competitors. This shows that education level significantly affects ability to receive and process technical information that is coherent with implementing SLM.

At the 5% level of significance, there is a statistically significant negative correlation between the availability of government subsidy for agricultural input and the adoption of SLM. This suggests that government assistance in the form of farm inputs provided to rice farmers in the study area reduces farmers’ propensity to use SLM. This is in contrast to the findings of Anuga et al. (2019), who found that because SLM investments have the ability to increase production capacity, the government’s provision of SLM inputs and finances to farmers is vital in boosting SLM investments. The adoption of SLM by smallholder farmers in the research area was positively correlated with access to a good road network, and this correlation is statistically significant at the 10% level of significance. This suggests that access to a good road network enhances SLM adoption.



4.5 Determinants of level of adoption of sustainable land management practices among smallholder rice farmer (Poisson regression)

The empirical results of the Poisson regression (second hurdle) while estimating the determinants of the level of adoption of SLM among rice farmers in the study area is presented in Table 5.



TABLE 5 Determinants of level of adoption of SLM among smallholder rice farmers-Second-hurdle (Poisson regression).
[image: Table showing factors influencing the level of Sustainable Land Management (SLM) adoption with coefficients, standard errors, and p-values. Key significant predictors include age of household head, marital status, highest education level, access to information, government support, and constant, all with varying statistical significance levels. P-values indicate significance, with three asterisks for p < 0.01, two for p < 0.05, and one for p < 0.1.]

The explanatory variables included in the model are: gender of respondent, age, marital status, household size, years spent in school, education level of household head, highest level of education attained by any household member, years of farming experience, access to credit, access to information, access to extension officer, access to market, availability of funds from the government, membership in a cooperative society, support from government on farm inputs and access to good roads. The Poisson regression model found that eight out of the 17 independent variables included in the model were significant in influencing the intensity of adoption of SLM. These factors include the respondent’s age, the age of the household head, marital status, the size of the household, the highest education level obtained by any household member, access to information, availability of government funding, and government support for farm supplies. The selectivity issue was indicated by the inverse mill ratio (IMR), which is depicted in the table, and by its significance, which is 10%. The selectivity issue was fixed in the first hurdle and fitted in the second hurdle of the model by the introduction of the IMR.

The level of SLM adoption by smallholder farmers was negatively correlated with the respondent’s age, and this correlation is statistically significant at the 1% level of significance. This suggests that the degree at which SLM is adopted lowers as respondent age increases. Age does undoubtedly have a role in how motivated and interested farmers are to adopt new technologies like SLM. This shows that younger farmers are more likely to do so than their older counterparts. This is in line with the findings of Fahad and Wang (2018); Begum et al. (2023). which support the idea that farmers’ ages are unfavorably correlated with their use of adaptation techniques.

The level of SLM adoption was positively correlated with the household head’s age, and this correlation is statistically significant at the 1% level of significance. This suggests that the possibility of SLM adoption increases as the household head’s age rises. Contrary to the findings of Goli et al. (2023) which imply that household heads’ ages are negatively and not favorably correlated with their degree of adoption, this suggests that older farmers will perform better in their level of SLM adoption. It is however worthy of note that the effect of farmers’ age on the adoption of SLM practices has been accompanied by varying results; found a positive correlation, a negative association was deduced by Wang et al. (2023); Zeleke et al. (2023). The influence of age on adoption of SLM practices was ruled out as an insignificant correlation according to the findings of (Mirzabaev et al., 2023).

The coefficient of the respondent’s marital status had a negative relationship with the level of adoption of SLM and is statistically significant at the 1% level of significance. This indicates that the respondent’s marital status lowers the level of adopting SLM, which may be related to the responsibilities associated with excelling in new innovations like SLM (Fentahun et al., 2023). For instance, it was discovered that younger men in the study area went above and above to embrace SLM techniques and make sure they were productive. In terms of level of adoption of SLM, the household size had a positive correlation that was statistically significant at the 1% level of significance (Asfew et al., 2023). This suggests that adoption of SLM was more prevalent in households with bigger populations. This may be related to more readily available and less expensive labor in the form of household members’ assistance with the completion of pertinent tasks.

The coefficient of the highest level of education attained by any household member had a negative relationship with the level of adopting SLM and it is statistically significant at 1%. This suggests that the chance of SLM adoption is decreased by the level of education gained by the farmer or anyone living in his household. This finding runs counter to the majority of studies that link educational exposure to higher levels of SLM adoption. For example, Nkegbe et al. (2017) indicated that higher education levels maintain household heads well-informed and aware of available better agricultural technology like SLM. In the same vein, Asfaw et al. (2018) established that well educated farmers have better understanding of climate change and related issues and are better able to adapt to it by taking up new innovations readily.

Smallholder farmers’ adoption of SLM was negatively correlated with their level of information access, and this association is statistically significant at a 5% level of significance. This suggests that access to information lowers the level of SLM adoption. This is at odds with research that claim farmers are more likely to embrace climate change adaptation measures if they have access to radio, mobile phones, and the media than if they do not (Thinda et al., 2020). Mulwa et al. (2017) further supported the notion that having access to trustworthy information sources helps farmers become more climate-adaptable (Shilomboleni et al., 2024). The coefficient of access to fund from government had a negative relationship with the level of SLM adoption and it is statistically significant at 5% level of significance. This suggests that the likelihood of SLM adoption decreases when farmers gain access to government funding. Farmers’ propensity to use these monies for their own projects and to meet personal needs may be one explanation for this. The findings of Anuga et al. (2019) and Ndamani and Watanabe (2016), which suggested that funding from the government is a crucial institutional determinant to allow simple acceptance and upgrading of SLM methods at all levels, are at odds with this negative association. This connection was confirmed by Teshome et al. (2016), who noted that the improper use of public funds might be a problem that would hinder the implementation of SLM.

The level of SLM adoption was negatively correlated with the coefficient of government support for farm inputs, which is statistically significant at the 1% level of significance. This suggests that government assistance for farm inputs lowers the rate of SLM adoption. The plausible reason for this result could be attributed to the fact that access to new improved varieties that are suitable for a particular ecology requires a huge sum of money which could highly expensive for an average farmer to afford. However, the government is yet to meet up with the demand of procuring these varieties and making it available to the farmers at subsidized rate as a means assisting the local farmers in boosting rice production in Ogun State (Osabuohien et al., 2018).



4.6 Impact of SLM adoption on household food security—poisson regression with endogenous selection

Table 6 showed the analysis and result of the Poisson regression with endogenous treatment.



TABLE 6 Impact of SLM adoption on household food security—poisson regression with endogenous selection.
[image: A table presents regression results differentiating by food security status and use of SLM (Sustainable Land Management). It includes variables like age, marital status, education, access to credit/market, government support, and membership in cooperatives. Each variable lists a coefficient, standard error, and p-value significance level. For food security, marital status, years in farming, government funds, and support on farm input are significant. For SLM use, access to information shows significance. Constants and statistical details like log likelihood and probability are included at the end. Significance levels are marked by asterisks.]

The predicator variables included in the model are: age of respondents, marital status, years spent in school, highest level of education attained by any household member, years of experience in farming, access to credit, access to information, access to extension officer, access to market, fund from government, membership in any cooperative society, support from government on farm inputs, access to good road network and access to information, From the 15 predicator variables fitted in this model, six predictor variables had a statistically significant influence on household food security. They include: marital status of respondents, years of farming experience, availability of fund from government, membership in cooperative society, support from government on farm input and access to information.

Farmers’ food security was negatively correlated with their marital status, and this correlation is statistically significant at the 1% level of significance. This suggests that the likelihood of the farmers having access to food is decreased by marital status. The plausible reason could be traceable to the fact that most of the respondents are in the rural area where household food preparation decisions are often left to wives to execute. However, this differential can also be attributed to the types of food grown and consumed in rural areas. This result resonates with the studies of Cordero-Ahiman et al. (2021) and Kolliesuah et al. (2023) who posited that rural households are mostly accustomed to the limited number of foods they grow which tend to also limit their understanding. However, this is in variance to the assumption that married households do better because they have the chance to decide together on the production and consumption of a wide variety of meals (Ojo et al., 2022). According to Ngema et al. (2018), married households have better food security for their caregiver than single households do.

At a 1% level of significance, the years of agricultural experience demonstrated a positive correlation with food security. This suggests that having more years of farming experience enhances the possibility of the farmers having a stable supply of food. This may be related to increased financial capability due to years of resource accumulation, which then allows for a variety of consumption options. This supports the research by Danso-Abbeam et al. (2022), which highlights the value of agricultural expertise in raising farmers’ chances of adapting. Farmers’ adoption can be linked to increase in productivity which then transcend to increased level of food security. Availability of fund from government is statistically significant at a 5% level of significance and a negative relationship exists between it and the food security of farmers. This implies that farmers’ access to government funds diminishes their chances of being food secure. A possible explanation could be based on the misuse of funds which is bound to occur among smallholder farmers who have large families and income non-proportional to fend for them.

The coefficient of farmers’ membership in cooperative society had a positive relationship with food security and it is statistically significant at 10% level of significance. This implies that farmers’ belonging in cooperative societies tend to improve their chances of being food secure. The importance of social networks is such that farmers can rely on their association for support especially in times when there is critical need for them and also access relevant information that aims to improve their productivity and food security status. The findings of Kehinde and Ogundeji (2022) reiterates the significance of farmers’ membership in an association.

The coefficient of support from government on farm input had a positive relationship with the level of food security of rice farmers in the study area and is statistically significant at 1% level of significance. This implies that government’s support to farmers in form provision of inputs to them increases the food security status of the farmers including that of their households. This is in line with the findings of Khatri-Chhetri et al. (2017) who opined that the cost of implementing technologies could influence farmers’ preferences and willingness to pay. This suggests that farmers may be prevented from adopting technologies which carry the potential of increasing their level of food security due to financial incapacity, hence, support from farmers in form of farm inputs could lessen the possibility of farmers being excluded from the possibility of being food secure. The coefficient of access to information had a positive relationship with the food security status of the farmers, it is statistically significant at 1% level of significance. This implies that access to information increases the chances of being food secure. In fact, proper awareness is the first step towards fully utilizing SLM which then transcend to increased productivity, hence, food security.



4.7 Treatment effects for the adoption of SLM practices on household food security—poisson regression with endogenous treatment effect

In order to address the endogeneity issue, this study estimated endogenous Poisson regression while taking smallholder farmers’ adoption of SLM into account. The adoption of SLM was positively and significantly impacted by the results. It is misleading to compare the food security status of SLM adoption impact study adopters and non-adopters because most adoption impact studies do not account for potential differences in the characteristics of the two groups. Despite taking endogeneity into account, the estimate from the endogenous Poisson regression model may also be insufficient. This is due to the fact that the counterfactual scenario’s missing data prevents the direct coefficients from the model from being regarded as ATT. In order to address this, the study used ATE and ATT to examine the causal effects of SLM adoption on household food security status. Poisson regression with endogenous treatment was employed in this analysis, and AIPW was added as a robustness check. Therefore, we start by talking about the Poisson estimates. Following the fitting of the Poisson regression with endogenous treatment effects, the ATE and ATT were calculated.2 Table 7 shows that the adoption of SLM resulted in an estimated potential outcome mean (ATE) of approximately 6.8 and statistical significance at 1% for the number of food items consumed by households.According to the ATE estimate, if a farmer in the study area implements SLM practices, their average farm household will likely consume approximately three extra food items. The ATT of implementing SLM on the quantity of food items consumed by households was measured by the conditional treatment effects, which was 2.5 and statistically significant at 1%. As a result, compared to non-adopters, the average household in the adopters group would consume roughly three extra food items.



TABLE 7 Treatment effects for the adoption of SLMP on food security—poisson regression with endogenous treatment effect.
[image: Table showing treatment effects. The average treatment effect (ATE) has a coefficient of 6.761 with a standard deviation of 0.367. The average treatment on the treated (ATT) has a coefficient of 2.564 with a standard deviation of 0.654. Both coefficients are significant at 1%.]

AIPW significantly increases household food security as a result of SLM adoption in tandem with the Poisson regression. The ATE and POM are roughly three (3) and seven (7), respectively, based on Table 8. Therefore, if every farmer in our sample adopted the SLM as a form of climate smart agriculture technology, the average number of foods consumed would be three times higher than the average of seven that would occur if no farmer adopted the SLM. Similarly, the group that adopted SLM practices experienced an increase in food consumption of 5.2 times greater than the group that did not adopt SLM practices.



TABLE 8 Treatment effects for the adoption of SLMP on food security—augmented-probability-weighted regression adjustment.
[image: Table depicting treatment effects with three rows: Average Treatment Effect (ATE) with a coefficient of 2.845 and a standard error of 0.666, Average Treatment on the Treated (ATT) with a coefficient of 5.239 and a standard error of 0.345, and Potential-Outcome Mean (POM) with a coefficient of 7.346 and a standard error of 0.216. Note mentions changing bootstrap replications from one hundred to one thousand without significant change, so five hundred replications were used.]

The two estimation techniques’ results showed that farmers used a significantly higher number of strategies to mitigate the negative effects of climate change when they received on-farm demonstration training. The average causal effects, as presented in Tables 7, 8, showed that there was a divergence in the magnitudes of the outcome variable estimates between AIPW and Poisson endogenous treatment regression. Differences in unobserved heterogeneity among smallholder rice farmers may be the cause of this discrepancy in the two sets of results. Adoption of SLM has a positive effect on household nutrition security, which is consistent with the findings of Worku et al. (2020) in Ghana and Martey et al. (2020) in Eastern Africa. The study’s findings imply that SLM adoption enhances household food security in the investigated area. The significance of SLM adoption in helping smallholder farmers adjust to the unpredictable effects of climate change is highlighted by the implications of these findings.



4.8 Frequency distribution of the propensity score by adoption status of smallholder rice farmers

The findings in Figure 5 demonstrate that smallholder rice farmers share a common support for the adoption of SLM.

[image: Histogram comparing the density of propensity scores for treated and untreated groups. The x-axis represents propensity scores from zero to one, while the y-axis shows density ranging from zero to eight. Blue bars indicate treated individuals, and outlined bars represent untreated individuals, with varied distribution across scores.]

FIGURE 5
 The common support showing the frequency distribution of the propensity score by adoption status of small-scale crop farmers.


The propensity scores are forecast using the baseline first stage probit regression in order to estimate the factors influencing the adoption of SLM practices using the probit model. Figure 4 makes it clear that the first regression stage yields a range for common support of 0.1 to 0.99. It even demonstrates the mutual support that results from variations in the second stage’s covariates and instruments. This satisfies the general assumption in MTE applications, according to Shahzad and Abdulai (2021), that the MTE curve’s shape is constant with respect to control variables.



4.9 Marginal treatment effects results of causal effects of adoption of SLM practices on household food security

Figure 6 clearly illustrates the direct correlation between unobserved characteristics and selection based on gains from, as higher food consumption scores values imply a higher likelihood of adoption. As was already mentioned, higher SLM values suggest a higher likelihood of adoption and can be interpreted as an adoption propensity.

[image: Graph titled "Marginal Treatment Effects" showing treatment effect on the y-axis and unobserved resistance to treatment on the x-axis. The black curve represents MTE with a gray shaded area indicating the ninety-five percent confidence interval. A red dashed line shows the average treatment effect (ATE). The effect decreases as resistance increases.]

FIGURE 6
 MTE curve for household dietary diversity score (HDDS).


A pattern of direct selection on gains found for observed farm household characteristics is depicted by the MTE curve in Figure 6. The MTE curve for HDDS can be seen in Figure 6. The downward slope of the curve indicates that adoption resistance increases with a decrease in adoption benefits. This suggests that gains are driving a trend of positive selection. Therefore, in terms of diversified food, farmers who are more likely to implement SLM practices stand to gain more. This result supports those in Table 9, which show that the pattern of heterogeneity (slope of MTE curve), which is shown to be statistically significant at the 5% level in the lower part of Table 9, benefits farmers who are most likely to implement SLM practices.



TABLE 9 Impact of adoption of SLM on food security.
[image: Table showing household dietary diversity scores with columns for Coefficient, Standard Error, p-value, and Percent Change. Rows include ATE, ATT, ATUT, and LATE with respective values. Notes explain significance levels and calculation details.]



4.10 Summary of causal effects of adoption of SLM on food and nutrition security

The results of the causal impact of adoption of SLM practices on food and nutrition security based on our baseline specification are presented in Table 9.

The adoption of SLM practices and its estimated treatment effects on the outcome variable are reported. The findings demonstrate household dietary follow the same pattern of selection, with farmers who are most likely to adopt benefiting from adoption to the greatest extent (i.e., treatment effects on the treated (ATT) being higher than the other parameters). Hence, unobserved gains that indicate positive selection are statistically significant. The estimates of average treatment effects (ATE) indicate that the treatment effects are positive and statistically significant in terms of both sign and magnitude. According to the ATE results, implementing SLM practices improves food diversity by 35%. These improvements are significant (at the 1% level). According to ATT estimates, adoption of SLM practices improves dietary diversity by 52% for an average adopting household. The treatment effects on untreated (ATU) are lower than that of ATE and ATT, confirming the positive selection on unobserved gains. In particular, the ATU results show that for an average non-adopting household, adoption of SLM practices would significantly improve dietary diversity by about 27%. The local average treatment effects (LATE), which shows that households who adopted SLM practices as a result of more access to extension services, improve dietary diversity by about 34%.




5 Conclusion and policy recommendations

This study estimates the determinants of the adoption of SLM practices and the impact of adoption on household food security among smallholder rice farmers in Ogun State, Nigeria. A multistage sampling procedure was used to select 120 respondents. A double-hurdle count data and poisson endogenous treatment (PET) models were employed to analyse the determinants of level of adoption of SLMP and impact of SLMP adoption on household food security level of smallholder rice farmers, respectively in the study area. The results showed that socio-economic factors greatly influenced the adoption of SLMP practices, such as age and educational level of farmers. SLM practices have the potential to reduce food insecurity among rice farmers if they are well-combined and utilized extensively. It was discovered that the adoption of SLMP, which consists of a variety of practices, improved the effect of SLMP adoption on food security of smallholder farmers. To address potential bias in the estimates of ATT, ATET, and POM of the Poisson endogenous treatment model, a doubly robust augmented inverse probability weighted (AIPW) was employed as a reliable solution. The average causal effects results showed that there was a divergence in the magnitudes of the outcome variable estimates between AIPW and Poisson endogenous treatment regression. The possible cause of this discrepancy between the two sets of results could be variations in the unobserved heterogeneity among smallholder rice farmers. In order to demonstrate heterogeneity in adoption gains in both observed and unobserved factors that influence adoption of SLM practices, the study used the marginal treatment effects (MTE) approach. The study’s empirical findings demonstrate a considerable degree of heterogeneity in the advantages of implementing SLM practices. In instance, a pattern of positive selection on the gain that was observed from adopting SLM practices for household diet. This observation stems from the fact that adoption typically has a greater positive impact on households that are more likely to adopt SLM practices. The average treatment effects on the treated (ATT) demonstrate that implementing SLM practices greatly increases farm households’ food and nutrition security. The study found that the adoption of SLMP by smallholder farmers in the study area was significantly influenced by knowledge gained through formal education, some type of vocational training, and trainings to access weather information. The study recommended that continuous adoption and extensive use can be fostered by encouraging farmers to join a social organisation where related and relevant information on sustainable land management practices is shared through trained agricultural extension officers. Farm-level policy initiatives that seek to empower farmers by providing them with knowledge, training, and education about land degradation would be a significant step toward encouraging SLM practices, which in turn leads to improved food security. Overall, the study’s findings indicate that increasing the adoption of SLM techniques can aid in enhancing the food and nutrition security of Nigerian farm households. Therefore, utilizing information and communication technologies, the government, stakeholders, and donor agencies must offer capacity-building innovations, trainings for on-farm demonstrations, and sustainable land management education. For future research in a coordinated effort to identify yield and mitigation effects from sustainable land management for several agro-ecological zones and farming systems is needed to fill the gaps in our understanding identified in this study.
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Footnotes

1   The mathematical equations of estimating AIPW can be found in (Glynn and Quinn, 2010).

2   ATE and ATT were estimated as a post-estimation after fitting the Stata command etpoisson for Poisson regression with endogenous treatment. The ATE estimated after etpoisson is the potential outcome means while ATT is the conditional treatment effect.
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Introduction: The adoption of climate-smart agriculture practices (CSAPs) at the plot level is a promising yet underutilized strategy in Ethiopia, where subsistence farming predominates. This study investigates the factors influencing the intensity of CSAPs on homesteads and identifies key barriers to their broader adoption.
Methods: Quantitative data were collected through household surveys. Multiple Linear Regression (MLR) analysis was employed to examine the relationship between the independent variables and farmers' decisions to intensify CSAPs.
Results: The findings reveal that slope gradient, extension contacts, farming experience, dependency ratio-induced labor, and livestock diversity significantly impact farmers' decisions to enhance CSAPs. Major barriers include insecure land tenure, poor management of open grazing, labor-intensive practices, and limited access to agricultural inputs.
Discussion: To promote the widespread implementation of CSAPs, it is imperative that these variables are prioritized in agricultural extension policies. Addressing these barriers is essential for enhancing the adoption of CSAPs, which will significantly contribute to sustainable agricultural development in Ethiopia.
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1 Introduction

In sub-Saharan nations like Ethiopia, accelerated land degradation due to deforestation, overgrazing, soil erosion, and nutrient depletion is a serious issue. Rapid population growth, limited land resources, and increased food demand since the early 20th century have exacerbated this problem (FAO, 2018; Li et al., 2021). Weak institutional arrangements and uncertain land ownership lead to inappropriate land use and farming on steep slopes (Moges et al., 2020). Intensive farming practices, such as crop residue removal, in-situ burning, and using animal manure for fuel, contribute significantly to land degradation (Moges et al., 2020; Hossain et al., 2020). These practices result in soil erosion, loss of fertility, and decreased water retention. Additionally, using animal dung for fuel, overstocking on croplands, and grazing on steep slopes can compromise crop productivity and livestock husbandry (Baiyeri et al., 2019).

Climate change, with rising temperatures and decreasing rainfall, further exacerbates land degradation (Matteoli et al., 2020; Trisos et al., 2022). This decline in land quality poses significant challenges for crop-livestock mixed farming systems. Climate-smart agriculture (CSA) offers a promising strategy to address these issues by enhancing productivity, mitigation, and adaptation (Burke et al., 2022; Trisos et al., 2022). In Ethiopia, CSAPs include land management techniques, with soil and water conservation being the most widely adopted (61.5%), followed by agroforestry and integrated soil fertility management (56.5%) (Abegaz et al., 2024).

Intensified CSAPs at homesteads can include terracing with agroforestry, legume-cereal intercropping, or rotation with straw retention, composting, and improved grazing systems (Jabbar et al., 2020; Kuyah et al., 2021; Trisos et al., 2022). Terracing alone is insufficient for controlling soil loss, maintaining moisture, preventing nutrient depletion, or increasing crop output without agroforestry or fodder strips (Debie, 2024). Combining terracing with vegetative and agronomic strategies reduces costs. Agroforestry systems, integrating trees/shrubs with crops and pasture, are sustainable and provide mitigation and adaptation benefits. Leguminous grass or shrub intercrops and forage strips on terracing enhance infiltration, soil nutrients, fodder supply, carbon sequestration, and nitrogen fixation (Matteoli et al., 2020; Horton et al., 2021; Mpairwe and Mutetikka, 2022).

In crop-livestock mixed systems, smallholder farmers should adopt diverse agroforestry-based soil conservation methods (Teklu et al., 2022). Legume-cereal intercropping or rotation improves soil fertility, reduces nitrogen inputs, and increases carbon sequestration and nitrogen fixation (Li et al., 2021; Matteoli et al., 2020; Zhao et al., 2022). Mulching crop residues promotes soil biodiversity, reduces dry spells, decreases pests, increases soil organic carbon (SOC), and boosts yields (Su et al., 2021; Kerr et al., 2022). Composting is essential for maintaining nitrogen intake and improving soil fertility, significantly impacting crop yield, and food security, and reducing greenhouse gas emissions (Demeke et al., 2017; Feliciano, 2019; Ray et al., 2020; Yang et al., 2022). However, without crop diversity and fodder strip terracing, composting can be labor-intensive (Debie, 2024).

The farming context—including topography, climate, soil type, and resource availability—is crucial in identifying the best CSAPs. Efficient irrigation systems and rainwater harvesting are vital in arid and semi-arid climates (Hussein, 2024). Crop diversification is beneficial in regions with unpredictable weather patterns (Thottadi and Singh, 2024). Various studies have explored CSAP adoption in different contexts, such as wheat production (Alemayehu et al., 2024; Geda et al., 2024), coffee-based farming (Diro et al., 2022), climate variability adaptation (Ahmed et al., 2023; Alhassan and Haruna, 2024; Kifle et al., 2022), and irrigated farming systems (Serote et al., 2021). Topography and climate significantly influence CSAP choices. Stabilized terracing with agroforestry is beneficial in hilly areas (Gashure et al., 2022), while conservation agriculture practices like crop rotation and minimal soil disturbance are effective in areas prone to soil degradation and water scarcity (Hussein, 2024). Studies show that different CSAPs are used in various locations but not often combined on a single plot. For example, Negera et al. (2022) examined techniques in the Bale-Eco region of Ethiopia, including enhanced crop variety, small-scale irrigation, integrated pest and weed control, and soil fertility management. Musafiri et al. (2022) reported on factors affecting the use of animal manure, agroforestry, soil and water conservation, crop diversification, and crop-livestock integration in Western Kenya. Kassa and Abdi (2022) identified factors influencing irrigation systems, organic manure, and tree planting in southern Ethiopia. In the central highlands of Ethiopia, Gudina and Alemu (2024) highlighted determinants affecting conservation agriculture, integrated soil fertility management, and crop diversification.

The adoption and effectiveness of CSAPs vary based on farming system contexts, types of CSAPs, and their integration on a given plot (Ma and Rahut, 2024). Jointly-used climate-smart agriculture at specific plots is recognized as a novel approach for optimizing productivity, adaptation, and carbon offsets. However, smallholder farmers in Ethiopia, where crop-livestock mixed farming is predominant, face challenges in adopting these practices. The main obstacles to expanding intensified CSAPs from homesteads to other farmlands remain unspecified. This study aims to identify the factors influencing the intensification of CSAPs at homesteads and the main obstacles to their broader adoption within watersheds. The findings are crucial for policy actions to scale up CSAPs in Ethiopia's highlands. Scaling up CSAP synergies across agroecologies is essential for achieving sustainable development goals, including greenhouse gas mitigation, climate change adaptation, poverty reduction, and biodiversity conservation.



2 Materials and methods


2.1 Description of the study watershed
 
2.1.1 Location

The Azuari watershed, located between 10°42′26.399′′N to 11°9′13.462′′N latitude and 37°52′6.066′′E to 38°6′43.817′′E longitude, spans ~67,523 hectares between Addis Ababa and Bahir Dar. This watershed exemplifies the agroclimatic diversity and varied environmental and farming contexts of the Ethiopian highlands (Hurni et al., 2016). It is representative of policy frameworks supporting sustainable land management and farmer livelihoods in Ethiopia's northwest highlands (Moges et al., 2020). The elevation ranges from 1,270 to 4,043 meters, dividing the watershed into four agroecological zones: low-altitude (Kola), mid-altitude (Woina Dega), high altitude (Dega), and Wirch. These zones reflect a range of climates from warm and dry sub-humid (Kola) to cool, humid, and sub-humid (Woina Dega), temperate and humid (Dega), and humid and cold highlands (Wirch). Thus, the Azuari watershed represents the diverse agroecologies and farming systems of Ethiopia's northwest highlands.



2.1.2 Climate

The study area experiences a single rainy season (“Kiremt”) from June to September, with the dry season prevailing from October to March. Annual rainfall ranges from 900 mm in semiarid areas to 2,000 mm in cold and humid areas.



2.1.3 Soil type distribution and soil loss

The watershed's major soil types include Eutric Nitosols, Cambisols, Lithosols, Luvisols, and Vertisols (FAO/IIASA/ISRIC/ISS-CAS/JRC, 2012; Fischer et al., 2008). Vertisols dominate the middle part, while Luvisols are prevalent in the upper part (Haregeweyn et al., 2017). In the lower part, dry-subhumid climates feature low-fertility, sandy Regosols (Fischer et al., 2008). Severe soil erosion in croplands, especially in the lower and higher parts, is driven by population pressure, steep slopes, and deforestation (Mequanient and Kebed, 2023). Water-induced soil erosion is the primary cause of soil degradation, impacting crop yields.



2.1.4 Land use/cover and farming system

The watershed's main land uses include cultivated land, grasslands, shrublands, forests, plantations, and wetlands. Over three decades, significant areas of grasslands, forests, and shrublands have been converted to cultivated and bare land (Yimam, 2022). This conversion increases surface runoff and decreases base flow (Mekonnen and Disse, 2018). Monthly streamflow increased by 2 m3/s in wet months and decreased by 0.7 m3/s in dry months between 1990 and 2004 due to vegetation loss (Yimam, 2022). Forest degradation and agricultural encroachment have led to a 5.81% increase in wet-period streamflow and a 3.34% decline in dry-period flow (Bitew and Kebede, 2024).

Smallholder mixed farming, combining crop cultivation and livestock husbandry, is the predominant agricultural system. This system helps mitigate crop failure risks amid climate variability. Climate extremes, land degradation, and population pressure on limited resources contribute to food insecurity, increasing the sensitivity of crop-livestock mixed production to climate change, especially in lower elevations (Abeje et al., 2019).




2.2 Methods
 
2.2.1 Household survey sampling

This study used a cross-sectional survey, where data were gathered at a particular moment in time. Four kebeles (small administration units), one from the high-altitude (Selam-Abebe), two from the mid-altitude (Laytachimichael and Shegekeraniyo), and one from the low-altitude (YequaraArasema) agroecologies, were randomly selected after taking into account the elevation, farming system, climate condition, and crop pattern over the three agroecological zones (Figure 1). The smallest administrative division in Ethiopia is called a kebele, and inside a kebele is a sub-kebele. Sub-kebeles that implemented terracing practices through project initiatives or local community-based campaigns were given preference for determining the representative sample's target population. Household units can decide on composting, fodder strips for terrace stabilization, and other CSAPs. Since household heads usually make the ultimate decisions on farming techniques and resource utilization, the study looked at issues associated with using households as the unit of analysis over the sub-kebeles. The sample size is computed using Cochran (1977) formula:

[image: Formula for sample size calculation: \( n = \frac{z^2 p (1-p)}{m^2} \), where \( z \) is the z-score, \( p \) is the probability, and \( m \) is the margin of error.]


[image: Map illustrating the Awash River watershed in Ethiopia. The larger map shows elevation gradients, streams, towns, and highways within the watershed area. A smaller inset locates the watershed in Ethiopia relative to major cities such as Addis Ababa and Bahir Dar, as well as neighboring countries.]
FIGURE 1
 Map showing the location of the study watershed (A) in Ethiopia's Northwest Highlands (B) between the country's capital city, Addis Ababa (AA), and regional city, Bahir Dar (BDR).


Where n is the required sample size, z is the confidence level, p estimated prevalence of farm household attributes in the area, and m- is the margin of error. With a standard value of 1.96 (z) and a 95% confidence level, the study's margin of error (m) is 5% or 0.05. Assume there is a large population but difficult to know the variability in the proportion that could adopt climate-smart intensifications in the crop-livestock mixed farming system, therefore, assume p = 0.2 (maximum variability), n = (1.96)2 (0.2(0.8)/(0.05))2 = 246 household head. A systematic random sampling technique was used to identify 246 of the 1,230 household heads in the sub-kebeles proportionately to the corresponding agroecology. A household head survey was conducted with 130 respondents from mid-altitude, 59 from low-altitude, and 57 from high-altitude agroecologies.



2.2.2 Household survey data

Data were generated after the respondents had been informed of the objectives of the research. A structured survey questionnaire was used to conduct face-to-face interviews to gather data from the participants. Well-trained four enumerators who are familiar with the local farming system delivered the questionnaire under the direct supervision of the researcher. The procedure of gathering data was conducted through two phases. In the first phase, a pre-test survey was held outside the sample areas to tailor the data collection method and issues to the research area setting. Data were collected on socioeconomic, ecological, and institutional variables, as well as the intensity of CSAPs. Plot level data included the soil fertility status and slope class. From the socioeconomic perspective, factors such as gender, farming experience, dependency ratio-induced labor, literacy level, farmland size, livestock diversity, income, and off-farm activities were taken into account. The institutional variables taken into account were access to credit associations, extension contacts, selected seed availability, distance to the nearest market, and farmland ownership status. Key informant interviews and firsthand observations provided qualitative data that was used to supplement the narrative with a variety of themes to complement the quantitative data.



2.2.3 Operational definitions and measurements of variables

The main six climate-smart agriculture practices (CSAPs)—crop rotation, crop residue retention, improved grazing, composting with inorganic fertilizers, stabilized terracing through agroforestry, and improved seed varieties—must be put into practice to increase agricultural productivity and sustainability in the Ethiopian highlands (Jirata et al., 2016; Teklu et al., 2022). The combination of these CSAPs with climate information systems is anticipated to reduce yield loss due to climate variability and farm expenses, and increase household income, food security, and resilience (Tesfaye et al., 2021). Direct observations made during the transect walks of the preliminary and main surveys provided evidence to support the primary CSAPs outlined at the national level, indicating that these practices are most common in the research watershed. Therefore, farmers were asked to rate how well their homestead adhered to the identified CSAPs with 0 representing “no” and 1 representing “yes.” The implementation of four to six major CSAPs on a particular homestead is considered intensified. For example, many farmers frequently cultivate improved maize and wheat seeds, compost/manure plus inorganic fertilizers, rotate between cereal and legume crops while retaining residue, and use agroforestry stabilized soil bunds and Fanya juu (Table 1). Summer and autumn are the best times for farmers to implement enhanced grazing systems. The average values (range from 0.17 to 1) of the number of practices implemented at the homestead were used to determine the intensity of CSAPs. The multiple linear regression (MLR) model can incorporate the values of the intensity level of CSAPs (e.g., 0.17, 0.33,…, 1) as long as these values reflect a continuous variable. The intensity values are continuous and provide measured levels of intensity. MLR can be used to model the association between these values of intensity level and other predictor variables, including covariates and categorical. Covariates (continuous) and factors (categorical) were the independent variables. For example, farmers' assessments of soil fertility status and slope steepness class were taken into account based on plot-level parameters. Socioeconomic variables were taken into consideration, such as gender, farming experience, dependency ratio-induced labor, education level, size of farmland holding, animal diversity index, income, and off-farm activities. Institutional variables such as distance to the nearest market, availability of agricultural inputs, insecurity of land tenure, training and advising possibilities through extension contacts, and access to credit associations were included.

[image: The equation shows the Herfindahl index of linguistics (HIL) as \( HIL = 1 - \sum_{1}^{n} si^2 \), where \( si^2 \) is the square of the share of each language.]


TABLE 1 Definition, measurement, and hypotheses of dependent and independent variables.

[image: A table outlines variables, measurements, and hypotheses about the intensity of six CSAPs. It includes explanatory factors such as soil fertility, slope class, gender, farming experience, and others. The table also shows the anticipated direction of correlation between the dependent variable and predictors, with various positive and negative signs indicating the expected relationship. Notes at the bottom explain the calculation of the livestock diversity index.]

Where n = the total number of livestock, Si = proportion of the ith animal in total livestock number. Hence, Si is the individual livestock proportion relative to the total livestock herd in a household. The Herfindahl index (HI) is calculated for LDI as = 1-HIL, where LDI is the livestock diversity index and HIL is the Herfindahl index livestock. The range of HIL values was 0.03–0.98. A value of zero denotes specialization, whereas a number greater than zero implies some degree of diversification.

The number of dependents—individuals who are normally not in the labor force, such as children under 15 and adults over 65—compared to the working-age population—those who are typically between the ages of 15 and 64—implies how the dependency ratio affects the availability of labor. The dependency ratio calculates the proportion of working-age household members (those between the ages of 15 and 64) to dependent household members (those between the ages of 0 and 14 and over 65) to determine the prospective labor supply for the labor cost of CSAPs.

[image: Formula for the dependency ratio, displaying "Dependency ratio equals dependent sizes of a household divided by working-age size of a household" identified as equation number three.]
 

2.2.4 Assumptions of multiple linear regression

Multiple Linear Regression (MLR) analysis was used to examine the relationship between the independent variables and farmers' decisions to intensify CSAPs. It can manage continuous dependent variables, regardless of the frequency at which a value occurs (Mohr et al., 2021). Verifying that the model assumptions can support the appropriateness of MLR is important in situations where the frequency of each intensity level may have an impact. The linear relationship, the lack of multicollinearity, the independence of errors, the homoscedasticity of the data, and the normality of the residuals were all confirmed before the analysis was conducted (Mohr et al., 2021; Dawson et al., 2021). MLR assumes that each predictor variable and the response variable have a linear relationship. The points in the scatter plots generally formed a straight line, suggesting a linear relationship. MLR assumes that predictor variables don't strongly correlate with one another. For this study, there was no noticeable multicollinearity because all of the VIF values were <2 and tolerance scores were above 0.6. Furthermore, a correlation matrix revealed that all correlation coefficients were <0.3, indicating that none of the predictor variables were substantially associated. The residuals (errors) must be independent for the MLR results to prove valid and robust. The value of the Durbin-Watson test in the model summary indicates 2.12, which lies between 1 and 3 implying that the residuals were independent or uncorrelated. The residuals should have constant variance at every level of the predictor variables, according to the homoscedasticity assumption of the MLR model. The assumption test result shows that homoscedasticity was indicated by the residuals' random distribution around zero. The model's predicted standardized values are plotted against the obtained standardized residuals using a random array of dots on the graph. Results demonstrate that the homoscedasticity assumption has been met since the residual variation is similar as the expected values increase along the X-axis. The model assumes that the residuals have a normal distribution. Plot values (P-P) show that the residuals were normally distributed since the points nearly followed a straight line.



2.2.5 Model specification of multiple linear regression

The cause-effect relationship between the intensity of CSAPs with socioeconomic, institutional, and plot level variables was analyzed by a multiple linear regression (MLR) model. The model is a good choice for controlling other covariates, such as household socioeconomic, demographic, and institutional variables (Mohr et al., 2021). The equation of the regression model: yi= β0+ β1x1+ β2x2+…. + βkxk+ £, with the mean value of y given as:

[image: Equation for a linear regression model: mu sub y equals beta sub 0 plus beta sub 1 times x sub 1 plus beta sub 2 times x sub 2 plus up to beta sub k times x sub k. Equation labeled as four.]

where, y is the random response variable and μy is the mean value of y, β0, β1, β2, and βk are the parameters to be estimated based on the sample data, x1, x2,…,xk are the predictor variables that are assumed to be non-random or fixed and measured without error, and k is the number of predictor variables, and ε is the random error, which allows each response to deviate from the average value of y. The errors are assumed to be independent, have a mean of zero and a common variance (σ2), and are normally distributed.





3 Results


3.1 Socio-economic characteristics

The percentage distribution of the categorical variables is shown in Table 2. Farmers are thought to classify the homestead's slope and describe the fertility status of the soil. Of the total, about 70.1 and 69.1% of farmers said their homesteads had a steep slope and were fertile, respectively. Farmers stated that because of the good drainage and decreased risk of waterlogged and flooding, they often established residential villages on agricultural land with a moderate slope. Since the settlement's establishment, farmers have been able to increase the fertility of the soil on their homesteads by using sustainable land management practices. Factors such as male-headedness, literacy (at least reading and writing), lack of access to off-farm activities and credits, and interaction with extensions were shared by most respondents (Table 2). Farmers noted that training on the technical aspects and advantages of climate-smart agriculture practices (CSAPs) was often given by agricultural development agents to develop farmers' understanding and skill sets.


TABLE 2 The percentage distribution of categorical variable responses.

[image: Table displaying various factors related to homestead conditions, gender, literacy, activities, and market access. Key variables include fertility, slope class, gender, literacy, off-farm activities, credit access, extension contacts, seed availability, and market distance. Each variable lists response options, corresponding sample sizes (N), and percentages. For instance, 69.1% perceive homestead fertility as fertile, while 76% of responses are male.]

Table 3 shows the distribution of the continuous variables, including the total amount of farmland held, the number of years of farming experience, the dependency ratio, the diversity values of the livestock, and the annual income. For this study, the main components of developing CSAPs are agroforestry stabilized terracing, legume-cereal crop rotation with residue retention, combined use of compost and inorganic fertilizers, and an enhanced grazing system in the summer and autumn. The average value of CSAPs at the farmers' homestead spans from 0.17 to 1, with an overall average value of 0.6. Based on data, farmers engage in at least one and up to five CSAPs. The mean values of farming experience, dependency ratio, total farmland holding size, and livestock diversity were 29, 0.4, 2, and 0.49, respectively. An estimated 36,573.2 ETB was the average annual income of the respondents.


TABLE 3 The mean and distribution values of continuous dependent and independent variables (covariates).

[image: Table showing various variables related to farming, including "Intensity of CSA practices" with a mean of 0.6 and standard deviation of 0.25, "Farming experience" with a mean of 29 years, "Dependency ratio-induced labor" with a mean of 0.4, "Total farmland holding size" with a mean of 2, "Livestock diversity" with a mean of 0.49, and "Estimated annual income" with a mean of 36,573.2 in ETB. Minimum and maximum values are also listed for each variable.]



3.2 Determinants of farmers' decision to intensify CSAPs

The multiple linear regression models' goodness of fit was verified using the adjusted R-square statistic and the F-test significant value (Table 4). The highly significant p-value of 0.000 for the F-test in the regression model indicates that the independent factors together predict farmers' decisions to intensify CSAPs. The model's goodness of fit is demonstrated by the adjusted R-square statistic in the model summary, which indicates that significant factors account for 61% of the variation in the intensity of CSAPs. Table 4 shows that the main significant variables influencing farmers' decisions to intensify CSAPs at homestead were slope gradient, extension contacts, farming experience, dependency ratio-induce labor, and diversity in livestock husbandry. For this study, the decision of farmers to intensify CSAPs was not significantly influenced by factors, such as soil fertility status, gender, literacy level, off-farm activities, credit availability, selected seed availability, distance to the nearest market, size of farm holdings, or expected annual revenue.


TABLE 4 Factors influencing farmers' decision to intensify CSAPs at homesteads, and goodness of fit.

[image: Statistical table showing a linear regression analysis. The table lists variables like perceived soil fertility and credit access with coefficients, t-values, tolerance, and VIF. Significant factors include perceived slope categories, credit access, and livestock husbandry diversity. Model summary shows R square at 0.64 and adjusted R square at 0.61. ANOVA results indicate significance with a p-value of 0.000.]

Farmers' decision to intensify CSAPs was significantly (at P < 0.001) impacted by their homesteads' moderate to steep slope characteristics. It was observed that Sesbania sesban, elephant grass, Acacia decurrens, Ficus thonningii, and Rahmnu sprinoides were used to stabilize the built terraces, such as soil bunds and Fanya juu, on the homestead with moderate to steep slope character. The steepness of the farmed land's slope had a substantial impact on the adoption of CSAPs (Ahmed et al., 2023). The findings presented in Table 4 demonstrate that farmers' decisions to enhance CSAPs on homesteads were significantly (at P < 0.001) influenced by frequent interactions with agricultural extension personnel. The acceptance of newly introduced CSAPs, like the use of improved seeds, composting, terracing, and planting of multifunctional exotic shrubs, has been greatly affected by the agriculture extension service (Kifle et al., 2022).

The intensification of CSA techniques was significantly (at P < 0.001) influenced by the husbandry of varied livestock (Table 4). Cattle, sheep, goats, chickens, horses, and donkeys are all herded inside the research area as part of the varied animal husbandry. Having a variety of cattle significantly influences a farmer's decision to use CSAPs (Bwalya et al., 2023; Debie and Ayele, 2023). The decision to strengthen CSAPs on the homestead was greatly impacted by the farmers' farming experience from the time of their productive age (Table 4). Farmers can be taught essential expertise and abilities about the integrated use of beehives, livestock herding, horticulture, and cropping patterns harmonized with favorable agroforestry through farming experience that has grown over time. Farming experience had a big impact on the degree to which farmers adopted CSAPs (Atsiaya et al., 2023; Sanogo et al., 2023). The decision of farmers to intensify CSAPs was negatively and significantly influenced (P < 0.01) by the dependency ratio, as shown in Table 4. This indicates the adoption of labor-intensive CSAPs is significantly impacted by households with a lower dependency ratio (larger productive labor size). For example, maintaining a terrace involves digging out silted soil from the channels and melding the composting materials, which may be very labor-intensive. Because of this, households with lower dependency ratios can devote more time to the ongoing upkeep of terracing and compost preparation than households with higher labor dependency composition. Farmers' decisions to use organic soil amendments are largely influenced by the low dependency ratio (Zheng et al., 2020).



3.3 Barriers to scaling up CSAPs

The five main obstacles to the wider adoption of homestead CSAPs are the labor-intensive nature of the practices, weak management of open grazing practices, the uncertainty of land tenure, a shortage of agricultural inputs, and the lack of collaboration from stakeholders (Figure 2).


[image: Bar chart showing major obstacles to CSA practices adoption ranked by importance. Categories include labor-intensive, unrestricted grazing, inadequate supplies, tenure insecurity, and weak collaboration. Bars are labeled "First" and "Second" for each category with percentage values: Labor-intensive (86%, 14%), Unrestricted grazing (83%, 17%), Inadequate supplies (55%, 45%), Tenure insecurity (67%, 33%), Weak collaboration (54%, 46%).]
FIGURE 2
 Significant obstacles to growing the intensity of CSAPs by the rank of the importance. Multiple responses were considered. Each barrier was ranked as “First” and “Second” responses, with the response percentages summing to 100% for each barrier.


The study shows that a primary obstacle (86%) to the watershed-level scale-up of the intensified CSAPs was the labor-intensive nature of regularly maintaining terraces, agroforestry management, composting, and improved grazing management. The weak monitoring scheme of the open grazing system was ranked as the second that prevented the successful establishment of agroforestry on the terrace segment, the strip, and distant cultivated land. Open grazing is prevalent on croplands during the winter and spring seasons. The open grazing practices of cattle, sheep, and goats destroyed the planted Sesbania sesban, elephant grass, Acacia decurrens, and Ficus thonningii on the terrace portion. At the third rank level, 67% of farmers stated that the main barrier impeding the growth of CSAPs at the watershed level was the uncertainty of agricultural land tenure. Furthermore, in the fourth and fifth rank levels, the restricted supply of agricultural inputs, such as equipment, seedlings, and better seeds (identified as the primary barrier by 55%) and weak stakeholder cooperation (indicated as the first barrier by 54%).




4 Discussion


4.1 Determinants of intensified CSAPs

The use of compost and inorganic fertilizers in combination, legume-cereal crop rotation, crop residue retention, agroforestry stabilized terracing, and an improved autumn and spring grazing system are the most important identified CSAPs in the study watershed. In association with this, the three most widely applied CSAPs are conservation agriculture, crop diversification, and soil fertility management (Ali et al., 2022; Kifle et al., 2022). Crop rotations, low tillage methods, mixed cropping, planting trees, and applying manure were the most popular CSAPs among farmers (Bwalya et al., 2023; Ma and Rahut, 2024; Thottadi and Singh, 2024). Major CSAPs highlighted by Kassa and Abdi (2022) included agroforestry, organic manure, and small-scale irrigation systems. Based on the findings, farmers' decisions to intensify identified CSAPs at the homestead were significantly influenced by many factors, including the steepness of the homestead slope, regular guidance and training through extension contacts, developing awareness and skills over longer farming experiences, a low dependency ratio, and a high diversity in livestock husbandry.


4.1.1 Slope gradients

The farmer's decision to use intensive CSAPs, such as forage strips or other agroforestry stabilized terracing is influenced by the homestead's steepness. The decision of farmers to use vegetative strips and terracing is significantly influenced by the steepness of the farmland (Alemayehu et al., 2024; Zeleke et al., 2024). Farmers in hilly regions could find vegetative stabilized terracing more appealing since the advantages of the terrace for changing the steep slope gradient often outweigh its expensive and labor-intensive constraints (Hilger et al., 2013).

Campaigns to construct terraces on farmlands with moderate to severe slopes were frequently started by the local community during the dry season, which lasted from January to March. However, the improperly designed campaign-based terrace, which was constructed without considering the plot owner's practical experience, did not meet the requirements and was not implemented sustainably in the cultivated field (Debie et al., 2019; Mersa et al., 2023). It was observed that terrace structures were frequently modified with plot tillers by incorporating native drainage channels and modifying slope gradients.

The result indicated that the homestead with moderate to severe slopes has maintained vegetative stabilized Fanya Juu and soil bunds because farmers are accustomed to their many advantages, which include controlling soil, water, nutrient, and crop losses; producing fodder for sheep and goats; and improving soil nutrients and crop output. Farmers were able to determine the impact of terracing on the reduction of slope gradient by observing the accumulation of deposits in the lower portion of croplands located between terraces. Natural and planted vegetative strips are effective in reducing the length of moderate and steep slopes and act as barriers to slow down runoff, thereby reducing soil erosion (Haddaway et al., 2018). The authors further noted that vegetative strips make them a popular choice among farmers due to the request being easier and less costly to implement compared to terracing. To optimize the potential for reducing soil erosion and increasing productivity, terraces should be utilized in conjunction with perennial vegetation, moisture retention, and a continuous presence of soil cover during the rainy season (Debie et al., 2019; Desta et al., 2021). Numerous ecological services are provided by stabilized terraces, such as higher soil moisture content, reduced runoff, and silt, pH, availability P, available K, and organic carbon, and enhanced grain yields (Debie et al., 2019; Tolesa et al., 2021; Deng et al., 2021). Terrace stabilizers including shrubs, annual herbaceous plants (like legumes), and trees like Faidherbia albida are examples of nitrogen-fixing plants that are essential to most CSAPs.

On the moderate to steep homestead, legume shrubs that are planted along the homestead's boundary and terrace segment are primarily pruned when they reach a productive age to provide fodder. Farmers stated that elephant grass is preferable to feeding cattle and that the best plants to feed sheep and goats are Rahmnu sprinoides, Sesbania sesban, and Acacia decurrens. One of the most widely used shrubs for fodder in Ethiopia; sesbania sesban improves the intake and digestibility of the basic diet for sheep and goats (Oosting et al., 2011; Debie, 2022). Productive natural grass developed on strips, terrace segments, homestead boundaries, and streams is commonly utilized for feeding cattle, especially oxen and cows, through the cut-and-carry grazing technique. Shrubs and trees must provide shade to shield animals from midday sunlight. Beekeeping productivity also benefits from the growth of flowering bushes along the homestead boundary and terrace segment. Shrub plants on the terrace segment may need to have deeply ingrained roots to stabilize the terrace and supply nutrients to the soil via root nodules. Farmers have observed that lowering the slope gradient significantly lowers crop damage during the early stages of growth. Consequently, farmers have developed an understanding of the detrimental effects of slope steepness on agricultural productivity, enabling them to sustain stabilized terraces over an extended period. Farmers choose to spend a significant amount of labor in upholding the practices and guarding them against free grazing because of the numerous advantages of doing so. Compost and livestock dung are applied by farmers to farmland areas situated in between terraces stabilized by grass or shrubs.



4.1.2 Diversity of livestock husbandry

The results indicate that the husbandry of various livestock kinds at farm households leads to an increase in the amount of manure applied, which is made up of the dung of various livestock types, including horses, chickens, sheep, goats, cattle, and donkeys, to improve the fertility of their farm soil. In association with this, total livestock holding size was one of the major determinants of the adoption of CSAPs (Alemayehu et al., 2024; Zeleke et al., 2024). Cattle dung is regularly utilized to make dung cake, which is used as fuel for energy during the autumn, winter, and spring seasons. The dung of chickens, horses, donkeys, sheep, and goats is not used as fuel energy. To maximize the use of manure to improve soil fertility and be able to replace cattle dung used for fuel energy, it is essential to herd chickens, horses, donkeys, sheep, and goats. The best-integrated degree of decomposition and productivity benefits of crop grain and biomass yield were seen in co-composting or mixed use of cow, pig, and wheat straw (Fan et al., 2023). Various farming methods employ a blend of manure from pigs, cattle, and poultry (Rayne and Aula, 2020). Thompson et al. (2023) state that well-kept livestock is vital for agricultural systems and can yield significant benefits. More carbon sequestration is encouraged by manure soils (Washaya and Washaya, 2023).



4.1.3 Dependency ratio-induced labor

According to the findings, a lower dependency ratio denotes fewer dependents per person of working age, which increases labor availability and may motivate the household to intensify CSAPs on homesteads and other farmlands to enhance livestock and crop yields. A low dependency ratio boosts labor availability, which can help with enhanced cattle husbandry practices and terrace stabilization through agroforestry and composting on a particular homestead (Debie, 2024). Having more people in the working age range in the household can help manage different CSAPs in an efficient and long-lasting way (Sharma et al., 2024). Household labor is required at large levels for CSAPs, such as manure application, composting, distribution of crop straw across the entire homestead, improved grazing management, and agroforestry management. Farmers stated that the labor cost of spreading the collected manure of various livestock on the land requires less labor cost than that of composting. During the dry season, women and young people were mostly responsible for distributing the collected manure at the homestead. Famers reported that carrying manure to scatter on a homestead needs less work compared to transporting manure to distant agricultural areas using manpower and donkeys. As per the training provided by the local administration unit's development agents, farm households with a low labor dependency ratio can devote more time to making compost from green manure, ash, and livestock manure. During the end of winter and throughout the spring, farmers can distribute manure or compost and mix it in the soil by plowing. Despite the increased labor costs associated with its production, farmers stated that compost overtakes manure in terms of improving soil fertility and crop yields for the forthcoming year. The application of compost generally had a significant and positive impact on plant nutrients, such as soil pH, EC, SOM, total N, and accessible P (Kavvadias et al., 2023). For many reasons, including low quality, inconsistent supply, and difficulties with manure collection caused by inadequate facilities and great distances between farms, manure must be properly dealt with before it can be used (Washaya and Washaya, 2023). Activators can be added to the basic constituents of compost to increase its nutritional value. Adding fungicides, viricides, nematode inhibitors, and antibacterial treatments for plants or organic materials can also improve the quality of compost (Ayilara et al., 2020). Generally, manure or compost is used to cultivate cereal crops (primarily sorghum and maize), followed by legume crops. Rotating crops between legumes and grains is a fundamental practice for managing soil.



4.1.4 Agriculture extension advisory services and farming experiences

The finding revealed that agricultural extension advice and training services had a significant impact on farmer awareness development of many advantages and integrated use of CSAPs on homesteads and other farmland. Increasing public awareness of the advantages, practical procedures, and technical know-how of CSAPs can be essential to increasing the rate of adoption. The more intensive CSAPs, including terracing, composting, improved grazing systems, and others were influenced by frequent extension contacts. The most important aspect influencing the adoption of CSAPs was having access to extension contacts (Diro et al., 2022; Xu et al., 2022; Bwalya et al., 2023 Debie and Ayele, 2023; Ferrer et al., 2023; Tadesse and Ahmed, 2023; Hussein, 2024; Ma and Rahut, 2024). Due to a lack of training and access to agricultural knowledge, farmers were found to be ill-prepared to adopt newly introduced CSAPs (Nyairo et al., 2022). Farmers stated that agricultural extension workers helped them with the functional and technical components of several CSAPs. Agricultural extension workers can also be knowledgeable on the use of improved seed, careful terracing management, making good use of terrace stabilizers for livestock fodder, beehive and livestock husbandry, and compost preparation. Farmers are familiar with the indigenous technique of legume-cereal crop rotation or intercropping. Thus, there will be more dedicated farmers who can fill their technical and knowledge gaps about the need to apply CSAPs to fulfill multiple objectives by having access to possibilities for training and advice. Farmers who have received relevant training and skills in CSAPs should be the focus of the extension program (Kifle et al., 2022).

The findings of the study showed that farmer experience across time also considerably influences the diversity, intensity, and effective management of CSAPs. Geda et al. (2024) found that the adoption of CSAPs in wheat production was influenced by farming experience. By implementing crucial technologies early on in the context of their cultivated area, farmers can develop competence in managing projected production hazards (Ainembabazi and Mugisha, 2014). Based on their local knowledge and experience, farmers commonly intercrop modified maize on their homestead with sunflowers, faba beans, peas, and common beans. The purposes of rotation or legume-cereal intercropping are widely known to farmers. The primary perceived goals of the technique are to boost crop productivity and soil fertility. Legumes and maize intercropped improved soil fertility, total nitrogen content, and grain and biomass yield of cereal crops (Gidey et al., 2024). Cereals (maize, wheat, sorghum, and teff) interplanted with oil seeds Guizotia abyssinica (named Noug locally), Ethiopian mustard, also known as gomenzer (Brassica carinata A. Braun), and linseed (flaxseed) on homestead boundary strips that touch on pathways used by people and livestock or trees (Eucalyptus globulus). Legumes and oil seed straws or wastes are utilized on the farm to mulch the soil's surface and young plants, such as Eucalyptus globulus. Straws from maize and sorghum are mostly utilized as cattle feed and fuel. The soils can be combined with a small amount of residual maize and sorghum. For the first plowing in the dry season, the collected cereals, legumes, and oil seed straws can be incorporated into the soil. Frequent plowing during the dry and spring seasons allows the organic biomass of the residue to break down and provide the soil with nutrients for the next crop's productivity. For cattle hay fed in the spring and summer, teff straw is primarily utilized. Based on their experience, the majority of farmers employ a cut-and-carry technique in the autumn and summer to improve cow grazing strategy since these seasons may require less labor than other seasons to harvest valuable feed for cattle, such as grass and shrub leaves. Weeds that grow beneath the biomass of maize crops can be harvested for cattle fodder. Post-harvest practices frequently involve establishing agroforestry and limiting unrestricted grazing on terraced homesteads. During the post-harvest time, pruning of Acacia decurrens, Sesbania sesban, and elephant grass is done on the farm to provide feed for cattle, sheep, and goats. Therefore, a combination of farmer knowledge, experience, and abilities, as well as expert scientific observation are required to properly manage multifunctional CSAPs and sustainable production of mixed agricultural systems (Debie, 2024).




4.2 Barriers to the scale-up of CSAPs

The labor-intensive nature of routinely maintaining terraces and producing compost, the mishandling of open grazing practices, the uncertainty of land tenure, the scarcity of agricultural inputs and supplies, and the lack of collaboration amongst stakeholders at the lowest administrative unit were the major barriers to wider adoption of CSAPs in the watershed. Similar research conducted by Hussein (2024) demonstrates that inadequate resources, inadequate technical know-how, and poor infrastructure impede the uptake and expansion of CSAPs.

Lack of labor prohibited farmers from regularly maintaining terraces and producing large volumes of compost. The extensive and sustainable adoption of terraces is primarily driven by their technical suitability for labor requirements and farming system conditions (Debie, 2021; Sanogo et al., 2023). The preparation of large quantities of compost for a thorough treatment of their entire agricultural area has proven to be a labor-intensive operation for smallholder farmers. Farm households with a low labor dependency ratio that can maintain terraces and make compost for their homestead may not be able to extend to other cultivated fields due to their labor-intensive nature. Farmers said that carrying compost by hand is not feasible. Transporting compost or manure from houses to remote locations is one of the largest barriers to the broad application of sustainable manure management. There are additional costs of labor, financial, and time involved in transporting compost/manure/from the produced site (residential area) to distant cultivated land. Produced compost is occasionally transported from residential sites to distant croplands by donkeys.

In addition to compos, maintaining the terrace in the spring and summer seasons is labor-intensive work. Using ox drive plowing, farmers frequently tilled siltation on terrace channels. The difficulty arises when farmers throw the excavated silted soil uphill. Regular maintenance is recommended for a long-term reduction in runoff and soil loss (Belayneh et al., 2020). The technical viability of terracing needs to be evaluated concerning farmed areas that require less labor for upkeep (Debie, 2021). The amount of labor required for maintenance can be greatly decreased by stabilizing terraces with agro-forestry, grass strips, and percolation ditches (Debie et al., 2019; Belayneh et al., 2020). The problem is the absence of suitable tools and equipment to facilitate the manufacture of compost and the excavation of silted soil. The main barrier to CSAPs scaling up is limited access to appropriate farm equipment and tools to ease labor-intensive work (Barnard et al., 2015). Farmers should be given access to innovative mechanical tools and equipment to minimize the amount of labor needed for compost production and terrace maintenance. The kinds of techniques and instruments used in the manufacture and delivery of compost must minimize the labor requirements. The equipment must reduce the labor needed when siltation removal from terrace channels and tossing to upslope areas.

One of the main obstacles to the continuous use and expansion of vegetative stabilized terraces in the micro-watershed has been unrestricted open grazing throughout the post-harvest periods (winter and spring). Farmers manage their crop fields during the planting season but these fields revert to communal spaces available for livestock grazing during the dry season (Barnard et al., 2015). Livestock can be allowed to graze on the agricultural residue that remains on the cropland in substantial amounts. The owners of agricultural land under conservation are unable to monitor free grazing on their land during the post-harvesting period due to the perceived labor cost and fear of hostility from livestock owners. Under the local administration unit, farmers, administrators, and extension agents have not worked together well to restrict free grazing. The absence of implementation of local legislation that controls open cattle grazing hinders the effectiveness of the adopted land management practices (Nebere et al., 2021). Farmers were included in the terracing and vegetation plantation implementation phase, but their participation in the planning, monitoring, and evaluation phases is limited, thus constraining the institutional structure (Adego et al., 2018; Nebere et al., 2021). This issue causes established terrace stabilizers to be injured by grazers and free browsers, destabilizing and destroying the terrace in the process. Hence, to prevent many issues associated with free grazing in preserved areas, strong regulations, enforcement, and sanctions must be put in place. To achieve real and observable improvements in land management techniques, farmers are urged to participate actively in all phases of conservation initiatives (Adego et al., 2018; Nebere et al., 2021). Stall-feeding procedures, the development of fast-growing fodder grass species, and a reduction in the number of cattle all improve both the productivity of cattle and the sustainability of land management techniques (Nebere et al., 2021).

The findings showed that land tenure issues and inadequate policy strategies are the main reasons why smallholder farmers usually have limited success implementing CSAPs. Tenure-related constraints and limitations prevent the expansion of CSAPs (Autio et al., 2021; Zerssa et al., 2021; Sanogo et al., 2023). Farmers may be reluctant to invest in sustainable land management because they think that land redistribution may result from unresolved land tenure conflicts (Ege, 2017). Insufficient enforcement of local-level land use planning and unstable land tenure security result in adverse environmental consequences and a failure to manage the use of land resources in a balanced manner (Abab et al., 2023). To remedy this measures such as bylaw approval and enforcement, specific land use planning, and land tenure security must be implemented. The safety and long-term sustainability of land management practices require a bylaw establishing contractual agreements between landowners and renters. The primary driver of the broader implementation of CSAPs is the security of land tenure and land use rights (Ege, 2017; Debie, 2021; Abab et al., 2023).

The lack of collaboration among the community, local administration, and extension personnel was identified as another obstacle to the watershed-level scaling up of intensified CSAPs. It is common to see weak cooperation between farmers and agricultural extension workers when it comes to planning, monitoring, and evaluating practices. Extension agents and administrative units encourage farmers to take part in constructing terraces in the dry (winter) season and plant shrub seedlings on the terrace segments and watercourse in the summer. This suggests that farmers were forced to engage in practice time even if they were not involved in its preparation. The agricultural extension cannot successfully collaborate with farmers by making available agricultural inputs such as better seeds, fertilizers, and agricultural instruments for reducing labor costs. Sanogo et al. (2023) state that a major barrier to adopting and expanding CSAPs was the lack of agricultural inputs, such as better seeds and agroforestry seedlings.

To avert the major barriers, it is crucial to provide opportunities to hasten the CSAPs' broader implementation to enhance the food security of smallholder households (Ali et al., 2022; Kirina et al., 2022; Teklu et al., 2022). In the context of the subsistence farming system in Ethiopia's highlands, a framework for the sustainable implementation of intensified CSAPs should be developed to feed the fast-expanding population.




5 Conclusion and policy implications

In Ethiopia, where subsistence farming is the main driver of the economy, the intensity of climate-smart agriculture practices (CSAPs) among smallholder farmers is still extremely low. Furthermore, it is not clear what the main obstacles are to the expansion of more intensive CSAPs. With the use of descriptive statistics and multiple linear regression models, the study aimed to identify factors that influence the intensity of CSAPs on a homestead and the main obstacles to the spread of enhanced CSAPs. The results reveal that slope gradient, extension interactions, agricultural experience, dependency ratio, and diversity in livestock husbandry were the main significant variables impacting farmers' decisions to intensify CSAPs at the homestead. The main obstacles to scaling up intensified CSAPs are labor-intensive terracing and composting, poorly managed open grazing practices, unclear land tenure, a lack of agricultural supplies and inputs, and a lack of cooperation from stakeholders at the lowest administrative unit, or “kebele.” Therefore, the agricultural extension policy must emphasize the main variables that influence farmers' decisions to intensify CSAPs as well as the primary barriers that are impeding the wider use of these practices. To achieve sustainable development goals including lowering poverty, adjusting to climate change, reducing greenhouse gas emissions, and ensuring sustainable biodiversity, it may be essential to scale up the synergies of CSAPs across agroecologies.
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The fourth industrial revolution’s digital transformation has profoundly altered how we view the food supply chain. The technological advancements associated with the fourth industrial revolution (4IR) have witnessed an upsurge in emerging technologies adoption such as drones in the food supply chain. However, research on the factors affecting the adoption of drones in the food supply chain is limited. This study therefore addresses the research gap. The study’s main objective is to explore factors affecting the adoption of drones in the food supply chain. The study conducted a systematic literature review of peer-reviewed articles. This quantitative study adopted the Technology-Organizational-Environmental (TOE) framework as the theoretical lens to explore the factors influencing drone adoption. The study indicates that technological factors (cost, relative advantage, and perceived usefulness), organizational factors (strategic objectives), and environmental factors (market structure) affect the adoption of drones in the food supply chain. Despite the study’s limitations, such as secondary data rather than empirical data, the study contributes to the body of knowledge on the factors influencing the adoption of drones in the food supply chain.
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1 Introduction

The Fourth Industrial Revolution produces a world in which physical and virtual production systems collaborate flexibly on a global scale (Schwab, 2017). The technological advancement associated with Industry 4.0 has disrupted several industries (Özdemir and Hekim, 2018). We now live in a new era characterized by fast change and the fast evolution of digital transformation, which affects every area of organizations. Using a variety of information, communication, computing, and networking technologies, digital transformation is a process that tries to enhance an entity by causing major changes to its characteristics (Vial, 2019). In the digital era, when products and services must be supplied both online and offline, the desire to employ new technology to gain and sustain a competitive edge is frequently linked to the concept of digital transformation (Mergel et al., 2019). Agriculture 4.0 encompasses a variety of already-in-use or in-development technologies such as robotics, artificial intelligence, machine learning, and blockchain, all of which have the potential to have far-reaching implications for future agriculture and food systems (Klerkx and Rose, 2020).

In the past decade, the attention focused on the food system (FS) discourse has increased and has moved to a more holistic view of food systems (Stefanovic et al., 2020). The 2030 Agenda of the United Nations sees food and agriculture as the pivotal players in achieving the 17 Sustainable Development Goals (FAO, 2020). The food system is the term used to refer to the interactions between and within bio-geophysical and human environments that determine a set of activities (Ericksen, 2008). Food systems go hand in hand with the term “farm to fork.” The Farm to Fork concept claims that innovation and research are essential components in accelerating the transition to food systems that are sustainable, wholesome, and inclusive from primary production to consumption (Riccaboni et al., 2021).

The world has been adapting to many innovative technologies. During the COVID-19 pandemic, there was a significant increase in drone adoption in the food supply chain and logistical services to comply with social distancing (World Health Organization, 2020). Drones are unmanned aerial vehicles that fly autonomously in both natural and man-made environments (Floreano and Wood, 2015). The food supply chain and logistical services are expected to be significantly impacted by drones (Jasim et al., 2022). During COVID-19, the food supply networks needed to respond quickly to disruptions on the supply side brought on by labor shortages, panic buying, and changing food consumption patterns on the demand side of the food supply chain (Hobbs, 2020).

However, there is a lack of acceptance of drone technology in the food supply chain, particularly the usage of drones in the food system. As digital technology advances, conventional ways of transportation are gradually becoming obsolete. To examine the new revolutionary technology that will aid in the process, from farm to fork, a deeper comprehension of the adoption of drone usage for the food supply chain is required. The study conducted a systematic literature review of existing literature on factors that affect the adoption of drone usage in the food supply chain. The study’s main objective was to explore factors that affect the adoption of drones in the food supply chain.


1.1 Overview of the food supply chain

We are on an unfavorable trajectory, as the world population is expected to increase by five billion people by the end of the century (UN Population Division, 2018), leading to a greater demand for food. We currently experiencing food security concerns that threaten humanity in the twenty-first century, and the public is looking for big food system opportunities. These high-quality scientific findings must be turned into policy and action as quickly as possible (Fanzo et al., 2020a). Combating global food insecurity and malnutrition requires a more holistic approach to food system thinking and planning (Fanzo et al., 2020a). With limited resources, food systems will have to feed a growing and changing population while also dealing with environmental degradation, climate change, and loss of biodiversity (Willett et al., 2019). Climate-related natural disasters, market distortions, and politics are all wreaking havoc on food systems (Barrett, 2020). As every part of the food system, contributes to climate change, the core truths about how food systems operate should adapt as a result of climate change (Hoegh-Guldberg et al., 2018). When land-use changes are taken into account, food systems account for 21–34 percent of world emissions (Fanzo et al., 2020a).

While COVID-19 has exposed vulnerabilities, it hastens technological transformation toward a sustainable global economy through bold policies (Franco et al., 2020). Favorably changing the food systems ensures that the food we produce is available to everyone and that the food system continues to be a vehicle for poverty reduction and improved food security for all (Fanzo et al., 2020a). The various components of the food system include the food supply chain, food environments, individual factors, consumer behavior, and external drivers. The food system encompasses all the people and activities involved in growing, transporting, supplying, and consuming food (Fanzo et al., 2020b). This study specifically focuses on the food supply chain of the food system. Kasza et al. (2019) referred supply chain as a network of organizations connected by backward and forward integration, typically in the several stages of the production process and delivery operations that ensure a product or service reaches the consumer.

Industries are digitizing the supply chain because of the creation of new digital systems and technology within Industry 4.0 and 5.0. Using IT-enabled procedures, connection, integration of systems, and web-enabled features, the definition of a digital supply chain is the development of information systems and the use of innovative technology to improve the supply chain’s agility and integration while also improving customer service and organization’s long-term survival (Ageron et al., 2020). According to Havenga (2018), logistics is a crucial step in the supply chain process that prepares, executes, and successfully regulates the movement and storage of commodities. Additionally, logistics is made up of a variety of tasks and procedures, such as fleet management, inventory management, and transportation (Havenga, 2018). Organizations from all around the world are beginning to realize the importance of logistics for the agri-food sector.



1.2 Overview of drone technology

Drones are compared to automated planes and are often referred to as Unmanned Aerial Vehicles (UAVs), Remote Piloted Aircraft Systems (RPAS), Unpiloted Aircraft Systems (UAS), Quadcopters, etc. (Adepoju, 2022). Drone technology has received much interest, and like smartphones, it is anticipated that drones will become a regular part of our lives (Jasim et al., 2022). Drones have been used historically for a while. Drones, however, were mostly developed and explored in the past for military uses (Adepoju, 2022). Drone technology consists of a flying robot that may be operated remotely using flight software and Global Positioning Systems (Adepoju, 2022). The word “drone” is often used to describe autonomously controlled aircraft, those as submarines or ground-based autonomous vehicles (Yaacoub et al., 2020). A drone is a flying device that may either be piloted remotely or automatically through software to collect data. According to the type of drone, there are several categories of drones. The many drone varieties include multirotor, single-rotor, and fixed-wing aircraft (Wang et al., 2016). These technologies are designed with sophisticated stabilization mechanisms, sensors, and flying cameras that can carry out certain tasks and capture high-definition video (Adepoju, 2022).

The Internet of Drones (IoD) is a new era, where a fleet of drones is deployed and harvests the needed data under the supervision of a ground station server (GSS) over a wireless channel (Martos et al., 2021). Drones have drawn a lot of interest in improving the value of operations (Yurek and Ozmutlu, 2018). Drone technology is used in various sectors, including the medical, environmental, and service industries. Drones are easy to use and update often to reflect the newest technological advancements. Drones are utilized for various purposes, including agriculture, photography, disaster relief efforts, military surveillance activities, and industrial monitoring. The drone’s technological capabilities have advanced so swiftly that they are now a viable choice not only for delivery operations but also for passenger usage and transportation (Rejeb et al., 2021).



1.3 Drone adoption in the food supply chain

Companies must use innovative technology for effective and smooth business operations to compete in the globalized business world (Ramadan et al., 2017). Drone technology has digitally transformed the food industry and gained much usage in the food supply chain. Drone technologies have become crucial in the food system process because of the digitization of the agricultural industry, often known as agriculture 5.0. Businesses can use drones as cutting-edge tools to boost the responsiveness and effectiveness of their logistics (Sah et al., 2021). Due to their ability to fly, speed, and autonomy, drones have previously been investigated for their possibilities as delivery vehicles for logistics and humanitarian aid distribution (Shavarani, 2019). Drones can improve environmental sustainability and reducing delivery times since they are fueled by electricity (Hwang et al., 2019).

The industry needs to think more widely about food logistics and take the idea of the food supply chain into consideration. The supply chain is unquestionably responsive to the supply chain’s complexity and comprises a sizable number of producers, suppliers, and customers. Stakeholders can now obtain and analyze data previously inaccessible at any stage of the food supply chain through drone technology usage. The outcome serves as the basis for new process development and improvement in the food supply chain. In the supply chain, logistics is the planning, execution, and management of the safe, effective movement and storage of goods, services, and information to satisfy customer demands (Croom et al., 2018). Drones’ high mobility may considerably optimize various logistical activities while lowering supply chain costs. Flexible logistics systems are required because modern logistics and supply chains have become more dynamic, complicated, and technology-driven. These systems must be able to adapt to customer requirements more quickly and effectively. In a world that is getting more complex, the added complexity of introducing drones is less frightening than it would have been 10, or even five, years ago.

There is a significant, unexplored global market for on-demand food delivery services as technology improves people’s quality of life (Liu, 2019). Congested or isolated places will benefit from drone logistics in the supply chain since they offer a greater level of service and accessibility in less time than conventional delivery methods (Kim et al., 2021). The period of food delivery is the key benefit of using drones in the food supply chain and logistics as a food delivery system; due to the perishable nature of the items and the need for on-time delivery, drones are ideal for this application (Doole et al., 2018). The regulations and permissions for drones are one of the barriers to drone logistics (Kuschke and Cassim, 2019). Drones are a brand-new, cutting-edge technology that is ever-evolving and responding to users’ demands. Using drones has been shown to lower carbon emissions, increase efficiency, decrease labor costs, save lives, and expedite delivery (Ayamga et al., 2021).



1.4 Related studies

Several studies have explored drone usage in the supply chain using various approaches. For instance, an exploratory case study by Sermuksnyte-Alesiuniene et al. (2021) analyzed how digital technology can enhance food supply chain operations. Singh et al. (2021) used a simulation model to highlight the importance of a robust supply chain during pandemics and the potential disruptions to the food supply chain. Waris et al. (2022) applied an extended technology acceptance model (TAM) to investigate customer use of drone technology for food delivery services. Rejeb et al. (2021) conducted a systematic literature review to examine the potential benefits and challenges of drones in supply chain management and logistics but did not specifically address drone adoption in the food supply chain. A review of existing studies reveals that none have utilized the TOE framework to explore drone adoption in the food supply chain and logistics. Therefore, this study addresses this gap by applying the TOE framework to explore factors affecting drone adoption in the supply chain.



1.5 Theoretical framework

The study adopted the Technological-organizational-environmental (TOE) framework developed by Tornatzky and Fleisher (1990). The TOE framework is the most suitable theoretical framework to explore different factors affecting the adoption in various contexts (Baker, 2012). The TOE framework offers an effective analytical tool for examining both possibilities and challenges linked to the adoption, adaptation, and incorporation of technical breakthroughs into a business strategy of an organization (Oliveira and Martins, 2011). From an organization perspective, the TOE framework outlines three areas of consideration in organizations that impact the adoption of the decision-making process at the application level (Tornatzky and Fleischer, 1990). The three elements that offer a complete view of drone adoption in the food supply chain are technological, organizational, and environmental.


1.5.1 Technological

Firstly, the technological element consists of all the firms’ relevant technologies, internal and external, these technologies are those that have already been used at the firm and those available to the firm via the marketplace (Baker, 2012). Through 4th industrial revolution principles, firms’ internal operations, communication channels, components of the product, and any other crucial supply chain component and logistics activities are experiencing faster digitization. The TOE framework’s technology category has several subcategories, including compatibility, complexity, relative advantage, security concerns, costs, technological competency, and technological resources which play a pivot role in the adoption process (Oliveira and Martins, 2011).



1.5.2 Organizational

Secondly, the organizational element describes the resources and characteristics of the organization such as the links between workers, internal communication channels, the number of slack resources, and the business size (Baker, 2012). The organizational factor considers all enterprise characteristics and consists of subcategories such as infrastructure, top management support, organizational readiness, firm size, financial commitment, and employee information systems knowledge, which are all significant influences on a technology adoption culture that may influence the adoption of technological innovations (Baker, 2012).



1.5.3 Environmental

Lastly, the industrial structure, the existence or lack of technical service providers, and the regulatory environment make up the environmental component (Baker, 2012). The environmental context focuses on all external elements that might affect innovation inside a company, such as governmental regulations, competition, external stakeholders, and the availability of external resources (Baker, 2012) (Figure 1).

[image: Flowchart illustrating the factors influencing technological innovation decision making. Central box labeled "Technological innovation decision making" is connected to three surrounding boxes. "External task environment" includes industry characteristics, technology infrastructure, and government regulation. "Organization" covers linking structures, communication processes, size, and slack. "Technology" highlights availability and characteristics. Arrows show interaction among these elements.]

FIGURE 1
 Technology-Organizational-Environmental (TOE) framework (source: Tornatzky and Fleischer, 1990).






2 Methodology

The research design process involves deciding which aspects will be observed, by whom, and for what purpose (Babbie, 2016a). The study adopted a systematic literature review (SLR) combined with quantitative content analysis to address the research question and objectives. Fink (2014, p. 3) defines a systematic literature review as an explicit, rigorous, and repeatable process for identifying, analyzing, and summarizing the body of completed and recorded work done by researchers, academics, and practitioners. Systematic literature reviews are a preferred review approach for summarizing the current body of knowledge in an area (Kraus et al., 2020). The following phases are involved in the completion of an SLR: formulating review questions; identifying relevant work; assessing the quality of research; summarizing the evidence; and interpreting the findings (Khan et al., 2003). According to Mouton (2001, p. 179), a systematic literature review has a non-empirical design categorization that uses secondary data, and the key research question consists of descriptive, theoretical, and conceptual questions. The study’s research question is descriptive, which aligns with the research objective.

The purpose of content analysis, a family of research methodologies, is to extract systematic, reliable, accurate, and repeatable conclusions from texts and other forms of communication (Drisko and Maschi, 2015). Content analysis is a fairly transparent research tool; the coding scheme and sample procedures may be explicitly laid forth (Bryman, 2012). The research design was chosen because a systematic approach is essential for thorough content analysis, as it ensures clarity for readers and allows for replication by other researchers (Drisko and Maschi, 2015). In addition to providing the researcher with theoretical insight, the content analysis provides an objective, text-driven appraisal of the literature (Cheng et al., 2018). It is a very adaptable approach that may be used for a wide range of unstructured textual data types (Bryman, 2012). Designing a research topic, establishing hypotheses, developing a coding system, collecting data, statistical analysis, presenting findings, and concluding are all processes in quantitative content analysis.


2.1 Unit/s of analysis

The what or the who being researched is the unit of analysis (Babbie, 2016b). For this research study, organization was the unit of analysis. The organizations’ features include their size, composition, place, and collective descriptions of their members (Babbie and Mouton, 2001). The UOA comprises organizations that utilize drones in the food supply chain. The study explores drone adoption in the food supply chain. Its main objective was to explore factors that affect drone adoption in the food supply chain.



2.2 Instrument development

The study used a literature matrix as our research instrument. Content analysis is a technique for mapping symbolic data into a data matrix suitable for statistical analysis (Roberts, 2015). The literature matrix will be used to find and analyze useful literature and group it under its subcategories. Using search terms like “Drones,” “food supply chain,” “logistics,” “food delivery services,” “food systems,” and “TOE framework,” the literature was searched to find all publications pertinent to the research issue. To prepare the content for categorization, which was adopted from the technology, environmental, and organizational (TOE) framework factors as shown in Table 1, all articles published from 2019 to 2022 were selected resulting in 50 articles. These articles were then manually coded in an Excel spreadsheet using word frequency analysis to find patterns in the qualitative data. This establishes the basis for converting qualitative data into quantitative data, which may then be subjected to additional data and statistical analysis using an SPSS statistics software tool to generate frequencies, analysis of variance (ANOVA), and correlations of TOE factors as provided in Table 1.



TABLE 1 TOE factors that influence drone adoption.
[image: Table listing factors under three categories: Technology factors include complexity, compatibility, cost, perceived usefulness, relative advantage, and security. Organizational factors include organizational readiness, resource capacity, firm size, technical skills, management support, and strategic objectives. Environmental factors include government pressure, competition, policy/regulation, market structure, vendors capabilities, and maintenance and support.]



2.3 Data sources, sampling strategies, and techniques

The study used secondary data which is data that has previously been collected for another purpose (Sharma, 2018). The data was collected electronically from electronic databases such as Ebscohost, Google Scholar, Mendeley, Scopus, and ScienceDirect Journals. These databases which contain published articles relevant to the study were accessible through the university account. A portion of the target population is known as the research population, from which the sample is drawn (Hu, 2014). The research population included published articles on drone adoption in the food supply chain. The research sample was 50 peer-reviewed articles published from 2019 to 2022. The journal articles were selected based on the keywords. A convenience (opportunity) sampling approach was used as a non-probability strategy to collect the relevant information. Convenience sampling is used in research to identify target research objects that satisfy certain practical requirements, such as ease of access, geographic closeness, availability at a specific time, or a willingness to contribute (Dörnyei, 2007). The convenience sampling approach was selected for the study because it involved sourcing and choosing articles published from 2019 to 2022, focusing on the factors affecting the adoption of drones in the food supply chain. The study targeted organizations that used drones in the food supply chain.



2.4 Research methods

The systematic literature review (SLR) approach of content analysis was used to answer the research question and achieve the study’s objective. The systematic literature review (SLR) approach is versatile to adopt quantitative and qualitative research methods. The data collection method was qualitative, using convenience sampling to acquire and analyze data by inputting keywords related to the research topic into the search engines of specific scientific databases. Content analysis was employed to identify the presence of keywords within a set of qualitative data. This method allows researchers to quantify and assess the presence, meanings, and relationships within the data. According to Siddaway et al. (2019), a systematic review involves using structured and explicit procedures to identify, select, and evaluate relevant research on a specific issue, as well as to collect and analyze data from the included studies. As per Siddaway et al. (2019), the SLR process consists of five steps: scoping, planning, identification, screening, and eligibility. The SLR content analysis approach was suited for the study since the study was a non-empirical study that utilizes secondary data to answer the research question using published articles. Statistical methods were used to analyze and summarize the results of the included studies.



2.5 Data analysis

Data analysis is the process of obtaining solutions to problems by analysis of data. The main analytic processes are to find problems, assess the availability of acceptable data, decide on appropriate methodologies for addressing the topics of interest, implement the techniques, and finally analyze, summarize, and present the results (Sharma, 2018). The data from selected 50 published articles were manually coded and then analyzed using quantitative content analysis. According to Mouton (2001, pp. 165–166), content analysis is a study that analyses the content of a text or document. The study needs to be qualitative and make use of secondary data, and the key research question needs to be exploratory or descriptive (Mouton, 2001).

The study used the literature matrix method to categorize data collected from published articles. The qualitative data was organized based on the technological, organizational, and environmental framework constructs variables that affect drone adoption in the food supply chain. Reliability refers to the extent to which a measure of a concept is stable and consistent (Bell et al., 2022). Inter-coder reliability a numerical measure of agreement among multiple coders on coding the same data was used for the manual coded data (O’Connor and Joffe, 2020). Cronbach’s alpha was employed to assess the reliability of the TOE factors. Therefore, the qualitative data used in the study was transformed into codes for the quantitative data analysis. The quantitative data was analyzed using statistical analysis software, SPSS, to obtain statistical results.




3 Results and discussion

This section presents the study results on factors that affect the adoption of drones in the food supply chain analyzed data from the 50 articles published between 2019 and 2022. This section is subdivided into the following sub-sections: Section 3.1 presents the demographic frequencies; Section 3.2 presents the frequency of Technological, Organizational, and Environmental factors that influence drone adoption in the food supply chain from the selected 50 articles. Lastly, section 3.3, presents the analysis of variance (ANOVA) and correlation results.


3.1 Demographic data


3.1.1 Articles published by year

The frequency of articles based on factors affecting drone adoption in the food supply chain published between 2019 and 2022 is presented in Figure 2. According to the results, 14% of the articles were published in 2019 and 18% in 2020. The year 2021 had the highest number of published articles (40%) and the year 2022 had 28% of the published articles. It is important to note that the study was conducted in 2022 and the published articles for 2022 were not complete. The study results suggest an increase in published articles on factors affecting drone adoption in the food supply chain published between 2019 and 2022. The results indicate a rise in published articles in the year 2021 at 40%. The lowest recorded research output happened in 2019 at 14%.

[image: Bar chart showing percentages over four years: 2019 at 14%, 2020 at 18%, 2021 at 40%, and 2022 at 28%. The highest percentage is in 2021, and the lowest is in 2019.]

FIGURE 2
 Articles by year.




3.1.2 Articles published by region

The frequency of publications based on factors influencing drone adoption in the food supply chain published between 2019 and 2022 is depicted by region in Figure 3. The regional trends are important to identify which regions are more actively researching or implementing drone technology in the food supply chain. According to the results, Asia had the highest reported percentage of papers published (68%), followed by America (14%), and Europe (12%). Furthermore, Africa, had 4%, followed by articles with mentioned regions at 2%, the fewest articles published. The frequency shows that the Asia region had more than half of all published research from 2019 and 2022 on the variables that affect drone adoption in the food supply chain.

[image: Bar chart showing percentage distribution across regions. Africa: 4 percent, America: 14 percent, Asia: 68 percent, Europe: 12 percent, Not Applicable: 2 percent. Asia has the highest percentage.]

FIGURE 3
 Articles by region.




3.1.3 Articles published by research method

The frequency of research methods used in published articles on factors that affect drone adoption in the food supply chain published from 2019 and 2022 is presented in Figure 4. The results show that 62% of publications used the quantitative research method, followed by 22% for the qualitative research method and 16% for the mixed-method research method, which was the lowest frequency. The quantitative research method was the most popular in published articles on factors that affect drone adoption in the food supply chain published from 2019 and 2022.

[image: Pie chart displaying research methods: Quantitative at sixty-two percent, Qualitative at twenty-two percent, and Mixed Method at sixteen percent.]

FIGURE 4
 Articles by research method.




3.1.4 Articles published by research design

Figure 5 illustrates the frequency of research designs used in publications on the factors affecting drone adoption in the food supply chain between 2019 and 2022. The statistics reveal that, among publications from 2019 to 2022, surveys were the most commonly used method at 58%, followed by systematic literature reviews at 26%, and case studies at 10%. Additionally, the findings imply that conducting experiments was the least popular sort of study, as only 6% of publications published from 2019 and 2022, on factors affecting drone adoption in the food supply chain, employed this approach.

[image: Pie chart showing the distribution of research methods. Survey: 58%, Systematic Literature Review: 26%, Case Study: 10%, and Experiment: 6%.]

FIGURE 5
 Articles by research design.




3.1.5 Articles published by the framework

The frequency of research frameworks used in publications based on variables influencing drone adoption in the food supply chain published over the period 2019 and 2022 is shown in Figure 6. The diffusion of innovation theory (DOI), motivated consumer innovativeness (MCI), the theory of planned behavior (TPB), value belief norm theory (VBN), design science research framework (DSR), analytic hierarchy process (AHP), and the technology acceptance model (TAM) are among the frameworks. NA denotes articles that did not utilize a framework or that instead proposed their framework. The findings show that most articles at 66% either did not utilize a framework or suggested a new framework (NA). Additionally, the findings imply that TAM was the second most popular research framework at 16%, after TPB at 8%. Additionally, the findings imply that the DOI, DSR, VBN, MCI, and AHP frameworks, at 2% each, were the least often used frameworks in studies based on variables affecting drone adoption in the food supply chain published from 2019 and 2022.

[image: Bar chart showing percentage distribution of frameworks. NA is the highest at sixty-six percent, followed by TAM at sixteen percent, and TPB at eight percent. DOI, DSR, VBN, MCI, and AHP each have two percent.]

FIGURE 6
 Articles by framework.





3.2 Factors affecting the adoption of drone usage in the food supply chain

This section demonstrates how technological, organizational, and environmental aspects influence the use of drones in the food supply chain.


3.2.1 Technological factors

This study examined six technological variables that affect drone adoption in the food supply chain. These variables were complexity, compatibility, cost, perceived usefulness, relative advantage, and security. The findings are shown in Figure 7. The findings show that cost, which was mentioned in 80% of the 50 articles, was thought to be the most crucial technological aspect influencing drone adoption in the food supply chain. This was followed by relative advantage at 62% and perceived usefulness at 58%. This finding implies that organizations should utilize drone technology while maintaining financial stability and relative advantage. Waris et al. (2022) support the findings by highlighting that drone technology is a breakthrough that enhances company efficiency and reduces costs. The drone adoption costs include both the acquisition of the equipment and the ongoing maintenance of logistics and supply chain integration. Additionally, compatibility was mentioned in 46% of the articles as an influencing factor, with security coming in at 42%. Even though it was referenced in 40% of the articles, complexity was the least addressed characteristic. As a result of these findings, organizations should view complexity as the least important aspect when considering whether to use drone technology in the food supply chain.

[image: Bar chart showing percentages for various factors labeled as "Yes" and "No". Complexity: 40% Yes, 60% No. Compatibility: 46% Yes, 54% No. Cost: 80% Yes, 20% No. Perceived usefulness: 58% Yes, 42% No. Relative advantage: 62% Yes, 38% No. Security: 58% Yes, 42% No.]

FIGURE 7
 Frequency of technology factors.




3.2.2 Organizational factors

The study examined six organizational variables that affect drones used in the food supply chain. These variables were organizational readiness, resource capacity, firm size, technical skills, management support, and strategic objectives. The evaluation of the organizational characteristics was done using 50 articles that were published between 2019 and 2022, and the findings are shown in Figure 8. The findings show that 50% of articles spoke about strategic objectives as an influencing element, followed by 34% of articles about resource capacity, and 30% of articles for firm size. These findings suggest that organizations considering the adoption of drone technology should align their strategic objectives with the implementation process. Effective use of the technology requires clear purpose statements to develop a comprehensive vision, set targets, and establish measurable milestones. Additionally, 28% of the publications highlighted technical skills as a key factor, while 26% discussed the importance of management support. The factor with the least frequency that affects the adoption of drones in the food supply chain is organizational readiness, which was mentioned in 19% of the publications.

[image: Bar chart displaying percentages of "Yes" and "No" responses for various factors. Organizational Readiness: Yes 81%, No 19%; Resource Capacity: Yes 66%, No 34%; Firm Size: Yes 70%, No 30%; Technical Skills: Yes 72%, No 28%; Management Support: Yes 74%, No 26%; Strategic Objectives: Yes 50%, No 50%.]

FIGURE 8
 Frequency of organizational factors.


The outcome indicates that organizations should consider organizational readiness as the least important factor when using drone technology since it might affect their competitive advantage. This suggests that organizations should prioritize other factors over organizational readiness when adopting drone technology. Focusing too much on how prepared the organization is might detract from its ability to leverage drone technology effectively, potentially harming its competitive edge. While readiness is important, it may not be as crucial as other factors in drone adoption.



3.2.3 Environmental factors

This study examined six environmental elements, including competition, vendor capabilities, maintenance and support, IT policy and regulation, market structure, and government pressure, that affect the use of drones in the food supply chain. Based on 50 publications that were published between 2019 and 2022, Figure 9 shows the findings of the evaluation of the environmental conditions. The findings show that 56% of publications highlighted market structure as an influential element, followed by 42% of articles that discussed government pressure and another 42% of articles that discussed vendor capabilities. The results suggest that organizations are motivated by the market structure to adopt drone technology in the food supply chain. In addition, maintenance or support was mentioned as an influencing element in 36% of publications, followed by competition at 32%. Finally, just 28% of the publications listed IT policy/regulation as an important factor that influences drone adoption in the food supply chain.

[image: Bar chart displaying factors affecting decisions, with percentages for "Yes" and "No". Competition: 32% No, 68% Yes. Vendor capabilities: 42% No, 58% Yes. Maintenance/support: 36% No, 64% Yes. IT policy/regulation: 28% No, 72% Yes. Market structure: 56% Yes, 44% No. Government pressure: 42% No, 58% Yes.]

FIGURE 9
 Frequency of environmental factors.





3.3 Technology, organizational, and environmental factor analysis of variance

This section presents the analysis of variance (ANOVA) and correlation analysis results of technology, organization, and environmental factors variables across several demographic variables such as year published, research method, research type, research framework, and study region. Only variables with significant differences are presented on the factors affecting the adoption of drones in the food supply chain.


3.3.1 Analysis of variance (ANOVA)


3.3.1.1 Technology, organizational, and environmental factors by year

The analysis of variance (ANOVA) results of the year variable and the technology, organizational and environmental factors, are shown in Table 2. The results show that there was significance difference on the environmental factor (government pressure) and technology factors total at below 0.05, environmental factor (government pressure) at 0.003, and technological factors total at 0.002. According to the results, the only factors that exhibited significant differences when assessed against the demographic variable of the year in which articles were published were environmental factor (government pressure) and technology factors total. In summary, the prevalence of the two factors varied significantly over the years under review.



TABLE 2 Technology, organizational and environmental factors by year.
[image: Table displaying results for Environmental-Government pressure and Technological factors total. For Environmental-Government pressure: between groups sum of squares is 3.10 with 3 degrees of freedom, mean square 1.03, F value 5.24, significance 0.003. Within groups: 9.08 sum of squares, 46 degrees of freedom, mean square 0.20. Total is 12.18. For Technological factors total: between groups sum of squares is 33.17 with 3 degrees of freedom, mean square 11.06, F value 5.60, significance 0.002. Within groups: 90.91 sum of squares, 46 degrees of freedom, mean square 1.98. Total is 124.08.]



3.3.1.2 Technology, organizational, and environmental factors by research method

Table 3 presents an analysis of results of the research method variable and the technology, organizational and environmental factors. The results reveal significant differences between the technology factor (cost) and organizational factors (resource capacity and organizational factors total), all of which are below 0.05: cost at 0.020, resource capacity at 0.000, and organizational factors total at 0.024. The findings indicate that there are significant differences between the factors and the demographic variable research method. According to the findings, the only factors that revealed significant variations when compared to the demographic variable of the research method in which articles were published were technological factor (cost), and organizational factors (resource capacity) and the organizational factors total. In summary, the prevalence of the three factors varied significantly over the 4 years studied.



TABLE 3 Technology, organizational and environmental factors by research method.
[image: Table showing analysis of variance (ANOVA) results for technological and organizational factors. It includes columns for sum of squares, degrees of freedom (df), mean square, F-value, and significance (Sig.). Technological cost has total sum of squares 8.00, with significance 0.020. Resource capacity has total sum of squares 11.22, with significance 0.000. Organizational total has sum of squares 86.58, with significance 0.024.]



3.3.1.3 Technology, organizational and environmental factors by region

Table 4 presents an analysis of variance (ANOVA) of the demographic region, and TOE framework constructs technology, organizational, and environmental factors. The results revealed significant differences, with the technological factor (complexity) at 0.042, the organizational factor (resource capacity) at 0.002, the organizational factor (technical skills) at 0.002 and organizational factors total at 0.032, all of which are below 0.05. The results imply that the technological factor (complexity), organizational factors (resource capacity and organizational factors total) and the demographic variable of the Region in which articles were published has a strong link.



TABLE 4 Technology, organizational and environmental factors by region.
[image: Table displaying analysis of variance results for technological and organizational factors. It includes sum of squares, degrees of freedom, mean square, F-values, and significance levels for complexity, resource capacity, technical skills, and total organizational factor. Significant values are 0.042 for complexity, 0.002 for resource capacity and total organizational factor, and 0.032 for technical skills.]




3.3.2 Correlation between TOE factors (technology, organizational, and environmental)

Table 5 shows the relationship between TOE factors (technology, organizational, and environmental) and the year the articles were published. A correlation relationship is significant at the 0.01 and 0.05 levels. The correlation between year and technological factor variables indicated a positive significance at 0.001**. In addition, the correlation between year and organizational factor is positively significant at 0.016** but with no significance for environmental factor. Furthermore, the correlation between the technological factor variable and organizational factor variables indicated a Sig (2-tailed) value of 0.09. The environmental factor variable, however, showed no significant correlations with the year, technological factor, and organizational factor variables. Thus, we can conclude that there is a statistically significant relationship between the year, technological factors, and organizational factors.



TABLE 5 Correlation of TOE factors.
[image: A correlation matrix table shows Pearson correlation coefficients among four variables: "Articles by year," "Total technology factors," "Total organizational factors," and "Total environmental factors." The table includes significance levels (two-tailed) and sample size (N), which is consistent at 50 for all comparisons. Significant correlations are marked with asterisks, with ** for significance at the 0.01 level and * at the 0.05 level. Notable significant correlations are observed between "Articles by year" and "Total technology factors" (0.467, p=0.001**), and between "Total organizational factors" and "Total technology factors" (0.367, p=0.009**).]





4 Conclusion

The study adopted a systematic literature review to explore factors affecting the adoption of drones in the food supply chain from articles published between 2019 and 2022. The study selected 50 peer-reviewed articles adoption of drones in the food supply chain. The study results indicate an increase in published articles on factors affecting the adoption of drones in the food supply chain during the years under review. This indicates more interest from researchers in the research area. The results also indicate that the quantitative research method was the most used and Asia region has the highest number of published articles in the research area.

The results showed that technology-related factors such as complexity, compatibility, cost, perceived usefulness, relative advantage, and security were the dominant factors affecting drone adoption in the food supply chain. In addition, the study results indicated that the strategic objectives of organizational resources are a key factor for drone adoption in the food supply chain. Furthermore, the study suggests that the market structure variable of the environmental factors is an important factor affecting the adoption of drones in the food supply chain. As a result, the findings of the study indicate that technological factors (cost, relative advantage, and perceived usefulness), organizational factors (strategic objectives), and environmental factors (market structure) all affect the adoption of drones in the food supply chain.

The ANOVA analysis revealed significant differences between the year and the environmental factors, specifically government pressure and technological factors. Consequently, the findings indicate that both government pressure and overall technological factors varied throughout the study period regarding their impact on drone adoption in the food supply chain. The inferential statistics indicated a positive significance correlation between the year variable, technological factor variable, and organizational factor variable but no significance for the environmental factor. The results suggest that technological and organizational factor complement each other in drone adoption in the food supply chain. Organizations are therefore more likely to view technological and organizational factor as associated factors that affect drone adoption in the food supply chain.

To conclude, the study indicates that technological factors (cost, relative advantage, and perceived usefulness), organizational factors (strategic objectives), and environmental factors (market structure) affect the adoption of drones in the food supply chain. The study implications are that as organizations gain experience and knowledge over time, their technological and organizational readiness for drone adoption improves. In addition, external pressures can shift organizational priorities and readiness for adopting new technologies. Decision-makers considering drone technology adoption within sustainable food systems should understand these factors to enhance strategic planning and implementation.

The study adds to the body of knowledge on the factors affecting the adoption of drones in the food supply chain. While the study contributes valuable insights for academia and organizations considering drone adoption in the food supply chain, it has limitations due to its lack of empirical data and use of non-random sampling. Consequently, the findings are not generalizable to the broader field of the food supply chain. However, decision-makers should still consider these findings when evaluating drone adoption. Future research may use different frameworks (such as diffusion of innovation theory (DOI) and institutional theory) and methodologies (such as empirical research, qualitative or mixed methods) to explore factors affecting drone adoption in this context. The study’s limitations highlight opportunities for additional empirical research. Overall, the study successfully met its objective of examining factors influencing the adoption of drones in the food supply chain.
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Food systems must be reconfigured for them to alleviate poverty, hunger, food losses, and waste, promote healthy diets, inclusivity, resilience, and livelihood opportunities, and be environmentally sustainable. This requires a shift in production, and consumption, as well as transformative research, responsive policy, people-centered innovations, and safety nets for the most vulnerable people. Transformation of food systems also depends on a shift in science, policy, and practice to promote sustainable futures. For science to be transformative, discipline-oriented research is important, however, societal challenges are becoming more complex hence requiring more interdisciplinary research with collaboration and integration of knowledge from actors in policy and practice. Scientists must learn to first work together, and then work with non-academic actors to solve complex problems facing food systems and the society at large. This kind of research is transdisciplinary, meaning right from the framing of complex problems, data collection, analysis, and validation, non-academic actors must be actively involved in the process of knowledge co-creation to create sustainable outcomes. This study demonstrates how co-production of knowledge between academic and non-academic actors through a participatory negotiated process, can contribute to transformative development intervention. The study applies a case study of an agro-pastoral community involved in a milk value chain in Laikipia County. The transformative areas in the study were; (a) capacity development in commercial dairy farming, (b) formation of Umande farmers’ Cooperative, and (c) construction of a cooler house, and installation of a milk cooling system for milk bulking, and value addition. The case study offers several lessons; (a) the role of transdisciplinarity in science, policy, and practice, (b) proper identification of stakeholders in collaborative community development initiatives, (c) the community must always be at the forefront of any development initiative for ownership and sustainability, and (d) skills development and economic empowerment are paramount for any innovation in the community. The objectives of the study were (a) participatory assessment of the local food system to identify the strengths and weaknesses, (b) assessment of perceived benefits of farmer capacity development and lessons learned, and (c) assessment of farmer perception of the benefits of milk cooling and bulking system on livelihoods. More farmer -led development initiatives are needed to improve livelihoods of actors in food systems.
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1 Introduction

The study demonstrates how knowledge co-production between academia and societal actors across different levels and sectors is an important impetus to the transformation of food systems (Schneider et al., 2022; Barth et al., 2023). Transformed food systems contribute to the reduction of hunger, and poverty, and several other sustainable development goals such as SDGs 3, 8, and 12. Knowledge co-production in transdisciplinary1 research can be looked at as an interactive, participatory process that brings diverse actors such as scientists, practitioners, and community members together to collectively generate, integrate, and apply knowledge to address complex sustainability challenges (Bandola-Gill et al., 2022).

Co-production has emerged as an important concept in science—policy—practice nexus as societal problems become more complex and difficult to solve (Pohl et al., 2010; Metz et al., 2019; Jacobi et al., 2020b; Llanque-Zonta et al., 2023). Knowledge co-creation helps to transform food systems creating sustainable solutions to improve the welfare of actors such as farmers, traders, processors, and consumers who obtain their livelihoods from food systems activities, and value chains (Llanque-Zonta et al., 2023). This concept of knowledge co-creation has been used in various fields such as environmental sciences (Djenontin and Meadow, 2018), sustainability (Pohl et al., 2010; Polk, 2014; Schneider et al., 2022; Miller and Wyborn, 2020), public administration (Ostrom, 1996), health (Grindell et al., 2022), and science and technology (Verwoerd et al., 2023). Co-production can also be viewed as a methodology where scientists, practitioners, and community members, develop holistic solutions through a collective process to solve complex challenges (Horvath and Carpenter, 2020). Collective action2 through knowledge, co-creation means that academic actors are agents of change working together with stakeholders to solve problems together rather than individually.

Co-production has several interrelated pathways; “step 1: defining the objectives, step 2: identifying actors to participate, co-creation activity and conditions enabling co-creation, step 3: identifying the level of co-creation that is desirable, step 4: selecting the tool and learning about it with the stakeholders, step 5: inviting stakeholders and sharing information, step 6: implementation, step 7: evaluate and adapt” (Dushkova and Kuhlicke, 2024, p. 6). In this study, the context was studied during phase one (2016–2018) of the project. The data from all work packages were then integrated and validated by the stakeholders to co-create the Food Sustainability Assessment Framework (FOODSAF, later modified to; Food Sustainability Assessment and Transformation-FOODSAT) (Rist et al., 2021; Llanque-Zonta et al., 2021). The framework has been tested in several food systems contexts in Africa and Asia to create transformative pilot projects to solve food systems challenges (Llanque-Zonta et al., 2021). In this case study, the framework was introduced to the farmers, they learned about it, assessed their food system, and diagnosed the challenges and practical solutions.

Using the theory of change (TOC) as applied in transdisciplinary research (TDR) (Deutsch et al., 2021; Claus et al., 2023), we assess how knowledge co-creation can contribute to addressing challenges facing society through a participatory process. Transdisciplinary research uses methods and expertise from different disciplines, and societal actors to solve complex problems facing society (Buizer et al., 2015; Belcher et al., 2020; Sellberg et al., 2021; Jacobi et al., 2022). The theory of change is applied in action research as a problem-solving strategy involving multi-level, multi-stakeholder, and multi-sector actors together with scientists from different disciplines to understanding the challenges, and focusing on sustainable solutions (Claus et al., 2023). Transdisciplinary research applying TOC helps to create transformative change for posterity, due to it being multi-stakeholder from production, processing, distribution, and consumption (Llanque-Zonta et al., 2021). Challenges in food systems such as food insecurity, poverty and inequality, vulnerability to shocks, biodiversity loss, land degradation, resource use conflicts, water shortages, and fragmented markets (Foran et al., 2014) are collectively tackled for livelihood enhancement and social-ecological resilience.

Food systems comprise the entire range of actors and their interlinked value-adding activities including; production, aggregation, processing, distribution, consumption, and disposal of waste of food products, and the broader economic, societal, and natural environments in which they are embedded (Colonna et al., 2013; Food and Agriculture Organisation of the United Nations (FAO), 2018). The concept of a system refers to a holistic interplay of interacting subsystems in which feedback plays a key role, rather than as a simple chain of cause-effect relationships, value chain approaches, or food security thinking (Ingram, 2011; Alongi and Anese, 2021). Due to the multiple entities, processes, activities, and actors, food systems are well-positioned for transdisciplinary knowledge co-production and transformative pathways (Leeuwis et al., 2021). Food systems based on smallholders and agropastoralists have been perceived as more localized, small-scale, ecologically friendly, and culturally oriented production, distribution, and consumption systems, that are perceived to have limited environmental impacts (Feagan, 2007; Brunori et al., 2016; Wilkes et al., 2020), more sustainable due to less energy intensity, low inputs of agrochemicals, and low food miles (Edwards-Jones et al., 2008). Smallholder-based food systems also support more diverse, farm-based agroecosystem services, and have been found to be more resilient (Augstburger et al., 2018; Augstburger and Rist, 2019; Mukhovi and Jacobi, 2022). Livelihoods, incomes, food and nutrition security of farming communities, and social, environmental, and ecological benefits are also important outcomes (Berti and Mulligan, 2016; Leventon and Laudan, 2017).

Kenya’s milk sector is characterized by unprocessed surplus milk that makes up a large proportion of the value chain. Farmer cooperatives have been important in Kenya’s dairy sector with the oldest one being Kenya Cooperative Creameries (KCC), which until the early 1990s had a monopoly in milk processing and marketing in the country (Chege and Bula, 2015). However, after market liberalization in 1992, many private milk processors entered the market (Wanyama, 2016). Cooperatives in Kenya have been found to facilitate access to credit, especially for women farmers who are constrained by a lack of collateral (Ingutia and Sumelius, 2024). Studies have suggested that participation in cooperatives increased the price of farm produce, access to markets, credit, and improvement in income (O'Brien et al., 2013; Meador et al., 2016; Zhong et al., 2018; Liu et al., 2023; Onyango et al., 2023; Ingutia and Sumelius, 2024). However, income for dairy farmers is affected by factors such as farm size, number of lactating cows, distance to market, level of education, and access to off-farm income (O'Brien et al., 2013; Onyango et al., 2023). Cooperatives should also be accompanied by non-income benefits such as social capital, promotion of innovation, and leadership participation (Meador et al., 2016; Tenzin and Natsuda, 2016; Belay, 2020).

Farmers’ cooperatives are important alternative milk cooling, bulking, marketing, and innovations that enhance the livelihoods of members (Fischer and Qaim, 2012; Shi et al., 2019; Uddin et al., 2022). Farmers’ cooperatives are also important avenues for increasing output, providing infrastructure for value addition, cooling, bulking, and safety measures that individual farmers may lack (Wolz and Duong, 2010; Walk and Schröder, 2014). Farmer cooperatives help to improve bargaining power through collective marketing and purchase of inputs in bulk (Mojo et al., 2017; Manirakiza et al., 2020; Muunda et al., 2023), and have the potential to transform local food systems toward more productive and resilient value chains (Amarasinghe and Bavinck, 2011; Shapiro-Garza et al., 2020). Productivity enhancement is made possible through technology use enabled by pulling resources together (Galdeano-Gómez et al., 2006). Farmer cooperatives have been observed to reduce the poverty vulnerability of members by improving income and other benefits (Shen et al., 2022; Liu et al., 2023), as well as positively impacting farmers’ wellbeing (Ahmed and Mesfin, 2017). Farmers that use cooperatives to market farm produce in a global value chain, have been found to receive higher prices as compared to those using traditional channels (Wollni and Zeller, 2007). Several factors affect farmers’ perception of benefits from cooperatives such as level of education, household size, farm size, farming experience, and support services received, among others (Nyawo and Olorunfemi, 2023). On the other hand, technical training of cooperative members increases the willingness to adopt green production technology (Luo et al., 2022), which is critical for mitigating climate change within food systems.



2 Materials and methods


2.1 Study context

The Umande Farmers’ Cooperative Society Limited is located in Laikipia County (Figure 1). The cooperative is located in a semi-arid area receiving less than 700 mm of rainfall per annum. The members of the cooperative are smallholders keeping 2–3 cows on small land holdings ranging from 2 to 4 acres. The average milk output per farmer before the project was 2 liters per farmer during the dry season and 5 L in the wet season. The cooperative was started in 2016 and has 188 registered members who are dairy farmers in Umande Location but only 90 members were supplying milk at the time of data collection. The ad hoc formation of the farmers’ cooperative in 2016, through the amalgamation of crop-based groups had several challenges; not well aligned with Kenya’s milk regulations (Cooperative Act CAP 490), limited skills in commercial dairy farming, low purchasing power, pasture shortages, poor milk handling and hygiene, limited knowledge on good animal husbandry practices, lack of good governance practices, poor methods of milk transportation, lack of cooling facility, limited access to markets, and vulnerability to droughts.
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FIGURE 1
 Map showing the study area (Source: Mukhovi et al., 2020b).


Apart from milk, the farmers in Umande also practice mixed farming which is largely subsistence in nature growing maize, beans, potatoes, and vegetables in addition to raising livestock (cattle, sheep, goats, and poultry) to meet multiple household needs. Some foodstuffs are sold in the local markets making up a significant portion of the local informal trade sector. Other food systems exist in the region including agro-industrial, that produce vegetables for export to European markets and provide employment opportunities for subsistence farmers in the study area. Additionally, the regional food system comprising products such as meat, wheat, and barley value chains occupies a large part of the landscape in Northwest Mt. Kenya region (Jacobi et al., 2020a; Mwangi et al., 2020; Mwangi et al., 2021). The food systems in the area (local, regional, agro-industrial) offer diverse livelihood opportunities, in addition, to sharing scarce resources of water, land, and labor (Peter et al., 2018; Mutea et al., 2019; Mwangi et al., 2020; Mwangi et al., 2021). The resources water and land are scarce in the region because of the following reasons; there is a high demand for water for irrigation by the flower farms, horticulture farms, and smallholders, high population density in the area and high demand for land by multinational companies producing flowers and vegetables for export, commercial ranches, and smallholder farming puts pressure on land resources. On the other hand, labor is very expensive and scarce in the region due to many commercial farms that are preferred employers for wages that support livelihood. This makes it difficult for smallholders to access labor cheaply when the demand on the farms is high.



2.2 Data collection

For objective one, data were collected using 50 members out of the active 90 cooperative members in 2.5-day workshops for the participatory food system assessment. The authors invited all the members of the cooperatives to participate in the workshops, however only 50 out of 90 consistently attended the 2.5-day workshops. For objectives 2 and 3, we used data from two Focus Group Discussions, in-depth interviews with five farmers, and eight key informant interviews (two officials from Laikipia County Government MOALF, two from the Ministry of Cooperatives, and Micro, Small, and Medium Enterprises Development, two staff from a local institution that participated in the knowledge co-production, and two cooperative officials). In total 70 farmers participated in the study exclusive of the Key Informants and in-depth interviews with cooperative leadership and lead farmers. During the workshops we explained the pillars and indicators of food sustainability using Swahili language which is understood by all, second, we agreed on a score of 1–5 (Table 1), and then the farmers scored each indicator through discussions and building consensus. Other activities undertaken during the workshops were sharing experiences from other farmer-led collective actions, discussions on branding of the cooperative, and resource mapping. Postdoc researchers who had been involved in the entire research project right from initiation and had adequate knowledge of the context and the framework facilitated the workshops, shared their experience from other projects in other contexts, explained the framework to the farmers using various drawings, and collected the data from other stakeholders. We applied the FOODSAF tool (Rist and Jacobi, 2016; Rist et al., 2021), to assess to what extent the agropastoral food system in which the milk value chain is embedded, contributed to food security, guaranteed the right to food, supported the reduction of poverty and inequality, promoted social-ecological resilience, and protected the environmental resources (Table 1). The participatory process was made possible by the use of a 5-point Likert Scale. To enhance the consistency of the data collected, all the participants used one venue, and the facilitation was conducted by three senior researchers (two of them postdocs and one co-principal investigator) and two additional staff. A Likert scale is a psychometric scale of agreement applied in social sciences to assess respondents’ opinions and attitudes about a specific subject (Göb et al., 2007; Batterton and Hale, 2017; Gaitán-Cremaschi et al., 2019; Lionello et al., 2021). The framework and scoring process had been validated in food systems in Zambia, Brazil, and Colombia and found to be useful in the diagnosis of challenges facing food systems and designing interventions through a participatory process. The facilitators for the series of workshops had experience in using the framework in other contexts.



TABLE 1 Indicators for assessing food sustainability.
[image: Table detailing six pillars with corresponding indicators measured from one to five, from very bad to excellent. Pillars include Food Security (household food security, power relations, and food system capacity), Social-Ecological Resilience (diversity, social-self organization, and local knowledge), Environmental Performance (impact on human health, carbon footprint, landscape benefits), Right to Food (non-discrimination, access to information, active participation), and Poverty and Inequality (income sources, access to infrastructure, food value chain performance).]

The research was a 6-year research project that started from 2015 to 2021. The first year (2015) was used for scoping, mapping of stakeholders, identifying graduate students, and strengthening the methodology. In the first 3 years (2016–2018), empirical research was conducted to understand the food systems in the two countries Kenya and Bolivia. The second phase of the research was action-oriented (Transformative Pilot Actions using the FOODSAF) research (2019–2022). This study was conducted in the second phase, first by following all the activities to understand the process of knowledge co-creation and how it contributes to development, and secondly by conducting research at the end of activities to assess farmers’ and stakeholders’ opinions on benefits. The action-oriented research activities were affected by COVID-19, and hence, there was an extension of 1 year. In the second phase, the research was extended to other countries Zambia, Ghana, Brazil, and Colombia. In total, the research facilitated 15 projects (Transformative Pilot Actions) in six countries using the (FOODSAF). Apart from COVID-19, there was a severe drought that affected the study area, and hence farmers could not participate in any activities rather they were allowed to cope with the drought.



2.3 Data analysis

Content analysis was used to analyze data from workshops, FGDs, and in-depth interviews because the data were largely qualitative. The content analysis applied in this study is a naturalistic and interpretive approach and not a quantitative description that relies on reliability, validity, and generalizability (Ahuvia, 2001). This is attributed to the focus of the study which was on the process of coming up with a community-led technology intervention, the perceptions, and opinions of farmers about the benefits of the cooperative, and the milk cooler. Content analysis is used to analyze verbal, audio and video, and visual data (Kleinheksel et al., 2020). The Likert scale data were summarized into tables and then used to draw spider diagrams together with the farmers (Figure 2). The next step was to conduct a rank analysis of the strong and weak indicators to arrive at three agreed-upon indicators (including justifications), to form the next deliberations on the most sustainable intervention that would benefit the majority of the farmers. Data from FGDs and interviews were organized into themes and then ranked by building consensus together with the farmers. Content analysis has been applied in food systems research to analyze qualitative data (Lin and Mao, 2015; Béné et al., 2019).
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FIGURE 2
 Assessment of the strength and weakness of the food system.





3 Results


3.1 Participatory assessment of the food system and problem diagnosis

During the workshops, the farmers participated in the assessment of their food system to identify the strong and weak links. The weakest links in the food system formed the basis of the negotiation of the collective action. The outcome of the assessment showed that the strongest indicator under the food security pillar was power relations with a score of (3). The cooperative members applied mechanisms to manage power within the food system and there were limited power imbalances among the actors. During discussions, one of the members said that ‘they are all equal as subsistence farmers’ meaning there were no power differences among actors in the food system. Household food security and the capacity of the food system to store and process food were given a score of (2) meaning fair/satisfactory. The reasons given were that the area is semi-arid hence during droughts they experience food shortages and some households receive relief food. The farmers have limited access to post-harvest management technologies, making food storage and processing at a household level a challenge.

The right-to-food pillar had the highest score for active participation and non-discrimination (3), while the lowest score was access to information (2). The reasons given for the high score were the perceived high level of social-self organization that led to the formation of the cooperative and limited discrimination within the community. However, they perceived that they did not have adequate information about the food they ate from outside. Information from the government to farmers was also limited due to less contact with extension personnel. The poverty and inequality pillar had strengths access to social-technological infrastructure (3), mainly because they are close to passable roads to transport farm produce to the markets; however, the roads were impassable during the wet seasons making transportation of perishable farm produce difficult. The indicator sources and levels of income and performance of the value chain both scored (1.5) attributed to limited direct access to markets. The majority of the smallholder farmers use middlemen who buy farm produce at low prices and sell the same at high prices in neighboring towns due to farmers’ limited access to transportation means, muddy roads during rainy seasons, as well as farmers having small quantities of farm produce during some seasons. However, large-scale farmers (horticulture, wheat, and livestock for meat) from the same region access markets directly. This means that the middlemen obtain a higher share of the profit than smallholder farmers (Mwangi et al., 2020). The government can incentivize middlemen by improving infrastructure so that the savings on the cost of transport can benefit farmers.

The strongest indicator under the environmental performance pillar was the health impacts of the food system (3). The farmers perceived their food to be of good quality as compared to people living in cities because their food is “natural.” The farmers believed that the quality of their environment was not as modified as urban areas—they had some natural plants and animals. However, the carbon footprint indicator had a score of (2), attributed to increased deforestation and limited efforts to restore degraded areas. The environmental benefits of the food system landscape scored (1), meaning very bad (Figure 2). The horticulture, wheat, and flower farms near the community were perceived to be responsible for the heavy use of agrochemicals some of which ‘contaminated’ the environment, especially water and air. However, there is increasing use of agrochemicals in smallholder agriculture (Jacobi et al., 2019a). For the social-ecological resilience pillar, the indicator social-self organization received the highest score of (3-good) attributed to the ability of farmers to form several groups which were then merged to form a milk cooperative. Social self-organization among smallholders is an important means of overcoming challenges within the food system- challenges that are difficult to tackle at the individual level (Mukhovi et al., 2020a). However, diversity and use of local knowledge both received a score of 2 (fair) because the farmers viewed their farms to be less diverse, used few local seed varieties, and dairy cows were mainly crossbreeds.



3.2 Negotiation for the collective action

The three indicators with the lowest scores were the basis of negotiation for the collective action. These were the environmental benefits of the food system landscape (1), sources and levels of income, (1.5), and performance of the value chain both scored (1.5) (Table 2). After great reflection and negotiation, the farmers prioritized the indicators by building consensus. The performance of the value chain was ranked the highest and hence formed the basis of further deliberations with more stakeholders to initiate a development intervention. Farmers indicated their hard work to produce; however, the farm produce fetched low profit, attributing this to selling through brokers/middlemen. Middlemen play a critical role in the marketing of farm produce in the global south (Abebe et al., 2016; Nguyen Viet and Nguyen Anh, 2021).



TABLE 2 Lowest scored indicators and justification.
[image: Table showing three indicators with scores, ranks, and justifications. "Environmental benefits of the food system landscape" scores 1, ranked 3, noting environmental challenges and biodiversity. "Sources and levels of income" scores 1.5, ranked 2, highlighting the benefits of selling directly to customers and market expansion. "Performance of the value chain" scores 1.5, ranked 1, discussing value chain issues, farmer income, and improvement strategies.]

The negotiation for the collective action was achieved by several meetings between local institutions and cooperative officials, and later by members of the cooperative. Building trust was not a challenge due to the long relationship between local institutions and the community. Engagement with stakeholders’ right from the beginning of the research was important to understand their interests and perspectives. The reasons why the farmers prioritized improving the performance of the milk value chain were; that it has a higher multiplier effect on household income, 95% of the farmers in the area have a dairy cow, and the milk cooling system would promote direct market access (Table 2). Apart from the improvement of the performance of the milk value chain, the farmers required training on dairy farming, value addition, table banking,3 and cooperative governance. The Ministry officials conducted a training needs assessment and launched a tailor-made comprehensive training together with County government staff from the Ministry of Agriculture, Livestock and Fisheries (MOALF), and Ministry of Cooperatives, and Micro, Small and Medium Enterprises Development.



3.3 Types and benefits of capacity development

One of the solutions the farmers identified was capacity development on dairy farming and cooperative governance, value addition, milk handling and safety, and best practices in dairy animal husbandry. This was undertaken by strong collaboration with the MOALF at the county level. The ministry identified personnel in the livestock sector and extension staff who conducted a series of practical training sessions for dairy farmers. In total, 200 farmers attended the tailor-made training sessions. The topics covered were; pasture and fodder establishment, dairy cattle feeding, pasture, and agribusiness, group dynamics and cooperative formation, livestock waste management, disease control, breed upgrading, fodder utilization and conservation, silage preparation, market linkages, cooperative governance, quality milk production and milk handling, milk value addition, and resource mobilization, and table banking as well as building social capital. Additional training was on trainers of trainers (TOT) where farmers learned how to be trainers of other farmers for the sustainability of farmer-to-farmer capacity building in the future. One of the farmers donated a section of his land for the establishment of a fodder farm for demonstration purposes. The farmers were trained on different types of fodder and how to establish them.

During this study, we visited several farmers and observed the establishment of Rhode grass (Chloris gayana), lucerne (Medicago sativa), yellow maize (Zea mays L.), mangels (Beta vulgaris), Sudan grass, Brachiaria, green leaf desmodium (Desmodium intortum (Mill.) Urb), Napier grass, and fodder trees (Marley berry and tree lucerne), which they use to make silage or feed directly to dairy cows. This has contributed to improved feeding and therefore improved milk yield per cow from approximately 3–5.5 L per day (Interview with a female cooperative member who is a retired extension officer). As a result of the training, the number of farmers that supply milk to nearby factories increased from approx. 30–71 (key informant interview). Demonstration farms have proven to be an effective way of social learning by farmers (Ingram et al., 2018;Sutherland and Marchand, 2021; Mukhovi et al., 2020b). The farmers interviewed indicated that as a result of the capacity development, milk production had increased from 180 L to approx. 500–600 L per day due to improved feeding and increased production per cow as a result of improved breeding made possible by artificial insemination (AI), and the purchase of improved bulls (interview with one of the founding members of the cooperative). Zebu breeds in the region include Sahiwal and Boran, while other semen for AI comes from imported breeds such as Charolais, Simmental, and Hereford. Livestock Breeding Regulations of 2023, established Kenya Livestock Breeding Bureau, provides guidelines on animal genetic resources, AI, livestock and livestock inputs, breed society, breeding standards, embryo transfer, experts, genetic materials, importation of animals or genetic material, indigenous livestock breeding, pastoralists, and service providers among other provisions (Government of Kenya, 2023).

Prior to the training, milk quality and safety were poor due to poor handling and hygiene. This resulted in a daily milk rejection of 50 L by the sole buyer. However, after training, the amount of milk rejected was reduced significantly due to improved hygiene and safety as a result of transporting using stainless steel milk churns instead of plastic jericans and improved handling (Interview with one of the officials). Testing of milk quality for somatic cell count to determine subclinical mastitis and quality of milk was done at the factory and other milk cooling plants in the region where the farmers sold their milk. By the time of writing this study, there were several gaps; the machine for milk quality testing to improve safety standards, value addition, employment of experts to support the operation of the cooling machine, and other physical and social infrastructure. However, Zhou and Jin (2009) observed that improvement in food safety standards depends on the size of the cooperative, farmer perceptions and attitudes toward standards, expected market, and anticipated benefits and costs involved. Improved quality of milk is also associated with increased prices. In addition, the cooperative received two motorcycles, one from the Kenya Dairy Board and a second one from a former Member of Parliament to facilitate the transportation of milk safely.



3.4 Farmers’ perceptions of the benefits of the cooperative and cooling system

One of the challenges farmers experienced was the marketing of their milk. The second component of the intervention was to construct a cooler house, install a milk cooling system, and establish a transportation system to reduce the middlemen challenge and hence increase the income for farmers (Figure 3). Collaboration with local leaders and county and National governments from the initiation of the project contributed to successful resource mobilization that made the intervention successful. The County government provided land on which the cooler house was constructed, the national government bought the cooling system worth KES. 6M. A local research and training institution—the Centre for Training and Integrated Research in ASAL Development (CETRAD) supported the construction of the cooler house together with the farmers while the community provided labor and locally available materials. The financial resources for the capacity development, construction of cooler house, and purchase of milk cooling and bulking system came from multiple stakeholders; the funder (Swiss National Science Foundation), CETRAD, national government, County government, and the community. Facilitation for other components of the project such as milk transportation and ablution block came from a member of parliament at the time and a Member of County Assembly (MCA).
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FIGURE 3
 Milk cooling system.


It was clear from the cooperative members that the livelihood of farmers had improved since the cooperative was formed and they foresee more benefits accruing from the milk cooling system. The farmers never used to sell evening milk;4 however, with the cooling system and the infrastructure that will be put in place, this will be achieved. Evening milk is a challenge to many smallholders and has been identified as a major reason for the formation of farmers’ cooperatives and milk-bulking systems in Kenya (Foster, 2015). The challenges of evening milk are limited access to markets, lack of storage, and limited infrastructure. Sell of evening milk had the potential to increase household income and expansion of the market. Improvement of household income has a positive outcome on expenditure on children’s education, food and nutrition, health, and poverty reduction (Cooper and Stewart, 2021).

Milk cooling systems enable farmers to refrigerate evening milk which would otherwise go to waste and also improve milk safety standards hence improving the competitiveness of the cooperative (Foster, 2015; Rojas et al., 2018). Farmers have access to income monthly with extra income generated from other farming activities (poultry and crop farming). Farm performance had a chance of improving as a result of cooperative membership (Verhofstadt and Maertens, 2014) as farmers reinvest income in different dairy and other farm enterprises with the potential to improve the economic and environmental sustainability of the farms (Candemir et al., 2021). Members of the cooperative were also accessing credit and advances to meet emergency household needs. Access to credit by smallholder farmers is a challenge in Kenya as a result of a lack of collateral. This is even worse for women farmers who are constrained by gender rules in African culture (Mukhovi et al., 2020b). Farmers prefer credit from informal sources due to the lack of collateral to obtain from formal institutions (Ullah et al., 2020).




4 Discussion

The cooperative movement in Kenya has largely been successful and has contributed significantly to the livelihoods of smallholder farmers (Meador et al., 2016). Among the benefits that have been observed in Kenya are increased income (Onyango et al., 2023), social capital and improved livelihoods (Kustepeli et al., 2023), and improved local governance (Mukhovi et al., 2020b). One of the limiting factors to increasing productivity among smallholder is access to credit. Cooperatives breach this gap by allowing farmers to save and access credit, among other services provided to the farmers (Kehinde et al., 2021). Other benefits of cooperatives are; a gradual increase in assets, higher yields, a decrease in transportation costs, and increased use of inputs (Blekking et al., 2021). Capacity building has been supported as a key intervention for food system transformation (Alanya et al., 2021). Building the capacity of farmers in dairy farming and governance of the cooperative is critical in ensuring sustainability (Tassew and Seifu, 2009; Marsden et al., 2018; Leeuwis et al., 2021; Alanya et al., 2021). While capacity building, governance, savings, and credit are important in sustaining a young cooperative, the sustainability of any intervention requires continuous monitoring by policy enforcers to guarantee safety.

Creating innovations in food systems based on livestock has a higher impact due to the subsector’s important role in poverty alleviation especially in marginal areas (Millar and Photakoun, 2008; World Bank, 2022). Livestock production is an important source of income, capital assets, draught power, organic fertilizers, and food and nutrition security (Dolberg, 2001). However, the livestock value chain is characterized by unorganized supply chains and fragmented infrastructure where the smooth flow of livestock products from the producer to the customers is still a big challenge (Pingali et al., 2019). Inefficient supply chains coupled with limited innovation, fodder scarcity, poor breeds, poor access to markets, limited skills in improved animal husbandry, and poor infrastructure, reduce the competitiveness of livestock enterprises, negatively affecting the livelihoods of herders and farmers (International Livestock Research Institute (ILRI), 2008; Larbi et al., 2010; Ashley et al., 2018; Lovemore et al., 2019). Other challenges include; low levels of innovation, limited social learning, fragmented markets, limited collective action, limited support from the government, and limited resource mobilization (Ayele et al., 2012: Ainembabazi and Mugisha, 2014; Andersson and D'Souza, 2014; Mwangi et al., 2020). Contractual agreements between producers and processors are also limited contributing to low profits due to operating individually and on a small scale (Pacheco et al., 2018). In addition, direct market linkages by livestock farmers are limited due to small quantities of milk, and sometimes domination of the marketing by middlemen (Abebe et al., 2016). A cordial relationship and mutual benefits between producers and middlemen may also exist (Fischer and Qaim, 2012; Abebe et al., 2016: Van Nguyen et al., 2022).

Collective action helps in solving multiple challenges of productivity, market access, and household income (Markelova et al., 2009; Fischer and Qaim, 2012; Llanque-Zonta et al., 2021). Farmer groups have also been identified as an important catalyst for innovation that can increase adaptive capacity against risks, enhance social learning and social capital (Kopytko, 2018; Jacobi et al., 2019b; Hulke and Revilla Diez, 2020), and build social-ecological resilience (Mukhovi et al., 2020a). Increased productivity, improvement in incomes and food security, and poverty reduction are also important outcomes of collective action (Markelova and Mwangi, 2010; Shumeta and D’Haese, 2018). However, institutional arrangements are important for the sustainability of collective marketing for smallholders (Shiferaw et al., 2009; Markelova and Mwangi, 2010). Incentives for increased participation of farmers in groups are crucial in maximizing the benefits of collective action to members (Fischer and Qaim, 2014; Qu et al., 2020; Das and Singh, 2024).

Transdisciplinary research projects are intended to transform policy and practice, due to them being intentional in working together with policymakers and communities right from the initial stages (Roux et al., 2017; Jacobi et al., 2020b). However, not all transdisciplinary research creates meaningful change in society due to various reasons; time constraints, difficulties in managing the expectations of the stakeholders, preoccupation with deliverables, and researchers not understanding the local context (Llanque-Zonta et al., 2023). Transdisciplinary research’s impact on policy is also critical, however, this is often challenging to achieve in the short term (Roux et al., 2017; Maas et al., 2022; Jacobi et al., 2020b; Llanque-Zonta et al., 2023). Some scholars have also observed a tendency of transdisciplinary research to be dominated/led by scientists from the global north (Schmidt and Neuburger, 2017; Boampong et al., 2024), who often drive the research agenda and sometimes may not have adequate time and resources to invest into understanding rooted challenges in the global south. Power relations in north–south collaborations may also affect the outcome of transdisciplinary research in the global south (Schmidt and Neuburger, 2017). Decolonizing transdisciplinary science has therefore been looked at as one of the pathways to bringing balance between the global north and south (Chilisa, 2017; Llanque-Zonta et al., 2023).



5 Conclusion

This research has demonstrated how context-specific innovations can be achieved through transdisciplinary research where knowledge is co-created for change in society. The case study has shown that transformative knowledge co-creation for development must first start with understanding the context, in this regard, the food systems in which the innovation is embedded. Failure to understand the context may create innovations that are not owned by the community and that are unsustainable. In-depth empirical evidence compared with farmers’ knowledge and perspectives of their context can support the accurate diagnosis of the root challenges and the design of collective action that benefits the majority. Ownership and sustainability of the innovation can also be made possible by a participatory process where the farmers define the objectives and desired development outcomes. Collaboration with stakeholders such as county line ministries guaranteed the bolstering of the innovation to a more self-sustaining farmers’ cooperative in the future. Despite its strengths, transdisciplinary research has been criticized for having several limitations; deals with complex deeply rooted challenges, involves less robust processes, limited quality controls, and inability to reproduce results in different contexts (Bunders et al., 2015).

Capacity development of cooperative members was a settling factor for sustainability due to its determining force in sustaining milk productivity. Mobilization of membership, expansion of the herd of individual farmers, and ensuring high productivity per dairy cow are urgent to make the cooperative competitive. Although the farmers and stakeholders achieved some milestones in the initiation and implementation of the innovation, the sustainability of the collective action will depend on the line ministry’s commitment to nurturing the project, private–public partnership, and commitment of the founding members to remain steadfast in providing leadership and safeguards for the project. Incentives for more farmer-led innovations are necessary in different contexts to overcome challenges that are impossible to deal with individually.

Priority areas for upscaling and improvement include; (a) establishment of cold chains for milk collection and processing for smallholders to reduce post-harvest losses, (b) diversification of markets to sustain increased productivity resulting from capacity development, and milk bulking, (c) extended farmer-to-farmer learning through exchange visits to well-established farmers’ cooperatives, (d) increased government support to smallholder farmers’ cooperatives through cheaper loans, donations, access to extension services, and physical and social infrastructure, (e) rigorous campaigns to increase cooperative membership, (f) engagement of experts and purchase of equipment for milk quality testing, value addition, and other related infrastructure, and (g) further expansion of the transportation means for efficient milk delivery. Future research should test hypotheses on the impact of the cooperative and milk bulking on the socioeconomic wellbeing of farmers by comparing conditions before and after as well as comparing cooperative members and non-members.
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Footnotes

1   Transdisciplinary approach addresses complex societal changes through collaborations between disciplines (interdisciplinary) as well as collaboration between academic and non-academic actors.

2   A collective action is an action taken by a group in pursuit of common objectives that are difficult to address individually.

3   Table banking is an informal savings and credit mechanisms for women where group members meet occasionally, put their savings, loan repayment, and contributions on the table, and then proceed to borrow immediately as long-term or short-term loans as per the interest requirements.

4   Marketing of evening milk in Kenya is a challenge due to limited access to storage facilities, poor infrastructure inhibiting access to cooling and processing companies, and KDB regulations that prohibit the sale of raw milk.
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With the rise in food insecurity, one of the United Nation’s Sustainable Development Goals is to end hunger, achieve food security, and promote sustainable agriculture. This can be achieved through the strengthening and development of existing food systems. Integrating emerging technologies such as blockchain technology can help develop sustainable food systems. Blockchain technology allows the tracking and tracing of food items as they move through the supply chain. Blockchain technology also allows for low transactional costs at almost instantaneous applications. There is however a low adoption rate of blockchain technology amongst organisations in the food supply chain. The objective of the study was to explore factors that affect the adoption of blockchain technology in the food supply chain. The study adopted a quantitative research method that was guided by the technology, organisation, and environment Framework (TOE) to explore factors affecting blockchain technology adoption in the food supply chain. A systematic literature review was used for the study. Quantitative content analysis was used to analyse peer-reviewed articles. Results showed that TOE factors affect the adoption of blockchain technology in the food supply chain. Factors such as cost, scalability, firm size, and IT policy were noted as important factors affecting the adoption of blockchain technology in the food supply chain. The study contributes to the body of knowledge on factors that affect the adoption of blockchain technology in the food supply chain.
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1 Introduction

Food insecurity is a notable issue across the globe. It is defined as a lack of access to adequate amounts of nutritious and inexpensive foods at all times. One of the United Nation’s Sustainable Development Goals is to end hunger, achieve food security, and promotion of sustainable agriculture. When dealing with the topic of food, the process from farm to fork must be noted. This is the supply chain of food often called a food system. With the rise of technology, it is essential to find solutions to improve food systems (Goedde et al., 2020). The application of emerging technologies in food has been referred to as the digital food systems. In a food system, many stakeholders form part of the system as well as contribute to the system. There are several stakeholders in a food system with the main one being the farmer which is the backbone of a food system. The focus of the study is organisations within food systems in particular the small-scale farmers. Small-scale farmers can be identified as farms with a scale that is too small to engage with the level of provision needed to improve their productivity (Kirsten and van Zyl, 1998; Pienaar and Traub, 2015). The farmers are part of the food system where buying centres purchase produce (Rambhia et al., 2022). Retailers as stakeholders of the food systems purchase products from buying centre hubs. They then sell packaged and ready products to consumers. Customers are usually the end-users of the food and products produced by the food system (Rambhia et al., 2022).

Digital technologies such as blockchain technology may improve sustainable food systems by storing information in a digital format. Blockchain technology stores information in interlinked data sets grouped and linked in a chain of blocks (Shakhbulatov et al., 2019; Vern et al., 2024). The interlinked blockchain technology system allows digital food system stakeholders to define their roles in the supply chain. The stakeholders can provide information to the blockchain technology that allows tracking and tracing of foods as they move through the supply chain (Duan et al., 2020). The importance of this study is to explore factors that affect blockchain technology adoption in the food supply chain. The study adopted the Technology, Organisational, and Environmental framework to explore the factors that affect blockchain technology adoption in the food supply chain.

With the advent of the Fourth Industrial Revolution (4IR) have seen a growing need for digital transformation of the food systems like all other sectors (Knorr et al., 2011; Vern et al., 2024). With the rise of emerging technologies such as blockchain technology, it is important to adopt them into the food systems processes. There are however barriers to the adoption of blockchain technology such as high costs and lack of knowledge among others (Vu et al., 2023; Sri Vigna Hema and Manickavasagan, 2024; George and Al-Ansari, 2024). These barriers hinder the adoption of blockchain technology adoption in food systems. Considering the previous literature, the is a gap in the literature on factors affecting the adoption of emerging technologies, in particular, blockchain technology in the food supply chain. The study objective therefore is to explore the factors affecting the adoption of blockchain technology in the food supply chain.



2 Literature review

Sulaiman et al. (2021) highlighted the need for social, physical, and economic access to enough, safe and nutritious foods by people that always meet their dietary needs as well as food preferences for a healthy lifestyle. Food insecurity, therefore, occurs when access to safe and nutritious foods is limited or uncertain. There is a rising need to address food insecurity as part of the United Nations 2nd Sustainable Development Goal (Mollier et al., 2017). As part of the food systems, the issue of food must focus on a more holistic approach to food, not only on dietary and nutritional provisions but also on the production and distribution of food goods (Béné et al., 2019; Vern et al., 2024). The food supply chain includes the process of raw materials and how it becomes a product ultimately used by the consumer. Due to issues like urbanisation and globalisation, there is an increasing demand for food (Thornton et al., 2011; Vern et al., 2024). This increase in demand puts pressure on food systems to provide adequate provisions for growing populations. Food systems can benefit from adopting emerging technologies (Antonucci et al., 2019; George and Al-Ansari, 2024). Adopting emerging technologies in food systems can help improve productivity and address the pressures placed on food systems. The integration of various technologies into food systems, results in digital food systems.


2.1 Food supply chain

The food supply chain involves the process of turning food from raw materials to consumable goods. The food systems consist of various processes that bring about food security. The activities include the processing of food, packaging, and distribution of food as well as the selling and consumption of food (Ingram, 2011; Vern et al., 2024). Food in its raw state and processing typically falls under the agricultural sector of the food system. Vern et al. (2024) note that the processing and packaging of food increase value rather than just the typical farming activities. The distribution of food has expanded into various markets, and the consumption of foods has both increased and changed throughout the years (Ericksen, 2008; Vern et al., 2024).

The Fourth Industrial Revolution (4IR) has ushered in the widespread adoption of emerging technologies such as artificial intelligence, the Internet of Things, and blockchain, among others, within food systems (Prisecaru, 2016; Vern et al., 2024). The adoption of emerging digital technologies in food systems may help to address consumer needs (Knorr et al., 2011; Vern et al., 2024). The concept of Food 4.0, associated with the Fourth Industrial Revolution, focuses on incorporating these technologies into the food industry to enhance operations and stakeholder engagement. These technological advancements play a role in helping food systems adapt to the evolving landscape of the 4IR.



2.2 Blockchain technology

The Fourth Industrial Revolution brought many emerging technologies that have disrupted several industries. One of those technologies is blockchain technology which consists of interlinked datasets, each block represents several transactions that are then linked via a chain to relate transactions in other blocks (Nofer et al., 2017). The blockchain technology’s main characteristics are traceability, transparencyand security (Taherdoost, 2022; Vern et al., 2024). Blockchain technology has a distributed structure that allows all stakeholders to contribute to the data and have access to the ledger (Chen et al., 2021). Blockchain technology which is the foundation of cryptocurrency has also gained popularity across various sectors such as healthcare, logistics, and supply chain (Taherdoost, 2022; Vern et al., 2024). Blockchain technology is a distributed ledger that all stakeholders have access to as part of the system. Each block within the blockchain technology consists of three characteristics namely, its data, its hash as well the hash of the previous block. The hash serves as the unique identification of each transaction that takes place and it changes with every block and change (Batwa and Norrman, 2020). Figure 1 shows the simplification of the blockchain technology process.

[image: Diagram illustrating a blockchain with three blocks. Block 1 is labeled "Genesis block" with a previous hash of 0000 and a hash of 128F. Block 2 has a previous hash of 128F and a new hash of 6BQ1. Block 3 has a previous hash of 6BQ1 and a hash of 3H4Q. Blocks are connected with links indicating the hash sequence.]

FIGURE 1
 The simplified blockchain technology process (Source: Batwa and Norrman, 2020).


The adoption of blockchain technology in food systems may be beneficial for existing food systems and supply chains. Blockchain technology may provide food systems with transparency, low costs for transactions, and almost instantaneous applications (Antonucci et al., 2019; George and Al-Ansari, 2024). Antonucci et al. (2019) added that blockchain technology allows for the authenticity of data groups to be guaranteed as the stakeholders within the food system are working in collaboration rather than in competition Blockchain technology revolutionizes the supply chain through the application of security and reduction of redundancy to inventory meaning no inventory is allowed to exist in two different places at the same time (Brody, 2017; George and Al-Ansari, 2024). Blockchain technology eliminates supply chain partners and replaces them with banking nodes to form a newer approach to supply chain management.



2.3 The use of blockchain technology for food quality and safety

One of the main concerns of a food system is the safety and quality of food. Feng et al. (2020), point out that improving durability, integrity, security, and traceability transparency within the food systems is the solution to food safety and quality concerns. Prashar et al. (2020), note that food traceability management allows for the tracking of food from farm to fork and helps to monitor food safety and quality. To improve the safety and security of food, a proper management system is required. Prashar et al. (2020), highlighted that the adoption of blockchain technology may strengthen existing food systems. They added that blockchain technology may provide accurate and transparent information regarding shipping information, origins of food, manufacturing, and the entire end-to-end process that improves tracking and control. Vu et al. (2023), note that although blockchain technology is still considered to be in its infancy, there have been some successful blockchain technology application cases that have seen improvement in food quality and safety (e.g., Walmart using blockchain technology to trace its supply of pork from China). The application of blockchain technology in food systems traceability may be ensured through tagging and sensing, communication and navigation, location, reading recognition technology, and a digital ledger assisting in upholding food safety and quality assurance systems (Prashar et al., 2020), as shown in Figure 2 in a poultry food system perspective.

[image: Flowchart illustrating a food safety and quality assurance system. It depicts the stages from farm, distributor, processing, retailer, to customer. Each stage includes images like chickens, delivery trucks, meat processing, packaged meat, and cooked poultry. A gray arrow labeled "Traceability" connects the stages. Below are five circles with processes: tagging and sensing, navigation and communication, tagging, navigation and location, digital ledger, and reading recognition technology.]

FIGURE 2
 Food safety and quality assurance system with blockchain technology functions (Source: Prashar et al., 2020).




2.4 Previous studies

Several studies have been conducted on blockchain technology and its adoption in different areas of the food supply chain. Aldrighetti et al. (2021) study focused on blockchain technology adoption to increase food traceability. The study found that blockchain technology had potential and was an innovative solution for internal and external traceability management although factors such as lack of resources, regulations, and skills hindered blockchain technology adoption. Another study by Vu et al. (2023) on the adoption of blockchain technology in food supply chains through systematic literature found that organisations implement blockchain technology in phases before focusing on a mass-scale implementation. Chen et al. (2021) focused on blockchain technology adoption and used a thematic analysis that found that the benefits of blockchain technology adoption included improved food quality management and traceability. Some of the challenges were the complexity and immature application of blockchain technology. The literature review did not find a study-based quantitative content analysis investigating factors affecting blockchain technology adoption in the food supply chain.



2.5 Theoretical framework

The study adopted the Technology-Organisational-Environmental (TOE) Framework to explore factors affecting blockchain technology adoption technologies in the food supply chain. According to Rosario Oliveira Martins et al. (2011), the technology factors refer to both internal and external relevant technologies to an organisation. These can be related to the equipment owned by the firm or technologies not used by the organisation. The organisational aspect of the framework focuses on factors such as the size, structure of the organisation, and its scope among others. The environmental aspect focuses on the scope and area of organisation operations. The TOE Framework has been found to have influential factors that affect the adoption of IT Innovations in organisations (Clohessy et al., 2019). The framework is useful for assessing and validating technology adoption at an organisational level (Malik et al., 2021). With blockchain technology being an emerging technology, the TOE framework was found useful for understanding its adoption in the food supply chain.


2.5.1 Technology factors affecting the adoption of blockchain technology

The technological context of the TOE framework is defined by Malik et al. (2021) as the characteristics of technology that are influential in the adoption process. Guo and Liang (2016), mention the technological factors of cost, complexity, security, compatibility, and relative advantage as technological considerations that may influence the adoption of blockchain technology technologies in organisations. Khadivar et al. (2021), discussed the complexity of technology as an influencing factor, and how easy to use and integrate into business processes technology is important as those technologies which are easy to understand are adopted at a much faster rate as compared to more complex technologies.



2.5.2 Organisational factors affecting the adoption of blockchain technology

The organisational context of the TOE framework alludes to the characteristics of an organisation, these characteristics include but are not limited to senior managerial support, firm size, infrastructure, innovation capacity, and human capital quality (Bryan and Zuva, 2021). Wang et al. (2016), notes factors such as organisational readiness, top managerial support, the size of the organisation, and the responding capability as organisational considerations to be taken note of that influence the adoption of blockchain technology. Malik et al. (2021), noted that top managerial support was integral to the adoption of new technologies in orgasiations. They added that lack of that support could lead to fewer resources being allocated to the adoption of new technologies and reduce the chances of technologies being adopted.



2.5.3 Environmental factors affecting the adoption of blockchain technology

The environmental context of the TOE framework focuses on the operational area of the organisation, the organisation’s competitors and industry, and the government (Khadivar et al., 2021). Swan (2015), noted the regulatory environment, market dynamics, public perception, and government support as key environmental factors that affect the adoption of blockchain technology technologies. Regulators are key players in the adoption of blockchain technology, and their involvement in the technical and legal formulation of rules for blockchain technology is important (Guo and Liang, 2016; Sri Vigna Hema and Manickavasagan, 2024). Blockchain technology should not self-regulate due to its critical impact on existing systems and environments.





3 Research design and methodology

The research design used in the study helped to answer the research question and was based on a systematic literature review. A quantitative content analysis research design was used for the study. Content analysis is described by Babbie and Mouton, 2005 as a tool used in research that allows the emergence and showing of certain words or concepts to be determined within sources such as journal articles or texts. It allows the exploration of various viewpoints and the use of credible sources to support the study being proposed (Coners and Matthies, 2014). Gupta et al. (2018) added that a researcher is provided with a pre-defined literacy tool through a systematic literature review and is thus able to identify reliable evidence.


3.1 Unit of analysis

The unit of analysis type for the study is organisational. The chosen unit of analysis for the study was the organisation within the food supply chain and the study was based on secondary data. The study reviewed 50 peer-reviewed articles published on various databases. The primary research objective of the study was to explore factors affecting the adoption of blockchain technology in the food supply chain. The literature search focused on published articles on adopting blockchain technology in the food supply chain. The literature search focused on peer-reviewed articles on the adoption of blockchain technology in the food supply chain published between 2018 and 2022. The 50 journal articles on factors affecting the adoption of blockchain technology in the food supply chain were selected for this study after the screening process.



3.2 Design of the research instrument

The literature for the study was identified through different platforms such as Elsevier and Google Scholar among others. It was searched through keywords such as blockchain technology adoption and TOE Framework. The selected articles were read and reviewed and if they met the criteria they were stored. The relevant published articles on the adoption of blockchain technology in the food supply chain. The study included all articles that dealt with the adoption of blockchain technology in the food supply chain published between the years 2018 and 2022. The information from the selected articles was captured manually in a tabulated format in Microsoft Excel. This was used to make arguments for the findings. The themes from selected articles were categorised and coded manually according to the factors in Table 1.



TABLE 1 Technical-organisational-environmental factors affecting the adoption of blockchain technology in food systems.
[image: Table listing factors affecting technology, organizational, and environmental aspects. Technology factors include complexity, compatibility, cost, security, perceived usefulness, and scalability. Organizational factors include firm size, management competency, resource capability, limited knowledge, and technical skills. Environmental factors include market structure, vendor support, stakeholder participation, IT policy and regulation, and vendor capabilities.]



3.3 Data sources, sampling strategies, and techniques

The study used convenience sampling which non-probability sampling strategy. Convenience sampling allows for articles to be chosen based on how easy they are to access (Etikan, 2016). All articles from different platforms had a chance of being selected for the study if they met the criteria. Searching credible databases using the chosen keywords such as “Blockchain technology adoption in food systems,” “TOE Framework,” “Blockchain technology adoption “and “digital food systems” was used as part of convenience sampling. The study selected were 50 peer-reviewed articles published between the years 2018 and 2022.



3.4 Data collection techniques (research methods)

A quantitative content analysis method was used for the study to analyse journal articles on factors affecting blockchain technology adoption in the food supply chain. The TOE factors listed in the table format are used to identify a factor mentioned in an article to be entered in the table. The articles were coded and categorised according to different TOE factors.


3.4.1 Data analysis

The collected data was captured in the Excel spreadsheet which was categorised into demographic variables data and TOE framework factors. The data was categorised and coded according to TOE framework factors. The collected was analysed by the researcher through the interpretation of keywords from the framework. The identified data from the articles were categorised based on factors that affect the adoption of blockchain technology in the food supply chain. The data in Excel format was imported into the SPSS PC statistical package for analysing quantitive data. Various types of statistics were conducted from the data which include frequencies, analysis of variance (ANOVA), and correlations.





4 Research results

This section presents the results of the analysed collected data of the study. The study focussed on exploring factors that affect the adoption of blockchain technology in the food supply chain. The results from the analysed data are based on published articles between 2018 and 2022. The results in this section are structured as follows: section 4.1 demographic data frequencies, section 4.2 TOE framework factors frequency, section 4.3 the ANOVA of TOE framework factors, and lastly section 4.4 correlation of TOE framework factors.


4.1 Demographic data frequency


4.1.1 Articles by year

Figure 3 presents the frequency of published articles between the years 2018 and 2022 on factors that affect the adoption of blockchain technology in the food supply chain. The results show that 26% of articles relating to the factors that affect blockchain technology adoption in the food supply chain were published between the years 2018 and 2019 while 74% of related articles were later, between the years 2020 and 2022. The results suggest an increase in the research output from 2018 to 2022. The year 2018 had the lowest research output of 8% compared to other years.

[image: Bar chart displaying percentage figures from 2018 to 2022. The percentages are: 8% in 2018, 18% in 2019, 32% in 2020, 28% in 2021, and 14% in 2022.]

FIGURE 3
 Articles by year.




4.1.2 Articles by research method

Figure 4 presents the research methods used in the published articles relating to adopting blockchain technology in the food supply chain. It presents the research methods through the frequency of the chosen method in each article published between 2018 and 2022. The results show that 58% of the published articles used qualitative research methods. This was followed by 28% of the published articles that used quantitative research methods and 14 of those that used mixed-method research of all articles published between 2018 and 2022 related to factors affecting the adoption of blockchain technology in the food supply chain. The results suggest that qualitative research was the most popular method used in published articles between 2018 and 2022 on factors that affect the adoption of blockchain technology in the food supply chain.

[image: Pie chart showing research method distribution: 58% Mixed-Method (light gray), 28% Quantitative (black), and 14% Qualitative (gray). Legend is on the right.]

FIGURE 4
 Articles by research method.




4.1.3 Articles by research design

Figure 5 presents frequencies of the research design types of published articles factors that affect the adoption of blockchain technology in the food supply chain between the years 2018 and 2022. The results show that most articles published between 2018 and 2022 used a systematic literature review (SLR) research design at 48%. Further, 26% of articles published between 2018 and 2022 used a survey research design. Case study research design was used by 18% of the published articles and 8% of the published articles on factors that affect the adoption of blockchain technology in the food supply chain did not have a research design.

[image: Pie chart titled "Articles by Research Design" showing four sections: 48% representing "No design," 26% "Case Study," 18% "Survey," and 8% "SLR."]

FIGURE 5
 Articles by research design.




4.1.4 Articles by research framework

Figure 6 presents the results for the frequency of research frameworks used in articles relating to factors affecting the adoption of blockchain technology in the food supply chain published between the years 2018 and 2022. The results show that most articles (62%), did not use a research framework. The results further show that the most used framework was the TOE Framework at 18% of published articles. The other frameworks at 20% represented other insignificant percentages of frameworks used in published articles between the years 2018 and 2022 on factors affecting the adoption of blockchain technology in the food supply chain.

[image: Pie chart titled "Articles by Research Framework" showing three sections: "TOE Framework" at 62%, "Others" at 20%, and "No Framework" at 18%.]

FIGURE 6
 Articles by research frameworks.




4.1.5 Articles by region

Figure 7 presents the regional frequency of published articles between the years 2018 and 2022 on factors affecting the adoption of blockchain technology in the food supply chain. The results indicate that 42% of articles were published in Europe, 38% in Asia, 6% in North America, 6% were transcontinental in both Asia and North America, and a further 4% in Asia and Europe. Tied for the lowest number of published articles were South America and Australia both with 2% of articles on factors affecting blockchain technology adoption in the food supply chain between 2018 and 2022. There are no articles published in Africa.

[image: Bar chart showing percentages of a total across regions. Australia and South America have 2% each, Asia and Europe 4%, Asia and North America 6%, North America 6%, Asia 38%, and Europe 42%.]

FIGURE 7
 Articles by region.





4.2 Results of technology-organisational-environmental factors frequency

This section presents the technology, organisation, and environment factors frequency results of the factors affecting blockchain technology adoption in the food supply chain published between the years 2018 and 2022.


4.2.1 Technology factors

The study analysed six technological factors that affect the adoption of blockchain technology in the food supply chain. These factors include complexity, compatibility, cost, perceived usefulness, scalability, and security. The presented frequency results are drawn from peer-reviewed published articles between the years 2018 and 2022 on factors affecting blockchain technology adoption in the food supply chain. The results of the analysis of technology factors show that cost is considered the most important factor with 72% of the published articles on factors affecting the adoption of blockchain technology in the food supply chain (Sri Vigna Hema and Manickavasagan, 2024). Furthermore, security and scalability had 46% of articles published between 2018 and 2022. Furthermore, 42% of the published articles mentioned the complexity of the technology as a factor, followed by compatibility at 28% and perceived usefulness at 22% as depicted in Figure 8. These results suggest that companies need to be aware of the financial costs of blockchain technology (Guo and Liang, 2016; Sri Vigna Hema and Manickavasagan, 2024). The results imply that financial resources, security, and scalability are important factors for the adoption of blockchain technologies adopting blockchain technology (Guo and Liang, 2016). Firms also need to consider the complexity of blockchain technology to be adopted.

[image: Bar chart comparing technology factors by percentage. Factors include complexity, compatibility, perceived usefulness, scalability, security, and cost. Each factor shows two bars: "Yes" and "No." "Yes" has higher percentages in complexity (58%), compatibility (72%), and perceived usefulness (78%). "No" dominates in scalability (54%) and security (54%). Cost shows equal values for both (72% for "Yes," 28% for "No").]

FIGURE 8
 Percentage frequency of technology factors.




4.2.2 Organisational factors

The study analysed five organisational factors, that may affect the adoption of blockchain technology in the food supply chain. The organisational factors include firm size, management competency, limited knowledge, technical skills, and resource capacity. Figure 9 presents the results of the organisational factors identified from published articles between the years 2018 and 2022. The results show that firm size with 40% of articles is considered the most important factor, followed by limited knowledge at 34% and management competency at 26%. The least mentioned organisational factors were technical skills and resource capacity both mentioned in 22% of articles relating to the adoption of blockchain technology in the food supply chain. The study results suggest that firm size is an important factor in the adoption of blockchain technology in the food supply chain (Bryan and Zuva, 2021). How large or small is an organisation is important in deciding to adopt blockchain technology. Firms with limited knowledge of blockchain technology may also have challenges in adopting blockchain technology (Vu et al., 2023). Management was also considered to be an important factor in the adoption of blockchain technology in organisations.

[image: Bar chart depicting organizational factors against percentage responses. Factors include Limited Knowledge, Resource Capacity, Firm Size, Technical Skills, and Management. Each factor shows responses for "Yes" and "No" with percentages. Limited Knowledge: 34% Yes, 66% No. Resource Capacity: 22% Yes, 78% No. Firm Size: 40% Yes, 60% No. Technical Skills: 22% Yes, 78% No. Management: 26% Yes, 74% No.]

FIGURE 9
 Percentage frequency of organisational factors.




4.2.3 Environmental factors

The study analysed five environmental factors that affect the adoption of blockchain technology in the food supply chain. These factors included market structure, vendor support, IT policy and regulations, stakeholder participation, and vendor capabilities. Figure 10 shows the frequency results of the environmental factors mentioned in published articles between the years 2018 and 2022. According to the results, the most mentioned environmental factor is IT policy and regulations at 58% of the published articles followed by stakeholder participation at 50% and vendor support at 14%. The least mentioned factors were market structure at 10% and vendor capabilities at 0% of the published articles. The results suggest that IT policy and regulations, stakeholder participation (Duan et al., 2020), and vendor support affect decisions regarding the adoption of blockchain technology in the food supply chain (Guo and Liang, 2016; Sri Vigna Hema and Manickavasagan, 2024). This result suggests that the least factor to consider for organisations when adopting blockchain technology in the food supply chain should be vendor capabilities as it has no influence.

[image: Bar chart showing percentage responses to environmental factors. For Market Structure: 10% Yes, 90% No. Vendor Support: 14% Yes, 86% No. Stakeholder Participation: 50% Yes, 50% No. IT Policy & Regulations: 58% Yes, 42% No. Vendor Capabilities: 100% Yes, 0% No.]

FIGURE 10
 Percentage frequency of environmental factors.





4.3 Analysis of variance

The study performed an analysis of variance (ANOVA) on demographic variables and TOE framework constructs. Table 2 shows the analysis of variance (ANOVA) of the region the organisational variables and environmental factors. The table shows significant differences below 0.05 on organisational factors at 0.012 and environmental factors at 0.048. These statistical analyses suggest that there were significant differences between organisational, and environmental variables and the regional demographic variable. The results indicate that organisational variables and environmental variables were the only factors that showed significant differences when measured against the region variable. The results suggest that different regions perceived differently the importance of organisational and environmental factors on the adoption of blockchain technology in the food supply chain.



TABLE 2 Analysis of variance total organisational and environmental factors.
[image: Table showing analysis of variance for organizational and environmental factors. For organizational factors, between groups: sum of squares 24.59, df 6, mean square 4.10, F 3.16, Sig. 0.012. Within groups: sum of squares 55.73, df 43. Total: sum 80.32, df 49, mean square 1.30. For environmental factors, between groups: sum 7.32, df 3, mean square 2.44, F 2.84, Sig. 0.048. Within groups: sum 39.56, df 46. Total: sum 46.88, df 49, mean square 0.86.]



4.4 Correlation of technology-organisational-environmental factors

The study performed correlation on technological, organisational, environmental, and demographic year variables to find out the relationships between the variables. The correlation s was conducted to understand relationships between the TOE framework constructs and demographic year on the adoption of blockchain technology in the food supply chain. Table 3 shows the correlation between the technology, organisational, environmental (TOE) factors, and demographic year variable) of the published articles. The correlation for the study is deemed to be significant at below 0.05. The year variable did not have a significant correlation with the TOE constructs (technological, organisational, and environmental variables. Additionally, the results indicate a significant correlation between technology factor, and organisational at positive 0.009 and between technological and environmental factors at a positive 0.004 had a significant. Lastly, the organisational factors and environmental factors had a significant positive correlation of 0.007.



TABLE 3 Total technology-organisational-environmental factors correlation.
[image: Correlation matrix table showing Pearson correlation coefficients and significance values among four variables: Year, Tech total, Org total, and Env total. Each variable is listed horizontally and vertically. Notable correlations include Tech total with Org total (0.368) and with Env total (0.396), both with significance values of 0.009 and 0.004, respectively. Data-N indicates a sample size of 50 for all correlations.]




5 Discussion

The study conducted a systematic literature review on factors affecting the adoption of blockchain technology in the food supply chain. The systematic literature review focused on articles published between 2018 and 2022. Fifty peer-reviewed articles were selected and analysed to provide a view of factors affecting the adoption of blockchain technology in the food supply chain. The study adopted the TOE framework to determine the factors that affect the adoption of blockchain technology in the food supply chain. The study results showed that the main technological factors in the adoption of blockchain technology in the food supply chain are cost, security, and scalability. The results are aligned with the findings literature that states that security is the biggest risk in ICT Adoption and the cost of technology is important (Lanzini et al., 2021). The results suggest that organisations and stakeholders within the food supply chain may consider adopting blockchain technology if it can ensure that security is maintained high in the food supply chain, the technology is cost-effective, and it can be scaled either up or down depending on the organisation’s needs.

The results further revealed that the organisational factors of firm size, limited knowledge, and management competency were important in the adoption of blockchain technology in the food supply chain. The results suggest that larger firms are more likely to adopt blockchain technology than smaller firms and that knowledge of the technology is considered for the adoption of blockchain technology organisations. Furthermore, IT policy & regulation and stakeholder participation were considered important environmental factors for the adoption of blockchain technology in the food supply chain. These results imply that awareness of regulations of blockchain technology (Guo and Liang, 2016; Sri Vigna Hema and Manickavasagan, 2024) and stakeholders’ participation (Duan et al., 2020) are considered important factors in the adoption of blockchain technology in the food supply chain. The results, therefore, suggest that technology factors (cost, security, and scalability), organisational factors (firm size, management competency, and limited knowledge), and environmental factors (IT policy& regulations and stakeholder participation) are important factors in the adoption of blockchain technology in the food supply chain.

Further analysis conducted indicated that there is a significant difference between the regional environmental factors, and organisational factors affecting the adoption of blockchain technology in the food supply chain. The results suggest that the effects of organisational and environmental factors on the adoption of blockchain technology in the food supply chain differ in different regions. The additional correlation analysis between years of publication and the TOE factors (technological, organisational, and environmental factors) did not show a significant relationship. However, correlation analysis revealed a positive significant relationship between technology, organisational, and environmental factors on the adoption of blockchain technology in the food supply chain. The results suggest that when one factor increases the other factors will also increase their effect on the adoption of blockchain technology in the food supply chain.



6 Conclusion

In conclusion, the study suggests that technological factors (cost, security, and scalability), organisational factors (firm size, management competency, and limited knowledge), and environmental factors (IT policy & regulations and stakeholder participation) influence the adoption of blockchain technology in the food supply chain. The study suggests that the bigger the size of the firms, the knowledge of blockchain technology, as well as access to all regulations and policies, are considered important for the adoption of blockchain technology in the food supply chain. For organisations to adopt blockchain technologies in the food supply chain should be aware of IT policies and regulations, knowledgeable of the technology, and competent management.

The study achieved its objective of exploring the factors that affect the consideration of adopting blockchain technology in the food supply chain. The study assists in understanding factors affecting the adoption of blockchain technology in the food supply chain. The study contributed to the body of knowledge on factors that affect the adoption of blockchain technology in the food supply chain. Despite the study’s contribution, it had some limitations worth mentioning. The study was not based on empirical data but on secondary data from published articles on the adoption of blockchain technology in the food supply chain. The study was based on convenience sampling instead of random sampling meaning the results are not an accurate representation of the food supply chain industry. The limitations present an opportunity for future studies to be taken further by using empirical data as well as other research methods.
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This study administered 379 questionnaires to smallholder farming households to determine livestock ownership, climate change, and its impacts on livestock production, including measures to adapt livestock production to climate change. Data were analyzed using ordinary least squares regression model, Two sample Z proportions test, and percentages. Results indicate that few livestock were owned by households, commonly cattle, goats, pigs and chickens. Joint ownership dominated, followed by ownership by household heads, be they male or female, then spouses. Non-household heads rarely owned livestock. Joint livestock ownership significantly increases the total livestock units a household owns. The respondents overwhelmingly reported that the climate had changed, with a shorter rainy season, droughts, floods, and higher temperatures. There were slight variations in the perception of climate change across the study sites and by gender. Livestock production had been affected by increased incidences of disease, water, and fodder shortages, ultimately reducing livestock productivity across all the sites. Livestock households have adapted to climate change and other production constraints more broadly by addressing livestock health through administering vaccines, consulting with veterinary officials, and using traditional remedies for livestock diseases. Some respondents supplemented fodder and water, while others resorted to selling off the livestock. More men reported the provision of water as they more likely deal with large livestock that need bigger quantities of water. Similarly, while more commonly reported by men, the provision of fodder shows variability across chiefdoms, suggesting that fodder scarcity is a region-specific constraint. The use of traditional remedies such as herbs remained an important adaptive measure, especially among women. The study concludes that livestock production has high potential to contribute to inclusive climate change adaptation in the study region and more broadly but there is an urgent need to increase the percentage of livestock owning households and the size of the herds for livestock to make meaningful contributions to household welfare and climate resilience.
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1 Introduction

Efforts to transform African food systems call for enhanced farmer adaptation to climate change via livelihood diversification that includes livestock production to the plethora of adaptation strategies (Jones and Thornton, 2009; Hänke and Jan Barkmann, 2017; Simpkin et al., 2020; Williams et al., 2021). Proponents of this strategy espouse livestock production for several reasons. Livestock contributes to human food and nutrition security directly, and indirectly to food security by increasing crop output through providing manure (FAO, 2012). Livestock enhances total household labor productivity by smoothening the demand on family labor over seasons, genders and generations and buffers the impact of fluctuations in crop production, thus stabilizing food supply (FAO, 2012). The empirical literature on the buffering capacity of livestock in smoothing external weather shocks is mixed (Kazianga and Udry, 2006; Hänke and Jan Barkmann, 2017). Some scholars note that livestock serves as a climate adaptation strategy among smallholder farming households by providing meat and dairy products, and income earning opportunities when crops fail (Sofoluwe et al., 2011; Yesuf et al., 2008). Others contend that the role of livestock assets as a buffering mechanism against the effects of drought on household income and consumption was context-dependent (Acosta et al., 2021). Although livestock are kept by households across all wealth groups, fewer women tend to own them and women are more likely to own smaller livestock (Njuki and Sanginga, 2013; Dumas et al., 2018). Despite women’s important contribution and role in livestock management, they often face greater constraints than men in accessing extension services, markets and financial services (Njuki and Sanginga, 2013; Esenu, 2005; Kyotos et al., 2022). These challenges result from traditional gender roles and patriarchal gender relations (Dumas et al., 2018). Women’s lower access to and control over livestock affects their livestock based adaptation strategies and could make them less resilient to climate change effects.

In Zambia, the livestock sub- accounts for 42% of the agricultural sector’s Gross Domestic Product (GDP) and 50% of employment in rural areas (PMRC, 2021). In the absence of formal insurance, farmers tend to diversify into livestock to achieve a balance between potential returns and the risks associated with climatic variability, and market and institutional imperfections (Alderman and Paxson, 1992). In a study of 761 smallholder farming households in Eastern Zambia, diversification of livestock holding was reported to be a climate adaptation strategy by 49% of the respondents (Umar et al., 2019). Overall, a total of 1,801,075 (or 43.4%) of farming households in Zambia were engaged in livestock production as at 30th April 2022 (Zambia Statistics Agency, 2022). Among the households engaged in livestock production, 73.9% were male headed and only 26.1% were female-headed. This gender gap in access to livestock assets entails higher vulnerability to climate hazards and lower capacity to bounce back after an extreme climate event for female headed households.

With the predicted increase in severity and frequency of extreme climatic events in sub-Saharan Africa (Ayanlade et al., 2022; Christian, 2010; Siatwiinda et al., 2021), livestock production is an increasingly important pathway for enhancing climate resilience through livelihood diversification among smallholder farming households in the region. Smallholder farming households in sub Saharan Africa largely practice rain fed agriculture (Rockström et al., 2004). They are therefore very vulnerable to climate variability and climate change (Pickson and Boateng, 2022). In its various manifestations such as intra seasonal droughts, late onset and /or early off-set of the rainy season and higher temperatures (Sofoluwe et al., 2011; Nhemachena and Hassan, 2007; Nyanga et al., 2011; Umar, 2021), climate change has adversely affected the agricultural productivity of smallholder farming households (Jones and Thornton, 2009; Blanc, 2012). This has resulted in higher household food and nutritional insecurity, and lower household incomes (Connolly-Boutin and Smit, 2016; Misselhorn, 2005; Thompson et al., 2010). Droughts due to the El Niño/Southern Oscillation (ENSO) phenomenon experienced during 2023/2024 left millions of farming households across Southern Africa in hunger (Singh et al., 2023).

Understanding livestock ownership dynamics provides context specific information that is useful in undertaking climate adaptation initiatives that are inclusive and equitable for both men and women across different geographical locations. Thus, this study employs a gender responsive approach to examine livestock ownership dynamics and climate change adaptation strategies for livestock production from three districts in the Eastern Province of Zambia. The main research question for the study was how do livestock ownership dynamics and climate change adaptation strategies affect climate resilience among smallholder farming households in Eastern Zambia? The specific objectives were to: (i) examine livestock ownership dynamics in the study area (ii) investigate the effects of climate change on livestock production in the study area, and (iii) identify adaptation strategies that have been employed by smallholder farmers to respond to effects of climate change on livestock production in the study area. The findings of this study contribute to scholarly knowledge on the potential of livestock production to contribute to climate resilience among smallholder farming households. It highlights how the dynamics of livestock ownership and their gendered nuances affects their ability to respond to climate change and its effects. The study shows smallholder farmers’ ability to reframe socio-cultural norms in responding to changing economic circumstances and the climate. This information is of use in development planning for rural farming communities. The findings could inform the formulation of strategies enhancing livestock ownership to foster climate adaptation in the region.

The rest of the article is arranged as follows. The next section describes the study areas and then details the data collection and data analysis methods. This is followed by a presentation of the results, after which the results are discussed in the context of other empirical studies and theoretical articulations on the research subject. The study then presents the implications of its main results and suggests recommendations.



2 Methods


2.1 Data collection

The primary data for this study was collected during September 2023. Before the main fieldwork, the study team made a reconnaissance visit to the study area in February 2023 to validate research questions. We engaged local stakeholders such as the Ministry of Agriculture and Department of Chiefs and Traditional Affairs. Courtesy calls were paid to the six chiefs in whose localities the study was planned to take place, as per local custom. The purpose of the planned study was explained to the chiefs after which they granted permission for the study to be conducted in their chiefdoms. Study approval was granted by the University of Zambia’s Humanities and Social Sciences Research Ethics Committee.



2.2 Description of the study area

The study was conducted from six chiefdoms spread across three districts in the Eastern Province of Zambia (Figure 1) namely Lundazi, Chasefu and Lumezi. The Eastern Province typically experiences seasonal rainfall of between 800 and 1,000 mm and a crop-growing period of 100–140 days. It is characterized by three seasons; warm and wet (from November to May), cold and dry (June to August) and hot and dry (September to November). Its predominant socio-economic activity is rain fed smallholder farming.

[image: Map showing the eastern region of Zambia with marked study sites and district boundaries. Districts include Nyimba, Petauke, Mambwe, Chadiza, Chipata, Lundazi, and more. Roads and study sites are indicated. A small inset highlights the location within Zambia.]

FIGURE 1
 Location of study sites, Eastern Zambia.




2.3 Agricultural practices

Smallholder farmers begin their seasonal activities around October by tilling their fields using manual implements such as traditional or Chaka hoes, animal draft powered implements such as oxen- plow or oxen-ripper or mechanized power through the use of tractors. Sowing of crops only commences once effective planting rains are experienced between late November and early December. Nutrient amendment involves the application of mineral fertilizer and/or animal manure. Weeding is accomplished through the use of hand hoes, oxen or herbicides. Crop harvesting begins around March and last until July. During the post-harvest season, local norms dictate that agricultural fields should be treated as communal grazing areas and livestock should be allowed to graze from them. It is understood that while livestock feed on crop residues, they deposit dung in the fields, and thus both the crop and livestock farmer benefit from this practice.

Smallholder farming households in the study area practice mixed crop and livestock farming. The main crops grown are maize (Zea Mays), groundnuts (Arachis hypogaea), cotton (Gossypium hirsutum), tobacco (Nicotiana tabacum), soya beans (Glycine max), sweet potatoes (Ipomoea batatas), cowpeas (Vigna unguiculata), millet (Panicum miliaceum), sorghum (Sorghum bicolor), rice (Oryza sativa), cassava (Manihot esculenta), common beans (Phaseolus vulgaris) and sunflower (Helianthus annuus). A much smaller proportion of the rural households engage in irrigated production of vegetables during the post-harvest season. Only those with land close to perennial streams, from which they draw water for irrigation participate and produce crops such as tomatoes (Solanum lycopersicum), rape (Brassica napus), Chinese cabbage (Brassica rapa Pekinensis), African eggplant (Solanum macrocarpon), carrots (Daucus carota), Spinach (Spinacia oleracea), onion (Allium cepa) and peppers (Capsicum annuum). Common livestock reared are cattle, goats, and pigs. Poultry is more prevalent with most households rearing free-range chickens, and less commonly ducks, guinea fowls, and geese.



2.4 Socio-cultural context

The three main tribes found in the Eastern province are the Chewa, Ngoni and Tumbuka. The Chewa are matrilineal while the Ngoni and Tumbuka are patrilineal. Among the Chewa, land and cattle have historically been inherited through women, that is, male children inherited property from their mother’s brothers. Among the Ngoni and Tumbuka, the norm has been for sons to inherit from their parents. Daughters were expected to marry and access such property through their husbands (Umar, 2021). Unmarried women (spinsters, divorcees, widows) that lived in their natal villages had access to land through male relations. Increasingly, shifts from such practices have been noted, with parents bequeathing land and livestock to sons and daughters. Inheritance dynamics influence access to and control over land and livestock by men and women household members, with implications on their decision making. In male-headed households, women are mainly assigned roles related to domestic small ruminant production, while males perform most of the management functions related to large ruminant animals. This division of labor also culturally determines the pattern of livestock ownership, as most women tend to own goats while men dominate cattle ownership (Machina and Lubungu, 2018; Machina and Lubungu, 2019).



2.5 Data collection

A household survey was carried out among 379 smallholder farming households in three districts of Eastern Zambia. From these districts, four chiefdoms were purposively selected as study sites for the household survey namely Mphamba, Zumwanda, Chitungulu and Phikamalaza (Figure 1). It should be noted that while six chiefdoms were included in the overall study which employed a mixed methods design, the household survey was limited to four chiefdoms and forms the basis of this article. The study sites for the household survey were selected to include the three main tribes in the province. The households were randomly selected from the chiefdoms using village registers with the help of village head persons as presented in Table 1.



TABLE 1 Household survey samples by chiefdom, tribe and gender.
[image: Table displaying the distribution of men and women across different chiefdoms and tribes. Mphamba belongs to Tumbuka with 53 men and 57 women. Zumwanda and Chitungulu belong to Chewa with 39 men, 74 women, and 26 men, 34 women, respectively. Phikamalaza is Ngoni with 39 men and 57 women. Totals are 157 men and 222 women.]

The questionnaire included questions on household demographics, livestock ownership dynamics, climate change and its effects on livestock production as well as actions undertaken by households to adapt their livestock production to climate change. The questionnaires were administered by six trained enumerators, who were fluent in the local dialects and had comprehensive knowledge of the local farming systems and socio-cultural context. Prior to data collection, a pilot survey was conducted with smallholder farming households from a neighboring district, Chipata. The questionnaire was shortened and vague questions made clearer after the pilot test. This enhanced the validity of the instrument.

A gender responsive approach was adopted for the study. Thus, deliberate efforts were made to ensure that men and women were interviewed and attention was paid to sub-groups within the two gender groups. Specifically, women that headed households (widowed, divorced, and single) as well as married women within male headed households were targeted for participation in the household survey. Further, results are disaggregated by gender when reported and attention is paid to gender relations in the study context. This ensures that gender differences are not masked and all voices are heard. Informed consent was obtained from all the respondents. Confidentiality and anonymity was guaranteed to all respondents. Interviews were restricted to respondents aged 21 and above.



2.6 Data analysis

The data were analyzed using an Ordinary Least Squares (OLS) regression model to assess the associations between various independent variables and the dependent variable, total livestock units. The OLS method was chosen for its robustness in estimating linear relationships between multiple independent variables and a continuous dependent variable. This regression approach facilitates the estimation of the unique contribution of each predictor while controlling for the influence of other variables in the model.

Several models were developed to understand these relationships. The initial model included only single predictors (unadjusted model) to evaluate their individual effect on the total livestock units. This step was essential to identify the gross effect of each variable before adjustments. Subsequently, a multivariate model (adjusted model) incorporated all predictors simultaneously, allowing for adjustment of confounders and potential interactions between variables. An interaction term between total livestock units owned by the husband and those owned jointly was also included to investigate the potential synergistic effect on total livestock units. A p-value threshold of 0.05 was employed as the criterion for statistical significance. A p-value below this threshold suggests that there is a less than 5% probability that the observed association is due to random chance in the context of the null hypothesis. Thus, variables with p-values less than 0.05 were considered to have statistically significant associations with the total number of livestock units.

The general form of the OLS regression equation used in our analysis is as follows (Equation 1):

[image: Total Livestock Units (TLU) is represented by the equation: β0 + β1X1 + β2X2 + ... + βkXk + ε.]

where

TLU: Total Livestock Units, the dependent variable.

β0: Intercept of the model, the expected value of TLU when all independent variables are 0.

β1, β2,…, βk: Coefficients for each independent variable, representing the expected change in TLU for a one-unit change in the corresponding variable, holding other variables constant.

X1, X2,…, Xk: Independent variables included in the model. Independent variables were gender, age, education level, household size, chiefdom, type of livestock ownership and participation in climate change initiative.

ε: Error term, accounting for the variability in TLU not explained by the model.

Descriptive analysis also identified outliers and potential anomalies that could influence the OLS model’s outcomes. By understanding the data’s distribution, we were better positioned to interpret the regression coefficients meaningfully and to ensure that the assumptions necessary for OLS regression were satisfied. Each parameter estimated in the OLS regression model represents the expected change in the dependent variable (total livestock units) for a one-unit change in the predictor variable, while all other variables in the model are held constant. The coefficient indicates the direction and magnitude of the association. For instance, a positive coefficient suggests an increase in the total livestock units as the independent variable increases, and vice versa. It is essential, however, to acknowledge that the lack of key predictive variables limits the OLS model’s capacity to fully capture the complexities of livestock ownership. Thus, the current model is best utilized for hypothesis generation and to inform more targeted future research rather than as a definitive tool for drawing causal conclusions. Two sample Z proportions test was used to investigate differences in perceptions between men and women around effects of climate change on livestock, constraints to livestock management and adaptation measures.




3 Results

Demographic characteristics of the sample seem typical with mean age of household head of 44 and household size of 5 (Table 2). The mean and median years of education for household heads was seven, which is the highest primary level education and suggest modest education levels. The number of males and females above the age of 15, an indication of household labor available for agricultural activities, ranges from 0 to 9 for males and from 0 to 5 for females.



TABLE 2 Selected demographic statistics of the sample.
[image: Table displaying demographic variables for households, including the number of observations (N), mean, standard deviation (StDev), minimum, median, and maximum. Variables include age and education of the household head, number of males and females above 15, total males and females, and total household size.]

Results are presented under four themes namely livestock ownership dynamics, climate change perceptions, measures undertaken to adapt to climate change and constraints of livestock production.


3.1 Livestock ownership dynamics

We start by presenting a visual of livestock ownership across the four chiefdoms by male and female headed households, shown in Figure 2.

[image: Scatter plot comparing total livestock units by chiefdom, separated by sex. The x-axis lists chiefdoms: Phi'kamalaza, Chitungulu, Zumwanda, and Mphamba. The y-axis measures livestock units from zero to sixty. Data points show variations across male and female categories.]

FIGURE 2
 Distribution of total livestock units across four chiefdoms separated by the gender of the household head.


In the male headed households section, we see a spread of total livestock units across all chiefdoms, with Zumwanda and Chitungulu displaying a relatively lower range, suggesting modest ownership among these households in these two chiefdoms. Mphamba and Phikamalaza show more variability, indicating a mix of low to high livestock ownership among male headed households. For female heads of households, the spread is generally similar to that of the males for Zumwanda and Chitungulu, with most women owning fewer total livestock units. However, in Mphamba and Phikamalaza, the range is slightly wider, suggesting that while most women own fewer units, there are instances of high levels of ownership, perhaps reflecting differences in economic status or access to livestock among women in these chiefdoms. The presence of outliers in certain chiefdoms for both genders may point to the existence of individual or group advantages that allow for greater accumulation of livestock, such as access to grazing land, capital, or livestock inheritance practices that favor some individuals over others. Figure 2 illustrates the variations in livestock ownership by gender within specific socio-cultural contexts, indicating that while some patterns are shared between men and women, there are notable differences that could be influenced by local customs, economic opportunities, and resource availability.

The mean total livestock units owned by households was 1.26 and ranged from 0.02 to 16.2 indicating large variability among households (Supplementary Table S1). Specifically, the mean numbers owned per household were 4.6 and 4.6 for cattle, goats, pigs, and chickens. 5.86 and 10.7, respectively, albeit with large variations, as reflected in their large standard deviations. Although some of the livestock were solely owned by the husband, wife, or other male and female household members, joint ownership was the most common type. For instance, for cattle, only 2.7% of cattle-owning households reported having cattle owned by the wife, 16.7% reported ownership by the husband, while 79% of households reported joint ownership. For goat-owning households, 61.5% were jointly owned, 20.5% were owned by the husband, while 15.4 and 2% reported ownership by the wife and other household members, respectively. Similar trends were noted for the other livestock types (Supplementary Table S1). Sole ownership of chickens was higher for wives (22.2%) compared to their spouses (10%) with joint ownership dominating at 88.7%.

Table 3 compares variables influencing total livestock units in unadjusted and adjusted analyses. Notably, the ownership of livestock units—whether by the husband, jointly owned, or by the female—shows a significant and consistent positive association with the total livestock units in both unadjusted and adjusted models (Unadjusted Coefficient = 0.99, p < 0.001; Adjusted Coefficient = 0.99, p < 0.001), indicating that joint ownership is a significant predictor of increased total livestock units. The data suggests that some chiefdoms have a notable influence on the total livestock units owned. For instance, Phikamalaza Chiefdom shows a positive association in the unadjusted model (Coefficient = 1.26, 95% CI [0.06, 2.47], p = 0.040), indicating that being in Phikamalaza is associated with a higher number of total livestock units more than in Zumwanda and Chitungulu Chiefdoms and compared to being in Mphamba Chiefdom. However, this association is not significant in the adjusted model (Coefficient = 0.02, 95% CI [−0.18, 0.21], p = 0.879), suggesting that when controlling for other factors, being in this chiefdom does not significantly impact the number of total livestock units. The respondent’s gender does not appear to have a strong influence in either model. Age and years of education also show little to no effect on the total livestock units owned. Interestingly, the number of males above 15 years in a household appears to have a slight positive effect in the adjusted model, though not statistically significant [Coefficient = 0.05, 95% CI (−0.04, 0.14), p = 0.273].



TABLE 3 Total livestock units influencing variables.
[image: A table displays coefficients, confidence intervals (CI), and p-values for various variables, with both unadjusted and adjusted columns. Notable entries include statistically significant p-values below 0.05, marked with an asterisk. For example, "Chiefdom 4" in the unadjusted column has a coefficient of 1.26, a 95% CI of [0.06, 2.47], and a p-value of 0.040, while "Livestock Units Jointly Owned" in the adjusted column shows a coefficient of 0.99, a 95% CI of [0.98, 1.01], and a p-value <0.001, also marked as significant.]

The total number of males and females in the household, as well as household size, show variable influence across models but lack statistical significance, suggesting that these factors do not play a major role in determining livestock numbers owned by households. Lastly, the variable ‘male climate change initiative ‘which represented participation in climate adaptation initiatives by male household members reflects a negative association in the unadjusted model (Coefficient = −0.59, p = 0.115) but is not significant in the adjusted model (Coefficient = −0.10, p = 0.513). This suggests that male initiative may not be a strong influencing factor in the context of other variables.

Not shown in Table 3, the model includes an interaction term between total livestock units owned by the husband and total livestock units jointly owned. This indicates that there is an interaction between the livestock units owned by the husband and those owned jointly by the couple. This term aims to measure whether the impact of total livestock units owned by the husband on the total livestock units is different when there is also joint ownership. The coefficient for this interaction term is significant (Coefficient = 1.40, p < 0.001) with a relatively tight confidence interval ([1.10, 1.70]). This indicates that joint ownership of livestock with the husband significantly increases the total number of livestock units more than what would be expected by simply adding the husband’s and jointly owned livestock units separately. There is a synergistic effect when the husband has ownership and there is also joint ownership, leading to a greater total number of livestock units than the sum of their separate effects.



3.2 Farmer perceptions on climate change

Across the four chiefdoms, respondents perceived that the climate had changed and this change was manifested in a total of nine different ways (Figure 3). Out of all the responses, the late onset of the rainy season was the most commonly reported, followed by above average rainfall in Chitungulu and Phikamalaza Chiefdoms, and a shorter rainy season for the rest.

[image: Bar chart showing perceptions of climate change impacts by gender across three chiefdoms: Phikamalaza, Chitungulu, and Mphamba. Categories include late onset and shorter rainy seasons, higher and lower temperatures, above average rainfall, more frequent floods, intra and more frequent droughts, and unpredictable rainy seasons. Each bar represents males and females' views, with various colors indicating different climate change impacts.]

FIGURE 3
 Smallholder farmers’ perceptions about climate change manifestation in their area, by chiefdom and gender.


Noteworthy in the varied responses is that all four chiefdoms and both men and women reported a mixture of drought and flooding incidences. This suggests a more variable climate regime with increased frequency of extreme climate events, in addition to a markedly shorter rainfall season characterized by late onset and early offset. For Chitungulu chiefdom, a higher percentage of women respondents reported more frequent floods than men. Similarly, for Mphamba Chiefdom, a higher percentage of men reported higher temperatures than women. Lower temperatures and more frequent droughts were the least reported.

The respondents were asked how the changes observed in the climate had affected their livestock production. Their responses are presented in Table 4.



TABLE 4 Effects of climate change on livestock production.
[image: A table displays the percentage of men and women affected by various issues across different chiefdoms: Chitungulu, Zumwanda, Phikamalaza, and Mphamba. Issues include increased diseases, lack of drinking water, lack of pasture/feed, extreme temperatures, excessive rainfall, herbicide pasture poisoning, and reduced productivity. Notably, men generally report higher percentages in several categories, such as increased diseases and lack of drinking water, as indicated by asterisks, which denote statistical significance at alpha equals 0.05. The total population size is 379, with 222 women and 157 men surveyed.]

Increased incidences of livestock diseases stood out as the most commonly perceived effect across the four chiefdoms and by both men and women. A follow up question exploring constraints of livestock production shows that reports of high incidences of livestock disease dominated the responses with between 70 and 100% of the respondents mentioning it (Table 5).



TABLE 5 Constraints of livestock production.
[image: Table displaying constraints faced by men and women across four chiefdoms: Chitungulu, Zumwanda, Phikamalaza, and Mphamba. Constraints include increased diseases, inadequate pasture, and others, with percentages for each gender. Total women and men percentages are also provided.]

Over half of the women respondents from Mphamba chiefdom reported that inadequate pasture for livestock was a major constraint. At the same time, less than 20% of the rest cited it, with as low as 7% of the women respondents from Zumwanda Chiefdom.

Adapting livestock production to climate change.

The respondents reported 10 strategies to adapt their livestock production to climate change (Table 6).



TABLE 6 Actions undertaken by households to adapt livestock production to climate change.
[image: Table showing percentage of men and women involved in various actions across different chiefdoms: Chitungulu, Zumwanda, Phikamalaza, and Mphamba. Actions include administering vaccines, providing water, and planting trees. Highest participation is in vaccine administration, with 74.4 percent men and 66.7 percent women in Phikamalaza and Mphamba, respectively. Overall totals show 53.7 percent men and 54 percent women involved in vaccine administration. Other activities have significantly lower participation percentages.]

Other than the response ‘administering vaccines,’ which had between 46 and 74% of respondents citing it, the other measures were much less prevalent. Curiously, adopting drought-resilient livestock was not mentioned at all by respondents from Chitungulu and was only mentioned by 4% of the men and 2% of the women from Mphamba. Only about 3% of the men from Zumwanda and Phikamalaza mentioned it, while none of the women did. The measure “dipping livestock” is a disease prevention measure in which individual livestock is forced through a dip filled with insecticides that kill off whatever insects or pests may be attached to the livestock. Very few men (5%) in Zumwanda mentioned the measure as an adaptation measure, and 2% of the women respondents were from Phikamalza. Administering herbs entails using traditional remedies based on local plants such as sausage and Muzabamba trees (Figure 4). Selling off livestock was the least popular adaptation measure.

[image: (a) A sausage tree fruit hanging among green leaves. (b) A young plant with broad green leaves growing beside a tree trunk. (c) Several white pigs in a dirt enclosure, some feeding from a trough. (d) A fenced area made of wooden branches in a dry landscape, with sparse vegetation.]

FIGURE 4
 (A) Sausage tree fruit used to treat diseases in chickens (B) Mazabamba tree used to treat mumps in cattle (C) Trough for livestock feed and water (D) kraal.





4 Discussion


4.1 Livestock ownership dynamics

This study found that the most common livestock ownership type was joint, followed by sole ownership by the husband. Ownership by the wife was less common except for chickens. It was rare for other household members to own livestock. The predominance of joint ownership for all livestock types is noteworthy. While women’s very low sole cattle ownership was expected (see FAO, 2013; Njuki and Sanginga, 2013; Dumas et al., 2018; Lubungu and Birner, 2021), less expected were reports of higher sole ownership of goats by male household heads than their spouses and predominant joint ownership of chickens. This may suggest changed gender norms around small livestock, including poultry. Higher sole ownership of goats by men deviates from what has been commonly reported in the literature, which broadly notes men’s focus on large livestock such as cattle. This may be due to men being unable to afford cattle and resorting to goats, which are cheaper to buy and manage. The joint ownership of chickens can be linked to the higher demand for free-range chickens created by urbanites. As chicken rearing has become more lucrative, men show more interest, leading to joint ownership. These results suggest that economic considerations stimulate changes to socio-cultural norms. Moreover, they allude to the importance of accounting for local context when framing explanations and avoiding meta-narratives that overlook actors’ agency and capacity to adapt to changes. Such adaptations may include negotiations over socio-cultural norms. Alders (1996) asserted that men’s interest in poultry increased proportionally with decreasing livestock numbers such as cattle and goats. In some pastoral areas in rural Tanzania, men are not associated with poultry because they are responsible for ruminant stock. In contrast, in the coastal areas with no tradition of keeping large stock, both men and women owned chickens (Kitalyi, 1996).

Relatedly, the study found a compelling synergy in ownership between husband and wife livestock units. The statistical significance of the interaction term between these two variables suggests a synergistic relationship that elevates the total livestock count beyond what might be achieved by either ownership status in isolation. This result underscores a scenario where the combined effect of the husband’s ownership and joint ownership is greater than the sum of their individual contributions. This synergistic effect could be indicative of the socio-economic dynamics within households. It might reflect a collaborative approach to livestock production where joint decision-making and shared responsibilities potentially lead to better livestock management and growth. Alternatively, this could suggest that joint ownership models may engage more household resources, including labor and capital, thereby facilitating an environment conducive to expanding livestock units. It would seem that interventions aimed at encouraging joint ownership, especially involving the husband as a stakeholder, could be an effective pathway to enhance livestock production. Previous studies have shown that there is a compelling synergy in ownership between husband and wife livestock units (Islam et al., 2014; Ogolla et al., 2022; Sulastri et al., 2020; Kartiwi et al., 2020). These results show dynamic socio-cultural norms, evidenced by the commonality of joint ownership between spouses. Similar results were reported by Umar et al. (2020), who found that 60% of their study’s respondents jointly owned livestock with their spouses, which their key informants corroborated as a shift from past customs. The departure from inheritance patterns associated with patrilineal and matrilineal systems in asset ownership has led married couples to increase their portfolios of jointly owned assets, including livestock. Nowadays, couples are more likely to acquire livestock through purchases and development projects than through bequests to the man from his male relatives. The insignificance of the tribe as an explanatory variable for livestock ownership emphasizes the magnitude of the changes in socio-cultural norms. The results reveal that typical land ownership patterns no longer dominate, as provided for under patrilineal or matrilineal systems. Rather, decades of community development initiatives on gender and women’s empowerment by various governmental and non-governmental organizations have led to incremental changes in inheritance patterns, asset ownership, and awareness levels. In response to male-dominated institutions, development initiatives have recently focused on what are generically called women’s empowerment programs. Such programs commonly include providing livestock, specifically goats, to women (Nthenga and Bwalya, 2023). In a study from Ethiopia, Galiè et al. (2015) reported that both male and female respondents had noted a growing change in socio-cultural norms and beliefs; more women owned resources usually associated with men, including cattle. This was attributed to the community’s acceptance of women’s roles and rights due to awareness raising on gender equity and government initiatives to increase resource ownership by women.



4.2 Impacts of climate change on livestock production

The study highlights the multifaceted impacts of climate change on livestock production, as perceived by men and women across the four chiefdoms. A large majority of the respondents identified the increase in livestock diseases as the most pressing issue, reflecting the growing vulnerability of livestock to changing climate conditions. More men than women reported this challenge because of differences in gender roles related to livestock health management. Men are predominantly involved in tasks directly related to livestock health. Culturally, men are expected to take the lead in livestock health matters such as administering vaccines, treating diseases, artificial insemination, aiding livestock in calving, and purchasing livestock medicines.

Water scarcity and a lack of pasture also emerged as critical concerns, particularly in Zumwanda and Phikamalaza. The higher reporting rates among men for this impact indicate their greater involvement in large livestock, such as cattle, which require longer travel for water and pasture than small livestock. Further, the results also reflect regional disparities in the availability of these resources.

While higher temperatures and excessive rainfall were less frequently reported, they still represent significant constraints, particularly as they can exacerbate disease outbreaks and reduce livestock productivity. The lower frequency of reports about herbicides contaminating pastures and by men only suggests that this may be a localized issue. The men observed it because the two activities of looking after large livestock and applying herbicides fall under men’s domain of gendered roles. Interestingly, results show reduced livestock productivity being acknowledged by both genders and across the four chiefdoms, although the frequencies are low. This suggests climate change negatively impacts livestock productivity despite most farmers not acknowledging it or linking it directly.

Overall, the results highlight the importance of understanding gendered perceptions and regional differences when addressing the impacts of climate change on livestock production. Tailored interventions considering these factors will be crucial in building climate resilience within rural farming communities.



4.3 Constraints to livestock production

Livestock production constraints reports reveal that disease incidence increases are the most prominent constraint across the four chiefdoms. This aligns with the earlier findings on the effects of climate change on livestock production and with the results of a recent nationwide livestock survey, which reported that the most significant constraint mentioned by livestock-raising households was disease (Zambia Statistics Agency, 2022). The high prevalence of disease suggests that livestock health is severely impacted, likely due to the climatic conditions that have reduced drinking water, pasture shortages, and disease proliferation.

Inadequate pasture is another notable constraint, although it was less reported than disease. There was variance in responses among the chiefdoms and between genders, with women in Mphamba reporting it more frequently than men. This may indicate differences in access to grazing land. Mphamba may be more affected by this constraint because of the expansion in the urban space since the chiefdom covers the district headquarters and the central business district. This disparity underscores the need for targeted interventions to improve pasture availability, particularly in regions with more acute constraints. The constraint is generally less common due to the cultural norms prevalent in rural communities across Zambia that dictate that individually owned agricultural fields become communal grazing lands post-harvest. During this period, livestock were allowed to graze in any agricultural field. The chief announces the beginning and end of the period. This long-standing tradition allows livestock households access to more pasture and for non-livestock-owning households to have dung (animal manure) added to their soil.

The cost of vaccines poses a significant challenge for some respondents, especially given the high disease burden. This constraint was more reported by men than women across the four chiefdoms. We attribute this to the different gender roles around livestock health management. Further, this indicates that economic constraints further exacerbate the difficulties of managing livestock health, limiting the ability of smallholder farmers to protect their livestock from diseases.

Other constraints, such as the lack of trees for kraal making, livestock theft, and water shortages, were mentioned by a few respondents, suggesting that these issues are localized. The lack of trees for making kraals was highest reported by men in Chitungulu chiefdom. The Chiefdom is located in a game management area next to a national park. Livestock in this chiefdom is at high risk of predation from wild animals; hence, the focus is on kraals for their protection. Human-wildlife conflicts increase during food and water shortages for domestic and wild animals.

Though livestock theft was scarcely reported, it was observed more by women in Mphamba chiefdom, which covers the urban part of the district. This indicates women’s difficulties in livestock security due to their proximity to urban centers, where thefts are more likely. Further, constraints such as the destructive behavior of goats and cattle requiring a shepherd were uncommon but more frequently mentioned by women. Local taboos against women shepherding livestock mean that women tether goats around their homesteads or access male labor to shepherd the large livestock.



4.4 Measures taken to adapt livestock production to climate change

There was quite a diverse range of measures undertaken by households to adapt their livestock production to climate change, with notable variability across chiefdoms and between genders. Four of the 10 measures directly related to treating livestock diseases. The administration of vaccines stands out as the most commonly employed measure. This reflects a widespread recognition of the importance of disease prevention in safeguarding livestock health against climate-induced stresses among livestock owners across the study sites. However, the preoccupation with vaccines also suggests a vulnerability, as the effectiveness of this measure is contingent on the availability and affordability of vaccines, which supply chain disruptions or economic constraints could challenge.

Providing water and feed were the following most common adaptation strategies, though they are significantly less prevalent than administering vaccines. The regional and gender disparities in these practices, particularly the higher reporting of water provision by men in Phikamalaza compared to women, indicate that water scarcity may be more acute in this chiefdom compared to others. Further, the frequency is high because men deal with larger livestock that need larger quantities of water. Similarly, while more commonly reported by men, the provision of fodder shows variability across chiefdoms, suggesting that fodder scarcity is a region-specific issue that might require targeted interventions. It is also worth noting that Phikamalaza chiefdom has the highest frequency of responses for fodder provision by both genders, with the frequencies almost tallying. This indicates the severity of pasture shortage in the chiefdom and is reflected in men’s responses to water shortages. A study examining climate adaptation strategies of farmers in the Limpopo Basin of South Africa reported irrigation and supplementing livestock fodder (Gbetibouo et al., 2010). In our study, irrigation was absent, as limited perennial water sources may have precluded this option.

Traditional disease treatment practices such as administering herbs remain an important adaptive measure, especially among women. Traditional knowledge is critical in livestock management, particularly without access to modern veterinary services. Further, this could also indicate the lower knowledge levels of women farmers in modern veterinary medicines. Rural women face limited access to animal health information more than men (Galiè et al., 2017). In addition, the cost of vaccines may also limit women’s access to vaccines, hence their fall back to traditional remedies as cheaper alternatives. Relatedly, measures such as dipping livestock, consulting veterinary officers, or adopting drought-resistant livestock indicate that there may be barriers to accessing these adaptation measures, such as cost, availability, or awareness. Smallholder livestock farmers are already rearing traditional drought-resilient livestock, which limits their options for drought-resistant livestock. The very low engagement in long-term resilience-building measures, such as planting trees or construction of dams for year-round water provision, points to a potential gap in adaptation measures.




5 Conclusion

This study employed a gender-responsive approach to examine livestock ownership dynamics and climate change adaptation measures for livestock production in three districts of Eastern Zambia. The results show that joint ownership of livestock by married couples was the most common form of ownership, and had a likelihood of higher total livestock units than households where sole ownership by a male household head dominated. Age, gender, location, and education were not significant factors in determining the total livestock units owned by households. This suggests that cultural norms around livestock ownership, which had previously limited co-ownership by women in patrilineal societies, have changed, presenting opportunities for increased ownership by women and possibilities to use livestock for adaptation to climate change and improved household food and nutrition security. Recognition of joint ownership is an essential step toward joint decision-making over the livestock, which ultimately matters more in moving toward women’s empowerment and deriving the food security and improved resilience that follows.

Climate change has affected livestock production via increased livestock disease, shortages of fodder and water, and consequently, lower livestock productivity. Climate change has exacerbated livestock production constraints ubiquitous in the region, such as high incidences of livestock diseases and dependence on rain for fodder production, leading to shortages during reduced rainfall, higher temperatures, and water scarcity. Men and women reported these challenges, with nuances mediated by gender roles. Thus, efforts to adapt to the changed climate focused on preventing and treating livestock diseases and providing water and fodder. The measures were mainly at the household level with limited impacts. More collective action around efforts such as building dams, running disease prevention awareness, and improving fodder production programs could raise the prominence of livestock production in the province and contribute to more climate-resilient and inclusive food systems with production anchored on mixes of crop and livestock production activities.

In conclusion, livestock production has a high potential to contribute to inclusive climate change adaptation in the study region and, more broadly, through its various roles. However, there is an urgent need to increase the percentage of livestock-owning households and the size of the herds so that livestock can make meaningful contributions to household welfare and climate resilience. We call upon agricultural development actors to upscale their livestock production interventions and focus on climate-smart livestock production activities such as drought-resistant fodder species and water storage, increasing productivity of disease and climate-tolerant livestock breeds, and improving farmer knowledge. We further recommend that the nationwide agricultural subsidy program be retailored to include livestock production inputs. For future research, we recommend exploring intra-household decision-making around livestock activities.
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The resilience of agro-processing firms engaged in contract farming (CF) production heavily depends on the quality and quantity of supplies from their linked farmers. Adopting best crop management practices (BCMPs) is crucial to enhancing production and meeting the supply demands of contracting firms. Understanding the factors influencing farmers' decisions is key to successfully implementing strategies that promote BCMP adoption. This study explored the effects of farmers' perceptions of contract farming arrangement (CFA) effectiveness on sugarcane BCMP adoption, using survey data from 400 farmers in Tanzania. The results from both a multivariate probit model (for specific practices) and ordinal regression (for adoption intensity) revealed positive effects. In particular, the perceived effectiveness of pricing and payment systems and produce supply management had a stronger influence on BCMP adoption than resource support and extension service provision. These findings suggest that efforts to improve BCMP adoption among sugarcane contract farmers should not only focus on enhancing production capabilities through input, credit, and technical support packages but also emphasize the creation of robust incentive structures. Ensuring fair pricing, timely payments, and compliance with contract terms—alongside mechanisms to mitigate farmer loss risks—would significantly enhance BCMP adoption rates.
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1 Introduction

Tanzania's goal of achieving sugar self-sufficiency by the year 2025 remains far-fetched as the deficit persists. The domestic sugar production volume, at 370,000 tons, is still below the set target of 420,000 tons per annum (Andreoni et al., 2020; Sugar Board of Tanzania, 2022). Ongoing efforts to scale production by expanding processing capacity require a complementary, reliable, and sustainable sugarcane supply, the primary crop used in sugar production (Mabeta and Smutka, 2023). Smallholder farmers (SHFs) operating under contract farming arrangements (CFAs) play a pivotal role in sugarcane production. Nevertheless, lower crop yields and commercial sugar levels continue to threaten the reliability of farmers' supplies to processing firms (Mbua and Atta-Aidoo, 2023).

Improving crop production and the reliability of quality supply for high-value processing crops such as sugarcane requires not only specific technology or practice, such as the use of chemical fertilizer and herbicides in isolation but adherence to best crop management practices (BCMPs) (Otieno et al., 2019; Tukaew et al., 2016). The latter entails adherence to a set of recommended agronomic practices necessary for crop growth and improved yield, ranging from farm preparation and improved inputs use to post-harvesting handling and produce supply to the market (Walia, 2021). Therefore, enhancing smallholder farmers' adoption of BCMPs cannot be overstated among efforts to increase sugarcane production and supply to sugar processing firms.

Institutional factors, including limited access to resources such as inputs, credit, technical support, and markets, pose significant challenges to smallholder farmers' adoption of improved technologies and farm practices in agricultural production (Yirga et al., 2015). Consequently, farmers are motivated to participate in contract farming (CF) production by the opportunity to reduce constraints such as limited access to extension services, improved technologies, input and credit support, and reliable markets and income (Masakure and Henson, 2005). However, simple marketing contracts often leave farmers with limited bargaining power over contract terms and operational arrangements dictated by firms, compounded by inadequate capability support services for farmers (Jia and Bijman, 2013; Ruml and Qaim, 2021). Additionally, opportunistic behavior by firms and weak enforcement of contracts expose smallholder farmers to risks such as supply failures and payment delays due to non-compliance with agreements. The lack of performance incentives or compensation for losses further undermines the returns farmers can expect from the significant investments required for CF production (Bakari, 2018; Sulle et al., 2014; Sulle and Dancer, 2019).

Farmers' opinions and perceptions of CFA operations, including satisfaction with agreement terms and processes, have received significant attention in CF literature (Gutema et al., 2022; Machimu, 2020).

While these perceptions are often associated with farming decisions, such as participation or withdrawal from contract production (Ruml and Qaim, 2021; Vamuloh et al., 2020), the effectiveness of CFAs in addressing production constraints and providing incentives, such as assured market access and reliable payment systems, remains a key driver of the performance improvements observed among sugarcane contract farmers. However, these improvements have primarily been associated with production outcomes such as output levels and the quality of supplied products (Nsindagi and Sesabo, 2017). Therefore, the focus should be on farmers' adoption of improved farm technologies. Specifically, BCMPs are still rarely adopted despite their critical role in enhancing sugarcane yields and boosting commercial sugar production levels (Otieno et al., 2019; Tukaew et al., 2016).

Furthermore, empirical research on decisions regarding the adoption of farm technologies and innovations suggests that, beyond extrinsic factors such as the benefits of the technology relative to its costs and farmer characteristics, intrinsic factors like farmers' perceptions and attitudes toward operations have emerged as significant influences (Korir et al., 2023; Meijer et al., 2015). Addressing gaps in understanding these drivers is essential for developing effective strategies to promote the adoption of BCMPs. However, the question of whether and how farmers' perceptions of production institutional operations—specifically CFAs—affect decisions to upgrade production practices, such as BCMP adoption among contract farmers, remains largely unexplored. To address this gap, this study used survey data from 400 sugarcane contract farmers in Tanzania to empirically investigate the link between farmers' perceptions of CFA operational effectiveness and their adoption of BCMPs.

To address the wide range of farmers' concerns, opinions, and attitudes regarding various CFA operations, principal component analysis (PCA) was employed as an effective method to reduce data dimensionality. PCA classifies large datasets into a few key aspects while retaining relevant information, enabling the extraction and generation of factors that explain farmers' perceptions of CFA (Prasad et al., 2013). Specifically, the PCA results revealed that farmers perceived the effectiveness of CFA operations across four key aspects: price and payments, supply management, resource support, and extension and advisory services.

The impact of these perceptions on the adoption of five sugarcane BCMPs was then analyzed. BCMPs included effective farm preparation, use of improved varieties, chemical fertilizer application, integrated weed management, and pest and disease control measures. To account for potential synergies in the adoption of these practices, a multivariate probit (MVP) regression model was applied, providing a robust framework for the analysis (Abdul-Rahman et al., 2019; Henning and Cardona, 2000; Kurgat et al., 2020).

Furthermore, recognizing the potential benefits of adhering to combined practices on crop yield and produce quality, as highlighted by Aryal et al. (2018), the effects of perceived CFA effectiveness were also analyzed in relation to BCMP adoption intensity. Adoption intensity was measured as the total number of practices adopted and assessed using an ordered probit regression model. The results generally indicated that positive perceptions of CFA effectiveness increased the likelihood of farmers adopting BCMPs across specific practices. Additionally, the analysis revealed varying effect sizes on adoption intensity, demonstrating the nuanced impact of CFA perceptions on the breadth of practice implementation.

These findings suggest that, in addition to enhancing farmers' production capabilities through resource and extension services, regulating and tailoring contract designs to address pricing, payment, and supply management—identified as the least effective aspects of CFAs—would improve BCMP adoption and potentially increase sugarcane production and supply to processing firms in Tanzania. The remainder of this article is structured as follows: The next section briefly describes methods for data collection and the empirical strategy employed. In Section 3, we present and discuss the descriptive and empirical results. Finally, Section 4 concludes and highlights policy implications and the study's limitations.



2 Materials and methods


2.1 Study area and data

This study used farmer survey data collected from the three largest sugarcane “out-grower” schemes in Tanzania—Kilombero, Mtibwa, and Kagera—between July and October 2021 (see Figure 1). The schemes account for 73% of the total sugarcane production in the country (Andreoni et al., 2020; Sugar Board of Tanzania, 2022). The sugarcane production operation is under the “Nucleus and out-grower model,” where farmers enter a Cane Supply Agreement (CSA) with a sugar processor firm available within their localities organized in Agricultural Marketing Cooperatives (AMCOs). A sample used for this study was obtained using a mixed-sampling procedure. First, the three schemes were purposively selected as they comprise the country's total population of sugarcane CF farmers. According to the Sugar Board of Tanzania (SBT), there were 7,040 sugarcane out-growers in Tanzania in 2019. Using Yamane's (1967) formula for sample size determination, a minimum sample size of 379 farmers was required from the three schemes. Kilombero, the largest scheme, accounts for over 80% of all sugarcane CF farmers. Thus, a non-proportionate mixed sampling procedure, with a minimum of 100 farmers from each firm, was adopted to ensure sufficient scheme representation in the total sample. At the scheme level, all AMCOs were identified, and the newly established cooperatives with less than two seasons of operating during the survey were excluded because most lacked complete database records of registered member farmers.1 A total of eight (out of 17), four (out of six), and all available AMCOs (2) were included in Kilombero, Kagera, and Mtibwa schemes, respectively. Simple random sampling was then used to select respondents proportionally from the included AMCO members using farmers' register lists and based on the total share of the number of farmers and farm locations within each scheme.


[image: Map of Tanzania highlighting regions involved in the sugar industry, indicated by orange hexagons. It includes district boundaries, water bodies, and a labeled inset for geographic reference.]
FIGURE 1
 Map of the study area showing production schemes.


To survey the local community, researchers obtained approval from relevant Regional and District Local Government Authorities (LGAs) in Tanzania. The ethics principles concerning human rights and participant confidentiality during data collection were also adhered to. Hereby, before participating in the survey, all individual farmers provided informed consent and were informed of their right to withdraw without consequences and that the data collected were solely for research purposes. A total of 174, 105, and 121 sugarcane farmers were interviewed using a structured questionnaire from Kilombero, Kagera, and Mtibwa, respectively, making a total sample of 400 respondents. The survey collected farmers' data on sugarcane production activities, including inputs, BCMPs adopted by farmers, and harvested produce quantities during the year 2020–2021 crop season. Other information collected during the survey included farmers' perceptions and attitudes on various aspects of the CFA operations, including support resources and services, produce supply management, and the remuneration system. The details of the opinion statements on CFA were adopted from recent previous studies on perception evaluation statements in sugarcane production under CF conducted in Ethiopia and Tanzania, respectively (Gutema et al., 2022; Machimu, 2020). Finally, the survey also collected information on farmers' socioeconomic characteristics and sugarcane farming experience.



2.2 The empirical model

A multivariate probit (MVP) model captures one's decision-making process by allowing one to explore determinants of adoption for practices and evaluate the interconnectedness of different practices by assessing their correlations, a phenomenon that univariate multinomial logit and probit models overlook (Kurgat et al., 2020). To describe the MVP model, the adoption of the practices was indicated by a series of binary variables, where each practice was assigned a unique index j taking on the values (1, 2, 3, 4, and 5) for a positive integer. In this case, representing the five understudy BCMPs and letting X denote a set of conditioning variables, the practice chosen by any farmer i was represented by random variables (BCMPi). Therefore, the MVP model was characterized by a set of binary dependent variables (BCMPij) such as the following:

[image: Mathematical equation displaying BCMP subscript ij with an asterisk equals beta sub j times X sub ij with an asterisk plus u sub ij, labeled as equation one.]

and

[image: Equation defining \( BCMP_{ij} \) as \( 1 \) if \( BCMP_{ij}^* \) is greater than zero, and \( 0 \) otherwise, labeled as equation \( 2 \).]

where [image: Greek letter beta subscript j in a small font size.]is the corresponding vector of parameters to be estimated, and [image: Stylized text reading "BCM" with a subscript "ij" and a superscripted asterisk.] is the latent variable. Equation 2 assumes that a rational farmer has a latent variable, [image: Text "BCMpᵢⱼ" with the letter "p" having a superscript star symbol and subscript "i" and "j".], which captures the unobserved preferences associated with the jth choice of BCMP practice. This latent variable was assumed to be a linear combination of the factors (Xij) that are observed to be influencing the simultaneous selection of the practices, as well as the unobserved characteristics that are captured by the stochastic error term uij. In the MVP model, the error terms are assumed to jointly follow a multivariate normal distribution with zero conditional mean and variance normalized to unity, and the symmetric variance-covariance matrix is given in Equation 3 as follows:

[image: A symmetric matrix \(\Omega\) is shown with diagonal elements as 1s and non-diagonal elements represented by \(\rho_{ij}\). The pattern features elements along the diagonal equal to one, with off-diagonal elements denoted by \(\rho\) subscripted with different indices. It illustrates a covariance structure.]

ρ (rho) is the pairwise correlation coefficient between the error terms of any two adoption equations to be estimated in the model. In this model, the sign and significance of the correlation coefficient, ρ, provide evidence of the nature of the relationship between adoption equations. A positive correlation is interpreted as complementarity between practices, while a negative correlation is interpreted as substitutability.

The MVP solely considers the probability of adopting a specific BCMP without distinguishing between farmers who adopt a single practice and those who combine multiple practices. However, adherence to a combination of crop management practices yields better outcomes than those relying on a single or few practices (Kassie et al., 2015; Walia, 2021). To address this, the second part of our econometric approach further analyzed factors influencing the intensity of BCMP adoption, measured as a count variable representing the number of practices adopted. Unlike the Poisson regression model, which assumes equal event probabilities (Abdul-Rahman et al., 2019), the likelihood of adopting each practice may vary depending on farmers' prior experiences and exposure to the benefits of specific practices. This leads to differentiated probabilities when adopting each practice. Similar to Kpadonou et al. (2017), we treated the number of practices adopted as an ordinal variable for BCMP adoption intensity and employed an ordered probit model (OPM) to estimate its relationship with a set of independent variables.


2.2.1 Dependent variables

Dependent variables used in the MVP model were dummy variables corresponding to applied BCMPs in sugarcane production. The practice selection is based on sugarcane crop husbandry guidelines by the “Sugar Board of Tanzania” (Sugar Board of Tanzania, 2005). Consultations with the sugar processor firm's extension officers further complemented the practice selection process. Five of the BCMPs for sugarcane were thereafter considered for inclusion. The first practice was effective farm preparation, which entailed at least two soil tillages (plowing and harrowing prior to new cane planting) and/or after-harvest ratoon maintenance (farm plots with re-growing sugarcane plant shoots). The second practice was the use of improved sugarcane varieties, “setts,” in new cane planting and/or during gap filling. Other practices included the application of chemical fertilizers for boosting soil nutrients, integrated weed management (combined use of herbicide application and mechanical weeding control), and the undertaking of pest and disease control measures. These selected BCMPs are in line with recent existing literature on sugarcane best production practices (Otieno et al., 2019; Prasara and Gheewala, 2016). Other important BCMPs in sugarcane production, such as irrigation, were excluded because the country's majority of smallholder sugarcane production is rainfed. Additionally, producing a harvest, post-harvest handling, and supply to processor firms are undertaken by privately contracted firms by AMCOs in accordance with processor firms' requests. Thus, some of the best sugarcane crop management practices, including timeliness of farm preparation, producing a harvest, and supplying to CF firms, were not within farmers' production operations mandate in this study's context.

Adoption of the sugarcane BCMPs during the survey was evaluated using farmers' responses to binary (yes/no) questions. That is, whether or not a respective practice was applied in any of the sugarcane farm plots during the 2020/2021 crop production season. Combined BCMP adoption leads to more benefits (e.g., higher yield and quality supply to firms) than few practices (Arslan et al., 2017; Kassie et al., 2015). However, farmers might only adopt some of the practices based on the evaluation of their relative importance or their production operation context. Thus, similar to Aryal et al. (2018), the count number (j) of applied practices was used as a dependent variable that measured the intensity of BCMP adoption.



2.2.2 Explanatory variables
 
2.2.2.1 Farmers' perception of CFA effectiveness

Smallholder farmers face significant production challenges, including limited access to improved technologies, inputs, and credit, reliable markets for their produce, and stable income sources. Consequently, farmers are motivated to engage in CF, among other things, as a means to address these production constraints and improve market access (Masakure and Henson, 2005). However, smallholder farmers have limited bargaining power over the terms and operational arrangements set by CF firms, which often fail to protect their interests. For instance, resource support packages—such as farm inputs and credit—are often insufficient or inadequate, forcing farmers to rely on internal financing despite their already constrained resources (Jia and Bijman, 2013; Ruml and Qaim, 2021; Mazwi et al., 2019). This lack of adequate support negatively impacts farming practices and the adoption of advanced technologies among CF farmers (Ruml and Qaim, 2020). Furthermore, farmers rely on technical and advisory support from extension experts provided by contract agro-processing firms to gain essential knowledge on best farming practices, technologies, and their applications (Perera et al., 2003). Therefore, farmers' perceptions of being well-informed and adequately equipped through technical and advisory support within CFAs can significantly enhance their confidence and willingness to adopt improved sugarcane production practices.

In addition to farmers' production capability, incentives, including a reliable market and remunerative markets that guarantee farmers produce supplies to buyer firms and assure income, are required to motivate farmers to consistently produce supply (Nsindagi and Sesabo, 2017). Nonetheless, firms' opportunistic behavior and weak contract enforcement expose CF farmers to adverse conditions that jeopardize returns from farm investments, including payment delays, lack of transparency in pricing and quality measurements, and crop losses from supply failures (Bakari, 2018; Sulle et al., 2014; Sulle and Dancer, 2019), as most crop husbandries are associated with complex price schedules that may impede economic rationality regardless of the capability (Gow et al., 2000). Therefore, accounting for farmers' perception of the institutional operation arrangements (including production resources and knowledge support acquisition under CF) and presence incentives through assured supply and fair payments and remunerations are among the parameters of relevance in upgrading CF farmers' performance upgrade domains under CFA, including BCMPs adoption. We thus posit that:

H1: Positive perception of CFA effectiveness (resource support, technical and advisory, supply management, and pricing and payment system) enhances farmers' adoption of BCMPs.

While adherence to all best farming practices is beneficial for enhancing production, farmers are acutely aware that the opportunity costs associated with farm resource use—such as inputs and labor required for practice adoption—must be justified by returns (Grosh, 1994).

Considering the vulnerability of smallholder farmers (SHFs), who have limited control over CFA operations and face potential liabilities from costly BCMP adoption, risks such as crop losses, supply failures, lack of compensation from CF firms, and possible indebtedness due to firms' resource support, their perceptions of incentive-driven aspects of CFA operations play a critical role.

Factors such as fair pricing, timely payments, and assured, reliable produce supply to firms—features that maximize returns—are argued to have a stronger influence on farmers' decisions to upgrade performance and adopt BCMPs than capability-enhancing factors like resource support and technical services. This highlights the importance of designing CFAs that prioritize economic incentives to mitigate risks and encourage greater farmer participation in improved farming practices.

H2: The intensity of BCMP adoption is influenced more by farmers' perceptions of the effectiveness of incentive-generating CFA (including supply management, pricing, and payment systems) than capability-enhancing CFA (including resource support and technical and advisory).



2.2.2.2 Control variables

A wide range of other variables affects the decision to adopt best crop practices. For example, a study investigating the factors affecting the adoption of improved rice technology packages and practices among rice-producing household heads in Ethiopia identified several key determinants. Demographic factors, such as family size, socioeconomic variables like farmland size, and institutional factors, including market distance and access to extension services, significantly impacted adoption decisions. These variables had varying effects on the adoption of different improved rice technology packages (Assaye et al., 2023). Similarly, Rahman and Chima (2015), a study analyzing the factors influencing the adoption of modern technologies—such as high-yield variety (HYV) seeds and fertilizers—across multiple food crops (e.g., rice, yam, and cassava), found that high profit was not the primary motive for adoption. Instead, technology adoption was relatively higher among smallholder farms. Additionally, the study highlighted that farming experience positively correlated with the adoption of HYV seeds, underscoring the importance of experience in decision-making related to technology uptake.

Several other studies on-farm practices and technology adoption highlight various household and socioeconomic characteristics as key determinants of adoption. Factors such as household size, distance to markets, engagement in non-farm activities, and farmers' perceptions of the technology have been consistently identified as influential (Chouhan et al., 2013; Acheampong et al., 2021; Anang et al., 2021; Memon et al., 2021; Ruml and Qaim, 2020; Sennuga et al., 2020; Thuo et al., 2022). Additionally, adoption levels often vary due to agroecological location and institutional-specific factors (Kurgat et al., 2020; Senkondo et al., 2013).

To address these complexities, factors likely to influence the adoption of BCMPs were included in the analysis to minimize potential omission bias when estimating the effects of farmers' perceptions of CFA operational effectiveness. Variables controlled for in the model included farmer characteristics such as age, gender, and sugarcane farming experience, as well as household size, distance to the market, engagement in non-farm income activities, perceptions of the practice's significance in production output, and scheme-specific indicators. All analyses were conducted using STATA 14 software.






3 Results and discussion


3.1 Descriptive results
 
3.1.1 Farmers characteristics

Table 1 presents a description of surveyed farmer characteristics and explanatory variables included in the empirical models estimating BCMP adoption. The majority of the sugarcane farmers (83%) were men, averaging 51 and 9 years of farming experience. The average sugarcane farm size operated by farmers was 11.13 acres, and farmers had an annual income of Tanzanian shillings (TZS) 9,909,744 (≈USD 3,670). Approximately 48% of farmers engaged in non-farm income-generating activities (including small businesses and employment). On average, the farmer's household had six family members, and the distance from the farms to the processing firm plant was 15 kilometers. Farmers' perceptions of the importance of BCMPs in sugarcane production were rated at a mean of 3.32 out of 4, indicating a high level of awareness.


TABLE 1 Descriptive statistics.

[image: The table presents farmer characteristics and their means and standard deviations. Variables include farm size, annual income, distance to firm, age, gender, household size, farming experience, and non-farm income activities. Perception on BCMPs is rated on a scale of one to four. It also details the scheme by region: Kilombero, Mtibwa, and Kagera with respective values indicating participation. Farm size and age have means of 11.13 acres and 50.95 years, respectively, and standard deviations of 24.96 and 13.83.]



3.1.2 Principal components of farmers' perceptions of CFA effectiveness

During the survey, 14 statements were developed to assess farmers' various features of contract arrangements and compliance with stipulated agreements. These statements were designed to evaluate the effectiveness of CF in addressing farmers' production constraints and resolving market failures, among other challenges (Gutema et al., 2022; Machimu, 2020). Farmers' responses were measured using a 4-point Likert scale, ranging from “strongly disagree” to “strongly agree,” to eliminate the ambiguity of a neutral response. A descriptive summary of the score rating for the farmers' perception of CFA effectiveness is presented in Supplementary Table S1. The validity of PCA was assessed using the Kaiser–Meyer–Olkin (KMO) measure of sampling adequacy, with a value exceeding the preferred threshold of 0.6 (Kaiser, 1974). The overall KMO value for the sample was 0.78, indicating an acceptable merit level. Similar to the methodology of Prasad et al. (2013), components with eigenvalues of at least one were retained. An orthogonal varimax rotation was also applied to the component loadings, producing uncorrelated factor scores to facilitate interpretation. Moreover, Consistent with Prasad et al. (2013), only statements related to farmers' perceptions of CFA operations with factor loadings above 0.5 were retained and used to compose perception indices.

Table 2 further describes the four components identified through PCA and highlights farmers' perceptions of key dimensions of CFA effectiveness. The cumulative variance explained by these components, with eigenvalues above 1, was 75%. Following the methodology of Prasad et al. (2013), we grouped and reported statements with factor loadings > 0.5.


TABLE 2 Varimax-rotated factor loadings matrix of perception on CFA effectiveness.

[image: Table showing CFA effectiveness statements across four rotated components: pricing and payments, supply management, resource support, and extension and advisory. Each row presents a statement with corresponding numerical values for these components. The table also includes eigenvalues, variance explained, cumulative variance explained, and Cronbach's alpha. A note at the bottom mentions the Kaiser-Meyer-Olkin measure of sampling adequacy is 0.787, based on 2021 survey data.]

The first component, labeled “Price and payment,” had strong loadings on four statements, including the fairness of the pricing system in addressing rising production costs, payment installment allotments, and adherence to agreed payment schedules. This component accounted for the largest share of the total variation (26.6.4%).

The second component, named “Supply management,” had high loadings on three statements, including the timeliness of produce harvesting and delivery to firms, fairness in crop measurement, and emergency harvesting in cases of natural shocks (e.g., fire outbreaks or floods) to minimize crop losses. This component reflects the effectiveness of logistics for crop harvesting and delivery to firms as per agreements, reducing loss risks and ensuring stable farm incomes. It contributed 19.9% to the total variations.

The third component factor, named “Resource support,” composed two statements of farm input resource support availability and affordability compared to other sources and contributed 16.8% of the total variations. This explained the extent to which production resource constraints are minimized and improved access to production factors to facilitate the farm production process. Lastly, the fourth factor included two correlated statements on the availability of information on production innovations within CF and the usefulness of advisory service on-farm practices, including managing threats in sugarcane production, including drought, diseases, and pest outbreaks. This factor was named “Extension and Advisory” and formed 11.7% of the total variation. The estimated latent variables for each of the four individual perception CFA components indices (with a mean of zero and a standard deviation of one) were used as independent variables to assess CFA effectiveness effects in the BCMP adoption regression.



3.1.3 Adoption of sugarcane BCMPs

Table 3 presents adoption rates for the five-understudy sugarcane BCMPs during the 2020/2021 production season. Fertilizer was used by 63% of surveyed farmers across study schemes, followed by adequate farm preparation adopted by 61%. This is similar to Chouhan et al. (2013), who found that 62% of sugarcane farmers applied recommended field preparation practices in India. Integrated weed management practices were adopted by 50% of farmers. Pest and disease control measures were adopted by approximately one-third (33.5%) of farmers, and lastly, improved sugarcane varieties were the least adopted practice at 20%. The BCMP adoption rates also varied across the three study schemes. Chemical fertilizer use was highest in the Kilombero scheme (above 96%) and lowest in the Mtibwa scheme (below 20%). Effective farm preparations and integrated weed management practices were relatively higher in the Kagera scheme, at 88 and 76%, respectively, while Kilombero and Mtibwa farmers demonstrated comparable rates at ~50 and 40%. Pest and disease control measures were adopted by ~41% of farmers in both the Kilombero and Mtibwa schemes and only 10% in Kagera. Improved sugarcane varieties were the practice that was adopted the least across all schemes. As shown in Kurgat et al. (2020), variation in specific BCMPs could be attributed to different agroecological conditions that vary across regions in Tanzania.


TABLE 3 Sugarcane BCMP adoption rate.

[image: Table displaying adoption rates of various Best Crop Management Practices (BCMP) with descriptions. Practices include effective farm preparation, improved varieties, chemical fertilizer use, integrated weed management, and pest and disease control. Adoption rates are shown for three regions: Kilombero, Mtibwa, and Kagera, along with total averages. The source is Survey Data from 2021.]

The intensity of BCMP adoption ranged from zero to five practices, with the majority of farmers (>94%) adopting at least one of the five under-study practices (Table 4). Nearly 55% of farmers adopted one to two practices, 35% adopted three to four practices, and only ~4% adopted all five practices, with slight differences across the schemes. These figures indicate the need to upscale BCMP adoption to increase farmers' sugarcane production and supply to processing firms to increase domestic sugar production.


TABLE 4 Intensity of BCMP adoption in sugarcane production.

[image: Table showing the percentage of farmers adopting practices across different locations: Kilombero, Mtibwa, and Kagera. For zero practices, percentages are 5.75 (Total), 1.15 (Kilombero), 14.88 (Mtibwa), and 2.86 (Kagera). For one practice, they are 18.50, 20.11, 26.45, and 6.67, respectively. Two practices show 36.50, 31.61, 40.50, and 40.00, while three practices have 24.00, 20.69, 12.40, and 42.86. Four practices show 11.00, 17.24, 4.96, and 7.62. The table ends with five practices at 4.25, 9.20, 0.83, and 0.00. Data source: Survey Data (2021).]




3.2 Econometric results
 
3.2.1 Interdependence of sugarcane BCMP adoption

Results of the multivariate probit (MVP) model estimated using the simulated maximum likelihood technique are reported in Table 5. Panel A shows the overall goodness of fit of the model was statistically significant [Wald χ2 (70) = 336.39, p = 0.000], justifying that the explanatory variables jointly explain predicted variables. The results of pairwise correlations in Table 5 (panel B) show a considerable relationship between error terms of the BCMP components. The significant likelihood ratio test [χ2 (10) = 32.20, p = 0.000] suggests the BCMPs are not mutually exclusive (i.e., the adoption of one practice is conditional on the adoption of others). This authenticates MVP over individual probit models to account for existing interrelationships among the BCMPs.


TABLE 5 Estimated multivariate probit model for determinants of BCMP adoption.

[image: Table presenting statistical results on variables across five categories: improved varieties, chemical fertilizer, pest and disease control, integrated weed management, and effective farm preparation. Part A shows coefficients, standard errors in parentheses, significance levels, and includes controls for farmer characteristics and schemes. Part B displays a correlation matrix, showing relationships between effective farm preparation and other variables. Statistical significance is denoted by asterisks.]

Overall, the positive signs and significance of correlation coefficients are consistent with agronomic recommendations (Walia, 2021), which suggest that farmers make a judicious combination of practices in sugarcane production. Adopting improved varieties correlated with adequate farm preparation, integrated weed management, and pest and disease control practices. The use of chemical fertilizer is also positively associated with integrated weed management adoption. Similar observations were made by Henning and Cardona (2000) when assessing the adoption of best sugarcane management practices among Louisiana producers in the USA.



3.2.2 Determinants of BCMP adoption

Coefficient estimates from MVP regression showing the effects of farmers' CFA perception on BCMP adoption are presented in Table 5 (see details in Supplementary Table S2). The probability of chemical fertilizer adoption increases by 65% when farmers' perception score on resource support increases by a unit, with all other factors remaining constant. This shows farmers' assurance of resolving resource constraints to afford high-cost input purchases through obtaining input on credits within CF at affordable prices to help improve adoption. Ruml and Qaim (2020) also found that the resource provision contract design enhances chemical fertilizer use in oil palm production in Ghana. Possible reasons for limited resource support's effect on the adoption of other practices could be limited packages of support services to specific inputs such as fertilizers. It can also be explained by the fact that chemical fertilizer is considered a key BCMP in sugarcane production. Thus, resource support offered to sugarcane farmers within CF is mostly utilized for fertilizer purchase, hence improving adoption and no other practices.

Positive perception of extension service and advisory services within CF increased the probability of farmers adopting three of the five under study BCMPs, specifically efficient farm preparation, use of improved sugarcane varieties, and chemical fertilizer by 26, 30, and 45%, respectively. This shows that contract farmers highly rely on agro-processing firms for technical advice and advice to boost the adoption of good farming practices and information on necessary improved farm technologies. Similarly, Henning and Cardona (2000) found that technical assistance programs played an important role in promoting BMPs in Louisiana sugarcane production.

Positive perception of supply management factor effectiveness within CFA significantly enhanced the probability of effective farm preparation by 41.7% and integrated weed management by 50%, with all other factors remaining constant. Furthermore, the probability of adopting chemical fertilizer increases by 106%, and farmers' perception score on the effectiveness of produce supply management operations in the CFA increases by a unit, with all other factors remaining constant. As posited earlier, this could be because farmers are assured of a reliable market for the produce as crop loss risks from crop delays in harvesting and losses are minimized. Hereby, the likelihood of returns from invested practices costs increases, motivating farmers to adopt BCMPs. Minot and Ronchi (2014) also showed that farmers' investment in improved crop practices and technology in CF is impaired by income loss threats from harvest failures and crop losses without compensation from firms.

The likelihood of BCMP adoption was observed to increase in the majority of practices understudy (four out of five) when farmers favorably perceived the pricing and payment system within CFA to be effective. It improved the probability of adopting pest and disease control measures (44%), effective farm preparation (62.4%), integrated weed management (74.1%), and fertilizer use by 125%. Chisanga et al. (2014) and Gutema et al. (2022) also argued that delayed farmers' payment, a major challenge in contract sugarcane production in Kenya, Ethiopia, and Uganda, leads to farmers' low adoption of farming technology like the application of manual weeding and fertilizer use.

The results of the control factors influencing BCMP adoption are presented in Supplementary Table S1. The coefficients for scheme variable dummies significantly differed from zero in most BCMP equations, especially between the geographically distinct Kilombero and Kagera schemes, compared to the more geographically proximate Kilombero and Mtibwa schemes. This highlights the role of agro-climatic variations (Kurgat et al., 2020) and scheme-specific factors in influencing BCMP adoption (see text footnote 1). Notably, significantly higher adoption rates for fertilizers and improved sugarcane varieties were observed in Kilombero, suggesting that incentives and bonuses encourage farmers to upgrade their production practices (Nsindagi and Sesabo, 2017). The Kilombero scheme employs a quality-based pricing system tied to commercial sugar content levels, unlike the fixed pricing systems in Mtibwa and Kagera. Furthermore, the price offered per ton of sugarcane in Kilombero (96,000 TZS) is considerably higher than in Mtibwa and Kagera (72,000 TZS).

The relatively lower price levels in Mtibwa and Kagera, which do not adequately reflect production costs, were identified as a barrier to fertilizer usage in the Mtibwa scheme (Bakari, 2018). Finally, consistent with prior studies on the adoption of sugarcane crop management practices (Chouhan et al., 2013; Memon et al., 2021; Thuo et al., 2022), farmer characteristics, including age, income level, farm size, household size, and distance to markets, were found to significantly influence the adoption of the various sugarcane BCMPs examined in this study.



3.2.3 Determinants of BCMP adoption intensity

In the previous section, we investigated factors influencing farmers' adoption of a particular BCMP, considering that decision may be potentially correlated with adopting one or more other practices. However, the MVP analysis does not allow one to understand the factors that drive farmers' joint adoption of several of these practices. Evidence shows that joint adoption of crop management provides more significant benefits in terms of improved yield and better produce quality than in isolation (Aryal et al., 2018). Therefore, we further assessed the influence of farmers' perception of CPA on the intensity of adoption of sugarcane BCMPs, defined as the total number of practices adopted.

Table 6 (column 1) summarizes the estimated coefficients from the ordered probit model (OPM) analysis (see details in Supplementary Table S3). Consistent with the hypotheses and aligned with the MVP estimation results, all coefficients for farmers' perceptions of CFA effectiveness components were found to significantly and positively influence BCMP adoption intensity, albeit with varying magnitudes. The marginal effects of the independent variables on each outcome of the dependent variable, as reported in Table 6 (columns 2–6), reveal two notable trends. For j ≤ 2 (columns 2 and 3), the effects are inconsistent with the coefficients, particularly regarding their signs, which are opposite to the ones reported in the OPM analysis. However, for j ≥ 3 (columns 4–6), the marginal effects agree with the coefficients in both signs and significance. Similar findings were reported by Kpadonou et al. (2017), suggesting that the characteristics of farmers who adopt a few BCMPs may differ from those adopting many practices. These results suggest that a positive perception of CFA effectiveness not only increases the likelihood of adopting a greater number of BCMP practices but also reduces the likelihood of partial or inconsistent adoption within the CF operation setting. Specifically, adoption intensity for farmers adopting three or more practices (columns 4–6) increased by 8.1–12% and 5.8–8.7%, driven by positive perceptions of the price and payment system and supply management components of the CFA, respectively.


TABLE 6 Estimated coefficients of the ordered probit model and marginal effects on BCMP adoption intensities outcomes.

[image: Table displaying regression results with variables including resource support, supply management, pricing and payments, and advisory services across different columns labeled (1) to (6). Each variable has coefficients with significance levels indicated by asterisks, representing p-values: *** for p < 0.01, ** for p < 0.05, and * for p < 0.1. The table also includes rows for farmer characteristics, scheme, Wald χ², Pseudo R², and log pseudo-likelihood, with significance levels noted. Robust standard errors are in parentheses.]

These results imply that a positive perception of CFA effectiveness increases the probability of adopting a greater number of BCMP practices and reduces the likelihood of partial or inconsistent adoption within the CF operation setting.

Specifically, adoption intensity for farmers adopting three or more practices (columns 4–6) increased by 8.1–12% and 5.8–8.7%, driven by positive perceptions of the price and payment systems and supply management components of the CFA, respectively.

In contrast, farmers' perceptions of extension and advisory services and resource support contributed more modestly to adoption intensity, with increases ranging from 1.9 to 2.3% and 3.4 to 5.0%, respectively. These findings align closely with the study's second hypothesis, highlighting that the influence of positive perceptions is not uniform across CFA components.

The observed increases in BCMP adoption intensity were consistently higher for positive perceptions of price and payment systems and supply management effectiveness compared to perceptions of extension and advisory services and resource support. This disparity underscores the critical role of economic and logistical factors in driving higher adoption intensity among sugarcane farmers.





4 Conclusion

Efforts to achieve Tanzania's goal of sugar self-sufficiency require a substantial increase in domestic sugarcane production, a fundamental crop in sugar processing. While smallholder contract farmers contribute significantly to production and supply, crop yield levels remain low, and produce quality is hampered by suboptimal farming practices and limited adoption of improved technologies. Adopting BCMPs is essential for enhancing sugarcane yields and ensuring a consistent supply of high-quality raw materials for processing.

In explaining farmers' decision-making processes regarding the adoption of farming practices, understanding the factors influencing adoption decisions by smallholders is essential for effective promotion strategies. Given the vulnerability of smallholder farmers due to resource constraints and limited bargaining power over CF operation terms set by firms, this study highlights the role of farmer perceptions of institutional operations as salient intrinsic factors influencing the adoption of BCMPs. Specifically, we showed that a positive perception of the effectiveness of pricing and payment systems, as well as produce supply management, has a greater impact on the intensity of BCMP adoption than resource support and the provision of extension services to farmers. Thus, policy strategies should focus not only on capacity-enhancing support but also on ensuring farmers' access to comprehensive input packages and extension services in CF production. Additionally, regulating contract agreements to include fair and rewarding payment systems that reflect production efforts and costs, alongside robust contract enforcement to minimize farmers' risks of loss, could significantly boost BCMP adoption in sugarcane production.

It is important to note that the estimated models in this study are pooled, assuming unobserved heterogeneity is uncorrelated with the explanatory variables. Controlling for potential heterogeneity—such as variability in farmers' perceptions of CFAs and their practice adoption—could refine the results presented here and is suggested for further studies.
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Footnotes

	1The sugarcane out-grower schemes had just undergone a reform process in farmers' organizations, from farmers associations to AMCOs, during the survey duration.
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Climate change is expected to reduce crop and livestock productivity leading to increased hunger and food insecurity. Formulation of effective adaptation strategies can reduce the negative effects of climate change on food security. This study examined types of adaptation strategies implemented by males/male-headed households and females/female-headed households and how these influence food security. Food security was measured using Household Food Insecurity Access Prevalence (HFIAP) and probit model was used to estimate the effect of adaptation strategies on food security. Due to potential self-selection bias, this study also estimates Coarsened Exact Matching (CEM) model. Data was collected using structured questionnaires from 521 households and 1,049 adults from Makueni County, Kenya. Study findings indicated that approximately 72, 62, and 75% of households experienced reduced rainfall, less predictable rainfall and recurrent and prolonged droughts, respectively, to a large extent. The three most adopted adaptation strategies were conservation agriculture (69%), change of planting dates (49%), and planting of drought tolerant crops (47%). A higher share of male-headed households than female-headed households implemented all three adaptation strategies. Access to credit, non-farm income, types of crops grown, and weather perception variables were the important determinants of adaptation. We also found that planting drought tolerant crops and practicing conservation agriculture were associated with increased likelihood of food security but only for males/male-headed households. For female headed households, growing drought tolerant crops and changing planting dates reduced likelihood of food security while the effect of conservation agriculture was not statically significant. These findings provide evidence that adaptation to climate change provide potential for improvements in food security among males/male-headed households. This potential is however limited for female headed households. They are not only less likely to adapt but are also less likely to benefit from adaptation. These findings highlight women’s vulnerability to climate change and especially female-headed households and calls for policies that build women’s capacity to effectively adapt.
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1 Introduction

Climate change is expected to reduce crop and livestock productivity (Zhao et al., 2017; Ortiz-Bobea et al., 2021) leading to increased hunger and food insecurity (Richardson et al., 2018; Hasegawa et al., 2021) and malnutrition (Thompson et al., 2010). Negative impacts of climate change on food security can be reduced through effective adaptation (Thompson et al., 2010; Shukla et al., 2019). Adaptation is “the process of adjustment to actual or expected climate change and its effects” (IPCC, 2014, p. 5). It entails enhancing resilience to deal with actual and expected climate and the extreme weather events associated with it (Adger et al., 2007). Adaptation can be autonomous or planned (Fankhauser et al., 1999).

Men and women play different roles with different responsibilities and socio-economic inequalities between them can cause them to face differential risks and opportunities (Rossi and Lambrou, 2008). Women are also confronted with unclear natural resources access, lack of financial resources and limited market opportunities (Djoudi and Brockhaus, 2011). Factors such as financial, social, individual, cultural and institutional also influence the ability of individuals and households to adapt (Adger et al., 2009; Mersha and Van Laerhoven, 2016) and these are not uniformly distributed between genders. How do these differences affect how men and women adapt to climate change? What is the implication of this for food security? The objective of this study is to examine types of adaptation strategies implemented by males and females in the same household and by male-headed and female-headed households and how these influence a household’s food security.

This study focuses on Makueni County, a semi-arid county located in the Eastern part of Kenya. Women living in arid and semi-arid areas not only make up the highest share of the world’s most poor but are also the most vulnerable to adverse effects of climate change (Yadav and Lal, 2018). In Makueni County, climate change and variability is one of the challenges confronting the agricultural sector. Approximately 57% of the population is food poor (Ministry of Agriculture, and Livestock and Fisheries, 2016).

Understanding differences in the way men and women experience and adapt to climate change is important for enabling development of policies to promote adaptive capacity of all genders which contributes toward the Sustainable Development Goal (SDG) 5 of promoting gender equality. Further, understanding how different adaptation strategies affect household food security is an important starting point for identifying effective ways to reduce food insecurity thereby contributing to the SDG goal 2 of zero hunger.



2 Literature review

We hypothesize that adaptation to climate change improves food security. According to Food and Agriculture Organization of the United Nations (2018) climate change impacts food security by affecting food availability through reduction in food production and food access by impacting food prices. Engaging in adaptation practices such as conservation agriculture, growing drought tolerant crops and changing planting calendar can help mitigate the negative effects of climate change on crop productivity leading to increased production and improved food security. We hypothesize that level and intensity of adaptation may differ between males and females and this may lead to differential effects of adaptation on food security across genders with women benefiting less.

A number of studies examine the effect of adaptation on food security within the African context (Alhassan, 2020; Diallo et al., 2020; Ndiritu and Muricho, 2021; Ogundeji, 2022; Zakari et al., 2022; Gebre et al., 2023; Madaki et al., 2024). These studies measure food security diversely. Some measure food security using household food insecurity and access scale (Diallo et al., 2020; Ogundeji, 2022; Gebre et al., 2023) while others use dietary diversity score and coping strategy index (Madaki et al., 2024) and monthly per capita food expenditure (Alhassan, 2020).

In estimating the effect of adaptation on food security, these studies account for potential self-section bias in adapting to climate change. Some of the studies use propensity score matching (Diallo et al., 2020; Ogunpaimo et al., 2021; Gebre et al., 2023; Madaki et al., 2024). Others use endogenous treatment effect models (Alhassan, 2020; Ogundeji, 2022), endogenous switching regression (Ndiritu and Muricho, 2021; Madaki et al., 2024), difference-in-difference (Ogunpaimo et al., 2021), and average treatment effect (ATE) and average treatment effect of the treated (ATET) (Zakari et al., 2022).

The studies generally find that adaptation to climate is associated with improved food security. Alhassan (2020) found that both on-farm and off-farm adaptation to flooding were associated with improved food security in Upper East region of Ghana. Madaki et al. (2024) found that adoption of climate risk adaptation strategies increased dietary diversity score and reduced food security coping strategy index among farming households in Nigeria. Also using Nigerian data, Ogunpaimo et al. (2021) found that adapting to climate change was associated with 9% increase in food security status.

In Mali, Diallo et al. (2020) found that maize farmers adapted by changing planting dates, using organic fertilizers and by growing short duration maize varieties. They further found that growing of short duration maize varieties and use of organic fertilizers were associated with increased maize yields and reduced food insecurity. Using data for rural Niger, Zakari et al. (2022) found that majority of the farmers adapted using crop diversification (73%), income diversification (68%) and change of planting dates (55%). They found that households who adapted were 7–9% more likely to be food secure than those households who did not adapt.

In Kenya, Gebre et al. (2023) found that majority of farmers adapted by planting drought tolerant crops (55%), growing diversified crops (34%), growing early maturing crops (22%), and diversifying sources of household income (18%). They found that farmers who adapted to climate change had higher food security status and that the effect of adaptation of food security was higher the higher the number of adaptation strategies implemented. Focusing on pastoralist living in semi-arid areas of Kenya, Ndiritu and Muricho (2021) found that adaptation to climate change was associated with increased food security.

These studies do not however consider gendered differences in effect of climate change adaptation on food security. Some previous studies examine gendered differences in climate change adaptation (Ngigi et al., 2017; Adzawla et al., 2019; Nchanji et al., 2022; Acheampong et al., 2023). Ngigi et al. (2017) found that roles and responsibilities of men and women, social norms, perceptions of risks and resource access shape adaptation to climate change options. That women mostly adapted using crop-related strategies while men used livestock and agro-forestry related strategies. Adzawla et al. (2019) found that climate change impacts were severer for female-headed households than for male-headed households and male-headed households had higher levels and intensity of adaptation than female-headed households. These studies do not however consider how these differences affect food security. This study builds on these studies to consider the effects of gendered differences in adaptation to climate change on food security.



3 Materials and methods


3.1 Assessment of food security

Food security was assessed by household food insecurity and access scale (HFIAS). Following (Coates et al., 2007), we constructed food insecurity categories from 9 sets of questions. The questions were related to (1) household members worried they would not have enough food, (2) household members not being able to eat the kinds of foods they preferred, (3) household members eating limited varieties of food, (4) household members eating food they did not want to eat, (5) household members eating smaller meals than they felt they needed, (6) household members eating fewer meals (7) absence of food of any kind to eat in the household, (8) household members going to sleep at night hungry and (9) any household member going the whole day and night without eating anything. Sub-sections were added to the main questions to divide the questions further into (a) and (b) so that we have 1a and 1b, 2a, and 2b and so forth. Responses to the (a) questions were (0) No and (1) Yes. Those who respond (1) Yes to (a) go to (b) to give the extent. Responses to the (b) questions were (1) rarely (2) sometimes and (3) often. Those who respond 0 (No) to (a) go to the next question.

Following Coates et al. (2007) we computed the Household Food Insecurity Access Prevalence (HFIAP) which is a categorical variable. The indicator categorizes households into four levels: food secure, mildly, moderately and severely food insecure. Households were categorized as food secure if they did not experience any of the food insecurity conditions mentioned above or they just experienced worry but rarely. Households were categorized as mildly food insecure if they sometimes or often worried about not having enough food and/or were not able to eat the preferred food and/or ate monotonous diets than what they would desire and/or ate some foods considered not desirable though only rarely. Moderately food insecure households were those who sometimes or often ate monotonous diets that were not desirable and/or reduced the number of meals or size of meals rarely or sometimes. Severely food insecure households often reduced size of meals and number of meals, and/or ran out of food, went to bed hungry or went the whole day and night without eating.

The four categories were calculated as follows. Food secure (1) if [(Q1a = 0 or Q1a = 1) and Q2 = 0 and Q3 = 0 and Q4 = 0 and Q5 = 0 and Q6 = 0 and Q7 = 0 and Q8 = 0 and Q9 = 0], mildly food insecure (2) if [(Q1a = 2 or Q1a = 3 or Q2a = 1 or Q2a = 2 or Q2a = 3 or Q3a = 1 or Q4a = 1) and Q5 = 0 and Q6 = 0 and Q7 = 0 and Q8 = 0 and Q9 = 0], moderately food insecure (3) if [(Q3a = 2 or Q3a = 3 or Q4a = 2 or Q4a = 3 or Q5a = 1 or Q5a = 2 or Q6a = 1 or Q6a = 2) and Q7 = 0 and Q8 = 0 and Q9 = 0] and severely food insecure (4) if [Q5a = 3 or Q6a = 3 or Q7a = 1 or Q7a = 2 or Q7a = 3 or Q8a = 1 or Q8a = 2 or Q8a = 3 or Q9a = 1 or Q9a = 2 or Q9a = 3].



3.2 Model specification

The estimated equation is given by:

[image: Equation representing a formula: FS equals alpha sub zero plus alpha sub one times A sub i plus alpha sub two times x plus mu. Labeled as equation one.]

Where [image: Certainly! Please upload the image or provide a URL so I can generate the alt text for you.] measures various adaptation strategies implemented, [image: A lowercase letter "x" is shown in a serif font, typically used in mathematical or textual contexts.] is a vector of the control variables and [image: Greek letter "mu" in lowercase, commonly used to represent the micro prefix in measurements or as a parameter in statistics.] is the error term. Adaptation strategies adopted by households and individuals was the key independent variable and was measured as a dummy variable taking value 1 if a given adaptation strategy was implemented by a household/individual and 0 otherwise. The control variables considered were age, gender, household size, education, land size, access to credit, livestock ownership, non-farm income, crops growth and climate perception variables.

Interest is on the effect of specific adaptation strategies on food security. We wanted to know whether implementation of a given adaptation strategy improved food security. To do this, we ensured that households that implemented the strategy and those that did not were comparable. The better off households may be the ones that actually implement the adaptation strategies and in this case the two groups will not be comparable due to self-selection. In this case observed differences in food security between the households that implement the adaptation strategy and those that do not may be attributed to pre-existing factors rather than as a result of implementing the adaptation strategy. Results obtained in this case would be biased. Different econometric techniques exist to address this self-selection problem, but the lack of panel and experimental data limits options here. The majority of previous studies control for sample selection using matching methods such as propensity score matching (Diallo et al., 2020; Ogunpaimo et al., 2021; Gebre et al., 2023; Madaki et al., 2024) and average treatment effects and average treatment effects of the treated (Zakari et al., 2022).

In line with previous studies, this study used matching techniques. Matching techniques create more suitable comparison groups, thereby reducing possible bias due to self-selection (Blackwell et al., 2009). We used the Coarsened Exact Matching (CEM) technique, a matching method recently used in development economics (Green et al., 2015; Nilsson, 2017; Bertoni et al., 2020). This technique deals with some of the weaknesses of earlier matching techniques such as reduced sample size. This approach involves recoding each one of the control variables such that values that are similar are grouped together and assigned the same value. That is, we generate discrete representations known as bins. This is referred to as “coarsening” of the variables (Blackwell et al., 2009). We then create a set of strata such that each strata contains similar coarsened values of the control variables. Then strata that contain at least 1 control and 1 treatment observation are kept while those that only contain treated units or control units are dropped (Lacus et al., 2012). In the last step, the weight for each stratum is computed based on relative proportion. This is used to estimate the effect of the treatment variable (Sidney et al., 2015).



3.3 Data

Data used in this study was collected from Makueni County, Kenya. Makueni County is one of the semi-arid counties found in the eastern region of Kenya. Agricultural sector employs 78% of the population in this county (Ministry of Agriculture, and Livestock and Fisheries, 2016). Climate change and variability is one of the challenges confronting the agricultural sector in this area. Climatic hazards characterizing the county include drought, temperature increases, increased preheat and moisture stress and increases precipitation (Ministry of Agriculture, and Livestock and Fisheries, 2016). The county mainly relies on long rains which contribute to about 60–70% of annual crop production. Approximately 57% of the population in this county is food poor (Ministry of Agriculture, and Livestock and Fisheries, 2016).

Multi-stage sampling was used to select a representative sample. Makueni County has 3 livelihood zones which represent different climatic and agro-ecological livelihood characteristics. We first stratified the county into the three livelihood zones and randomly selected one sub-county in each livelihood zone. The list of sub-counties in Makueni County was our sampling frame. We then randomly selected one ward from each selected sub-county. The list of wards was our sampling frame. Then 1 village was randomly selected in each ward. The list of villages in each selected ward was our sampling frame. We then used systematic sampling to select 200 households from each village bringing the total to 600 households.

In each household, we interviewed a male and a female household member (the household head and the spouse in male-headed households). We skipped households that the head was not present and was not going to be present for the period we were collecting data. In polygamous households, we traced and interviewed all the wives that lived in the same village. In female-headed households, we interviewed the female head and the older son if present. If the older son was not present, we interviewed any adult male child. In cases where there was no adult male child in the household, we just interviewed the female household head. We interviewed 521 households and 1,049 individuals. We only interviewed individuals 18 years and above.

A structured questionnaire was used to collect data. Information collected included demographic characteristics, food consumption, expenditure on food and non-food items, adaptation strategies implemented, asset ownership, incomes and income sources, sources of water, and distances to water sources, access to credit, and access to social support among others.




4 Results and discussion


4.1 Descriptive statistics

We interviewed 521 households and 1,049 individuals. Household and individual characteristics are presented in Table 1. About 27% of households in our sample were female-headed. Approximately 50% of female heads had no formal education compared to 22% of male heads. Conversely, more male heads (5.82%) had attained college education compared to 1.44% of female heads. Majority of the female-headed households (80%) were widowed and 4% were divorced/separated. For male-headed households, majority were married monogamous (93%).



TABLE 1 Household and individual characteristics by gender.
[image: A table compares demographic and resource characteristics at household and individual levels, categorized by gender. It includes data on age, education, marital status, number of household members, assets like land and credit, and crop types. Differences between female and male categories are shown, with significance levels marked by asterisks.]

The average household size was 5, a slightly lower average household size of 4 is reported for female-headed households. The average farm size was 3 acres. The average was slightly lower for female-headed households at 2 compared to 3 for male-headed households. In terms of accessing credit, approximately 16% of the households had accessed credit. Slightly more female-headed households, 17% than male-headed households 16% accessed credit. A higher proportion of male-headed households (17%) engaged in non-farm work than female-headed households (9%). Six percent of households were cash crop farmers (6%) with a higher share of male-headed households engaging in cash crop farming (6%) than female-headed households (4%). Approximately 75% of male-headed households owned cattle, sheep and goats compared to 71% of female-headed households.

In terms of crops cultivated, a higher share of male-headed households reported growing all the crops considered. More than 90% of the households grew maize and beans. Only 13% of female-headed households grew green gram compared to 36% of male-headed households. Similarly, 60% of male-headed households grew cowpeas and pigeon peas compared to 40% of female-headed households. Only 4% of female-headed households grew millet compared to 11% of male-headed households and approximately 50 and 45% of male and female-headed households grew vegetables, respectively.

At the individual level, data indicates that 54% of the interviewed individuals were females. The average age of the study population was 51 years. Approximately 24% of the respondents had attained no formal education (less than primary education). Only 5 and 0.67% attained college and university education, respectively. Slightly more males (6%) than females (4%) attained college level education. Most respondents were married monogamous (76%) while 3% were married polygamous. 22% of women were widowed compared to 3% of men. In terms of access to credit, approximately 15% of the individuals had accessed credit and this remains same for both males and females. Approximately 14% of the individuals reported having non-farm income. Slightly more males (16%) than females (12%) reported to have non-farm income. Only 5% of the study population reported engaging in cash crop farming while 73% reported to own cattle, sheep or goats.



4.2 Differences in how female/female-headed households and male/male-headed households experience climate stressors

Table 2 presents the share of households that reported experiencing various weather events. Eighty six percent of the households and 84% of individuals experienced at least one extreme weather event. Approximately 44, 20, and 51% of households experienced reduced rainfall, less predictable rainfall and recurrent and prolonged droughts to a large extent. The differences by gender were generally statistically insignificant except differences in proportion reporting less predictable rainfall and recurring and prolonged drought at household level.



TABLE 2 Proportion of households experiencing various weather events.
[image: Table comparing household and individual level data on climate events. Categories include reduced rainfall, less predictable rainfall, drought, and extreme rainfall. Data is segmented by male and female-headed households, with sample sizes and differences noted. Significant differences are marked with asterisks.]

Table 3 presents the self-reported effects of extreme weather events on crop production. Approximately 84% of the households reported that these events caused crop failure, 88% reported that they caused reduced crop yields and 45% reported that they caused some crops not to be planted. At individual level, similar trends were observed with 82% of individuals reporting experiencing crop failure and 87 and 50% reporting experiencing reduced yield and not being able to plant some crops, respectively. A slightly higher share of males/male-headed households than female/female-headed households reported negative effects of extreme weather events on crop production. However the differences were only statistically significant for some types of crops not grown.



TABLE 3 Self-reported effect of extreme weather events on crops production.
[image: A table comparing household and individual level data on agricultural issues. At the household level, categories include crop failure, reduced yields, and unplanted crops, with figures for all, female-headed, and male-headed households, plus differences. For crop failures, all households report 84.1%; female-headed households, 84.5%; male-headed, 83%, with a difference of 1.5. At the individual level, crop failure rates are 81.7% for all, 82.3% for females, 81.1% for males, with a 1.2 difference. Statistical significance is marked for some differences. Total household sample size is 521; individual level, 1,049.]



4.3 Differences in types of adaptation strategies implemented by female/female-headed households and by male/male-headed households

Table 4 presents adaptation strategies implemented by study participants to mitigate the negative effects of climate change. The most used adaptation strategy was conservation agriculture (mulching, crop rotation, minimum tillage, and strip cropping) with 69% of households using this strategy. This was followed by change in planting dates at 49% and planting of drought tolerant crops at 47%. In terms of gender, there were statistically significant differences in proportion of males and females that implemented the three types of adaptation strategies at household level but not at individual level.



TABLE 4 Adaptation strategies implemented by gender.
[image: Comparison table showing percentages of households and individuals adopting agricultural practices. Practices include changing planting dates, planting drought-tolerant crops, and conservation agriculture. Data is presented for total, male-headed, and female-headed households, with differences noted. Significant differences are marked with asterisks.]

Table 4 shows that 52% of male-headed households adapted by changing planting dates compared to 40% of female-headed households. The difference was statically significant at 10% level of significance. Similarly, 51% male-headed households planted drought tolerant crops compared to 38% of female-headed households and this a statistically significant difference at 5% level of significance. Also, 62% of male-headed households practiced conservation agriculture compared to 54% of female-headed households again a difference that was statistically significant at 10% level of significance.



4.4 Effects of different adaptation strategies on food security


4.4.1 Assessment of food security

Table 5 presents the Household Food Insecurity Access categories by gender and for periods of normal rainfall and period of extreme weather. There were large differences in food security between periods of normal rainfall and periods of extreme weather. The share of households that were severely food insecure rose from 51% during periods of normal weather to 79% during periods of extreme weather. Similarly, while 22% of households were food secure during periods of normal weather, only 3% were food secure during period of extreme weather. These statistics majorly remained the same by gender both at household and at individual level. The differences by gender were not statistically significant.



TABLE 5 Food security by gender.
[image: Table comparing food security levels during normal periods and periods of extreme weather, divided by household and individual levels. Categories include food secure, mildly, moderately, and severely food insecure, with data for total, male-headed, and female-headed groups, and differences. Significance levels are noted with asterisks.]



4.4.2 Determinants of adaptation

Tables 6, 7 present the determinants of adoption of various adaptation strategies both at individual and household level. The two tables present marginal effects from multinomial probit models. Access to credit increased likelihood of farmers adopting all the three adaptation strategies. Access to credit increased likelihood of households changing planting dates, growing drought tolerant crops and practicing conservation agriculture by 8, 11, and 21 percentage points, respectively. Access to credit provides the much needed resources that can support and facilitate adaptation. Previous studies report similar findings. Access to credit increased likelihood of changing planting dates (Diallo et al., 2020; Madaki et al., 2024) and of growing drought tolerant crops (Zakari et al., 2022; Madaki et al., 2024).



TABLE 6 Determinants of adaptation strategies—household level analysis (multinomial probit marginal effects).
[image: Table showing the relationship between various factors and farming practices: changing planting dates, planting drought-tolerant crops, and practicing conservation agriculture. Factors include household characteristics, crops grown, and climate perception variables. Significant variables feature stars indicating levels of statistical significance, with access to credit and the perception of reduced rainfall being notably influential across practices. Sample size for each column is five hundred seventeen.]



TABLE 7 Determinants of adaptation strategies-individual level analysis (multinomial probit marginal effects).
[image: A table displaying the impact of various factors on three agricultural practices: changing planting dates, planting drought-tolerant crops, and practicing conservation agriculture. Rows outline household and farm characteristics, crops grown, and climate perception variables with corresponding coefficients. Statistical significance is indicated by asterisks, with sample size \(N = 1,042\).]

Households that had non-farm income were more likely to practice conservation agriculture than those who did not have non-farm income. Household who had non-farm income were 14 percentage points more likely to practice conservation agriculture than those who did not. Diallo et al. (2020) also reported similar findings that off-farm employment was associated with increased likelihood of farmers changing planting dates, using organic fertilizers and growing short duration crops.

In terms of weather perception variables, in general, those who expected changes in weather patterns were more likely to adapt to climate change. Households who expected reduced rainfall were more likely to change planting dates. Households who expected reduced rainfall were 6 percentage points more likely to change planting dates. Those who expected less predictable rainfall and recurring and prolonged drought were 13 and 22 percentage points more likely to practice conservation agriculture, respectively. Obsi Gemeda et al. (2023) also found climate change perception variables to be positively correlated with adaptation.

Household size and land size were also associated with increased likelihood of a household practicing conservation agriculture. A 1 unit increase in size of land and household size were associated with 1 and 1.5 percentage point increase in likelihood of household practicing conservation agriculture. Previous studies also report a positive association between household size and adaptation to climate change (Diallo et al., 2020; Gebre et al., 2023) while others report mixed findings depending on type of adaptation strategy (Zakari et al., 2022).

Type of crops grown determined adaptation strategy undertaken. Households who grew millet were 15 percentage points more likely to practice conservation agriculture while those who grew vegetables were 5 and 12 percentage points more likely to change planting calendar and to practice conservation agriculture, respectively. Households who grew cow peas were 7 percentage points more likely to plant drought tolerant crop varieties.



4.4.3 Adaptation and food security

Tables 8–11 present results of the effect of adaptation strategies on food insecurity. Tables 8, 9 present probit results while Tables 10–13 present CEM results. Since the CEM results control for potential selection bias among households/individuals who engage in adaptation, our interpretations are based on CEM results. The results indicate that adapting by growing drought tolerant crops and practicing conservation agriculture have positive and statistically significant effects on food security of males/male-headed households. For female-headed households, changing planting calendar and planting drought tolerant crops have negative and statistically significant effects on food security while practicing conservation agriculture has insignificant effect. For females, mixed results are observed. The effect of adapting by growing drought tolerant crops is positive and statistically insignificant. The effect of conservation agriculture is positive and statistically significant while the effect of change in planting dates is negative and also statistically significant.



TABLE 8 Effect of adaptation on food security-Household level analysis (Probit marginal effects).
[image: Table showing a comparison of adaptation strategies, household characteristics, wealth status, and community level across full, female-headed, and male-headed samples. It includes coefficients for factors like change of planting dates, conservation agriculture, and wealth status. Statistical significance is indicated by asterisks, with significance at levels p < 0.1, 0.05, and 0.01 marked by one, two, and three asterisks, respectively. Sample sizes are provided for each group.]



TABLE 9 Effect of adaptation on food security-Individual level analysis (Probit marginal effects).
[image: Table showing the effects of various factors on adaptation strategies among different groups. It includes categories such as adaptation strategies, household and individual characteristics, wealth status, and community level. Data columns are divided into full sample, female, and male. Significant coefficients are marked with asterisks indicating levels of significance. The sample size is noted as 943 for the full sample, 502 for females, and 441 for males.]



TABLE 10 CEM results on effects of adaptation on food security-household level analysis.
[image: A table displays statistical results for various agricultural strategies across gender categories. Columns (1) to (9) are labeled as Full, Female, or Male. The strategies include "Change of planting dates," "Conservation agriculture," and "Drought tolerant crops." Specific values such as -0.06, -0.286, 0.104, and 0.234 appear, with significance marked by asterisks. Sample sizes vary from 66 to 344. Significance levels are denoted as *p < 0.1, **p < 0.05, ***p < 0.01.]



TABLE 11 CEM results on effects of adaptation on food security-individual level analysis.
[image: Statistical table comparing different agricultural interventions by gender groups: Columns 1-3 show effects on changing planting dates with significant results for females. Columns 4-6 display positive impacts of conservation agriculture across all groups. Columns 7-9 list effects of drought-tolerant crops, showing significant positive impacts for males. Sample sizes range from 218 to 535. Significance levels are indicated with asterisks.]



TABLE 12 CEM results on effects of adaptation on food security-individual living in male headed households.
[image: Table displaying statistical data on agricultural practices across different groups. Columns labeled as Full, Female, and Male, with three practices: Change of planting dates, Conservation agriculture, and Drought tolerant crops. Data values are provided with significance asterisks, and sample sizes are noted as N. Significance levels are marked for p < 0.1, p < 0.05, and p < 0.01.]



TABLE 13 CEM results on effects of adaptation on food security-individual living in female headed households.
[image: Table showing regression coefficients for three agricultural practices across gender groups. "Change of planting dates" has values of -0.0773 (Full), -0.292 (Female), and 0.315 (Male). "Conservation agriculture" values are 0.284 (Full). "Drought tolerant crops" values are -0.0281 (Full), -0.190 (Female), and 0.418 (Male). Sample sizes (N) vary for each group. Significance indicated by asterisks.]

Households who planted drought tolerant crops and practiced conservation agriculture were 10 and 21 percentage points, respectively, more likely to be food secure. Individuals who planted drought tolerant crops and practiced conservation agriculture were 19 and 24 percentage points, respectively, more likely to be food secure. Previous studies also report positive effects of adaptation to climate change on food security. Focusing also on Kenya, Gebre et al. (2023) and Ndiritu and Muricho (2021) found that farmers who adapted to climate change had higher food security status. Alhassan (2020), Ogunpaimo et al. (2021), Ogundeji (2022), Ogundeji (2022), and Diallo et al. (2020) also found adaptation to climate change to promote food security. Madaki et al. (2024) found that adoption of climate risk adaptation strategies increased dietary diversity score and reduced food security coping strategy index. Amare and Simane (2018) found that households that adopted any adaptation strategy had higher food calorie intake per adult equivalent.

The gender disaggregated results show that planting drought tolerant crops increased likelihood of males/male-headed households being food secure by 35 and 22 percentage points, respectively. The effects are even higher at 42 percentage points for males living in female-headed households compared to 34 percentage for males living in male-headed households. Males/male-headed households who practiced conservation agriculture were 25 and 23 percentage points more likely to be food secure than those who did not. Females who practiced conservation agriculture were also 24 percentage points more likely to be food secure. Females/female headed households who changed planting dates were 13 and 29 percentage points less likely to be food secure. Similarly, female-headed household who grew drought tolerant crops were 33 percentage points less likely to be food secure.

These gendered findings indicate that even when they adapt to climate change, women benefit less from such strategies compared to men. Female-headed households are especially the most disadvantaged. For them, there is a negative association between adapting to climate change and food security. According to Yadav and Lal (2018), women living in arid and semi-arid areas make up the highest share of the world’s most poor. Women are also generally confronted with unclear natural resources access, lack of financial resources and limited market opportunities (Djoudi and Brockhaus, 2011). Adzawla et al. (2019) found that male-headed households had higher levels and intensity of adaptation than female-headed households. In this study, adaptation to climate change was measured as dummy variable taking value 1 if a household/individual implemented a particular adaptation strategy and 0 if otherwise. We did not consider the intensity of adaption. If women’s intensity of adaptation is lower than that of men, then this may explain why we find negative association between adaptation and food security for female headed households.

On other determinants of food security, Tables 8, 9 indicate that female-headed households were 8 percentage points more likely to be food secure. The effect was however only statistically significant at 10% level of significance. Ndiritu and Muricho (2021) also report similar results that male-household heads were more likely to be food secure than female-headed households. Larger household sizes were associated with reduced likelihood of food security. This effect was especially significant for female-headed households. Female-headed households with large household members were 2 percentage points less likely to be food secure. This maybe because a large household size means many people to feed and therefore a higher chance of food insecurity. Similar findings were reported by Tambe et al. (2023) and Wudil et al. (2023). These findings however contradict those of Worku (2023).

As expected, higher wealth status was associated with increased likelihood of food security. Households in high wealth quintile were 25 percentage points more likely to be food secure than those from the lower wealth quintile. Ndiritu and Muricho (2021) and Tambe et al. (2023) also found positive association between wealth status/household income and food security. Larger farm size was associated with increased likelihood of food security. This effect was only significant for female-headed households. Female-headed households with larger farm sizes were 6 percentage points more likely to be food secure. Wudil et al. (2023) also found a positive association between farm size and food security.

Access to credit was also an important determinant of food security. Households that reported accessing credit were more likely to be food secure. The effect of credit on food security was especially large for female-headed households. Access to credit increased the likelihood of female-headed households being food secure by 28 percentage points compared to only 8 percentage points for male-headed households and the later effect was not statistically significant. A similar pattern was observed at individual level with the effect of accessing credit being stronger for females than males. Previous studies also report positive effects of access to credit on food security status (see Acheampong et al., 2022; Wudil et al., 2023).

Having livestock (cattle, goat and sheep) increased likelihood of food security especially for female-headed households. Female-headed households who owned livestock were 17 percentage points more likely to be food secure than those who did not own livestock. Ndiritu and Muricho (2021) reported similar findings that households with more livestock were more food secure than those with less livestock.

Non-farm income was also associated with increased likelihood of food security. Households who had non-farm income were 19 percentage points more likely to be food secure. The effect of non-farm income was stronger for female-headed households. Female-headed households with non-farm income were 27 percentage points more likely to be food secure compared to 16 percentage points for male-headed households. At individual level, the effect of non-farm income on food security was stronger for males and was even insignificant for females. Non-farm income can be used to purchase more food and also to purchase inputs to produce more food. Worku (2023) also found that households with non-labor income were more likely to be food secure.

Households who engaged in cash crop farming were more likely to be food secure. Households who grew cash crops were 31 percentage points more likely to be food secure than those who did not. The effect was only significant for male headed households. Male headed households who grew cash crops were 30 percentage points more likely to be food secure than those who did not. A similar pattern was observed at individual level analysis where males who grew cash crops were more likely to be food secure. The effect of cash crops on food security for females at individual level was not statistically significant. Similar findings were also reported by Rubhara et al. (2020) and Hashmiu et al. (2022).





5 Conclusion

This study examined types of adaptation strategies implemented by males/male-headed households and females/female-headed households and how these influence food security. Data was collected using structured questionnaires from 521 households and 1,049 adults from Makueni County, Kenya. Study findings indicate that approximately 72, 62 and 75% of households experienced reduced rainfall, less predictable rainfall and recurrent and prolonged droughts, respectively, to a large extent. About 86% of the households experienced at least one extreme weather event. The three most adopted adaptation strategies were conservation agriculture (69%), change of planting dates (49%) and planting of drought tolerant crops (47%). A higher share of male-headed households than female-headed households implemented all three adaptation strategies. Access to credit, non-farm income, types of crops grown, and weather perception variables were the important determinants of adaptation.

Food security was measured using Household Food Insecurity Access Prevalence (HFIAP). We used probit model to estimate the effect of adaptation strategies on food security. Coarsened Exact Matching (CEM) was used to control for potential self-selection of farmers into adoption of adaptation strategies. We found that planting drought tolerant crops and practicing conservation agriculture were associated with increased likelihood experiencing food security but only for males/male-headed households. For female headed households, growing drought tolerant crops reduced likelihood of food security while the effect of conservation agriculture was not statically significant. Change in planting dates was associated with reduced likelihood of food security among females/female headed households.

These findings provide evidence that in Makueni County of Kenya, adaptation to climate change provide potential for improvements in food security among male-headed households. This potential is however limited for female-headed households. They are not only less likely to adapt but are also less likely to benefit from adaptation to climate change. This study highlight women’s vulnerability to climate change and especially for female-headed households and calls for policies to build women’s capacity to effectively adapt to climate change. Women often face multiple challenges including poverty and limited access to productive resources including land. They also disproportionately bear the burden of unpaid domestic and care work. Intersection of these may not only affect the likelihood but also the intensity of adaptation to climate change.

A limitation of this study is that we measured adaptation strategies as dummy variables taking value 1 if a household/individual adopted a particular adaptation strategy and 0 otherwise. This way, we did not capture the intensity of adaptation and this may affect how adaptation affects food security. Future studies can build on this study to understand how intensity of adaptation affects outcomes such as food security with view of shedding more light on why women are less likely to benefit from adaptation to climate change including understanding how they adapt.
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The unsustainability of the current food system raises food security concerns worldwide due to the population’s increased demand for fresh food and food safety. Unsafe food incidents lead to a high risk of poverty and economic loss. This includes food waste, safety, and security during the sustainable food system process from farm production to consumer. There is a need to implement a fast traceability system like Radio Frequency Identification (RFID) in the sustainable food system to ensure food quality and safety, meet customer demands, and achieve Sustainable Development Goals (SDGs): 1—No poverty, 2—Zero hunger and 13—Climate action for 2030 target. The study objective was to explore the factors that affect the adoption of Radio Frequency Identification (RFID) in the food supply chain. The study adopted the TOE (technology-organization-environment) framework to explore factors that affect RFID adoption in the food supply chain. The study utilized a systematic literature review to examine the TOE factors influencing the adoption of RFID in the food supply chain. The results indicate that technological (complexity, cost, and security), organizational (technical skill and management support), and environmental (maintenance and support, IT policies and regulations) are the major factors that affect the adoption of RFID in the sustainable food system industry. The study recommends organisations intending to adopt RFID allocate enough resources and be prepared to overcome RFID adoption external challenges. The study concludes that technological factors, organizational factors, and environmental factors are important factors for RFID adoption in the food supply chain. However, further empirical studies are necessary to overcome the challenges of systematic literature review based on secondary data and convenience sampling.
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1 Introduction

Food is essential for life and fundamental to survival, making food security crucial for ensuring that everyone has consistent, physical, social, and economic access to sufficient and nutritious food (de Oliveira Veras et al., 2021). However, many people lack access to food due to factors such as low income, rising prices, disasters, and an unsustainable food supply chain, with approximately 70% of the global population suffering from hunger due to conflict and violence (Otekunrin, 2024). Food waste and safety are also growing concerns worldwide (Shah, 2023). The COVID-19 pandemic exacerbated food insecurity, with an estimated 720 to 811 million people facing hunger in 2020 (Bessachi and Announ, 2023). The pandemic significantly impacted the sustainable food system, leading to increased food demands, distribution challenges, and a 12% rise in food waste and traceability issues (FAO, 2021). Additionally, COVID-19 accelerated digital innovation as organizations sought novel solutions. As noted by Amusan and Oyewole (2022), food security has become a top priority globally, with the United Nations Food and Agriculture Organization (FAO) reporting a rise in the number of people experiencing hunger to 925 million.

The challenges of food imports and distribution are expected to persist as long as developing countries struggle to produce their food. Enhancing food security is a key Sustainable Development Goal (SDG) aimed at reducing the risk of malnutrition (“safe food for everyone”: FAO, 2021). In 2015, the United Nations established 17 SDGs to promote planetary and human sustainability, with a target deadline of 2030 (Sorooshian, 2024). These goals include combating poverty and malnutrition (SDG-1: No Poverty), achieving zero hunger (SDG-2: Zero Hunger), and addressing climate change (SDG-13). Ensuring safe food security can help reduce food waste and mitigate global health issues (Garcia et al., 2020).


1.1 RFID in the food system

Given the rising population and increasing demand for safe and fresh food, achieving the end-hunger targets of the Sustainable Development Goals (SDGs) by 2030 may be challenging unless more immediate and effective actions are taken to advance food security and meet zero hunger objectives (FAO, 2021). Traditional food systems are struggling to keep pace with evolving environmental demands for optimization, making digital technologies a potential solution to enhance the sustainability of food systems (Colicchia et al., 2022). Smart sensors, a key component of Food Processing 4.0 technology, play a crucial role in data acquisition, automation, and quality control (Jambrak et al., 2021). Radio Frequency Identification (RFID) has already contributed to improvements and digitalization in sustainable food systems by enhancing food quality assurance and supply chain traceability.

RFID technology, which replaces traditional barcodes, uses small device tags with wireless microchips to track food items during transportation and storage, thus improving traceability and business innovations (Wen et al., 2020). Although RFID has been around for decades, it remains a contentious innovation in sustainable food systems, with 73.68% of review papers addressing its role in food quality and safety (Kineber et al., 2023). Despite its potential, challenges related to RFID adoption persist, with only 57% of the food industry successfully implementing the technology (Zhang et al., 2022). A sustainable food system is essential to addressing food insecurity in alignment with the United Nations Sustainable Development Goals (SDGs; Djekic et al., 2021). Despite the availability of technological solutions, the adoption rate of Radio Frequency Identification (RFID) technology in the food supply chain remains low, with organizations facing various challenges and barriers to implementing RFID (Agarwal and Ankolikar, 2022). The study explores factors affecting the adoption of RFID technology in sustainable food systems using the Technology-Organization-Environment (TOE) framework to review relevant literature and analyze the findings.



1.2 Sustainable food system

A Sustainable food system refers to all food processes from farm production to consumer this includes production, handling and storage, processing and packaging, transportation, and consumption. Recently, there has been a surge in customer demand for both high-food product quality and real-time visibility of their products (Chanchaichujit et al., 2020). There has been concern about food insecurity and food waste. Joubert and Jokonya (2021) mentioned that the unsustainability of the sustainable food system is the major reason for food waste and quality standards. Food companies must implement traceability systems due to the high incidence rate of food-related issues, which leads to economic losses and impacts market value (Sezer et al., 2022). According to Tan and Sidhu (2022) organizations in the retail industry continue to face several challenges with RFID adoption.

The 4th Industrial Revolution (4IR) has driven rapid digital transformation across various industries, shifting the focus toward customer perspectives and enhancing human life. It introduces the Food 4.0 processing concept which automates food processes in the sustainable food system industry to improve food security sustainable development goals (SDGs), reduce waste and cost, save time, save energy and resources, and improve the quality and safety of food products (Hassoun et al., 2023). The sustainable food system sector uses smart sensors like Radio Frequency Identification (RFID) technologies to trace food items, capture data, and improve the transparency between partners during food product movement.

Agarwal and Ankolikar (2022) define Radio Frequency Identification (RFID) as a wireless smart device that transmits information via radio waves. RFID technology adoption in the food supply chain can enhance business efficiency, daily productivity, and customer experience. However, its implementation in sustainable food systems remains limited (Zhang et al., 2022). This study investigates the barriers to adopting RFID technology in sustainable food systems, focusing on technological, organizational, and environmental factors. The study reviewed existing studies on factors affecting RFID technology adoption in sustainable food systems using the Technology-Organization-Environment (TOE) framework.



1.3 Previous studies

Several studies have been conducted on RFID technology’s benefits in sustainable food systems (Bhattacharya and Wamba, 2015). Rahaman and Batcha (2023) noted that RFID technology is considered the best new solution in sustainable food systems due to the GPS installations and ability to monitor the temperature compared to the traditional barcode system. They added that RFID technology is expected to grow fast in the future as many organizations consider adopting it. Existing studies conducted in developed countries show that RFID still has a great opportunity in the market, in the sustainable food system, and better performance in terms of productivity.



1.4 Technological environmental and organisational theoretical framework

In the digital age, technological innovation is often seen as a quick solution for integrating sustainability principles into business decision-making. The Technology-Organization-Environment (TOE) framework focuses on various aspects: for the technological component, it examines RFID implementation, flexibility, ease of use, data security, and the overall success or failure of RFID adoption in the food supply chain (Tornatzky and Fleischer, 1990). Aparnna (2022) highlights that while Industry 4.0 emphasizes automation and data exchange through advanced sensors, the food industry still faces challenges with adopting these technologies, as the pace of technological integration is slower than anticipated.

The need for technology experts for implementation and maintenance remains a significant hurdle. Organizational factors such as culture, size, management support, technical skills, and readiness also play a role in innovation (Gertze and Jokonya, 2020; Bhattacharya and Wamba, 2015). According to Agarwal and Ankolikar (2022), cost is a major barrier to RFID adoption; although individual RFID tags are inexpensive, the cumulative cost for large quantities of products can be high. Additionally, network-related costs for data sharing, system setup, maintenance, and the lack of technical standards and normalization further complicate RFID adoption in the retail sector (Sasi et al., 2023). Environmental factors influencing RFID adoption in the food supply chain include the organization’s willingness to adopt, competitive pressures, IT policies, and customer considerations (Tornatzky and Fleischer, 1990; Rafique et al., 2022).




2 Methods

Research design refers to a structured plan outlining how data will be collected, analyzed, and measured to address research questions and objectives (Cooper and Schindler, 2014). The study employs a systematic literature review as its research design. The systematic literature review was preferred over empirical research because it allowed the synthesis of existing knowledge on RFID adoption in the food supply chain. In addition, it helped to address research gaps by identifying key factors influencing RFID adoption in the food supply chain. As a non-empirical and exploratory study, it aims to tackle the problem by synthesizing findings from relevant articles (Mouton, 2001). The study focused on peer-reviewed articles published from 2013 to 2023 to understand factors influencing RFID adoption in the food supply chain. The selection criteria for the articles were peer-reviewed and published within the 10 years from 2013 to 2023, with a focus on RFID adoption in the food supply chain. There was no exclusion about which region the article was published. The study explored factors influencing RFID adoption in the sustainable food supply chain which is important to supply chain stakeholders interested in adopting RFID technology.


2.1 Design of the Research Instrument

The study adopted a systematic literature review to identify relevant published articles on the factors affecting the adoption of Radio Frequency Identification (RFID) in the food supply chain. Keywords such as “Food Supply Chain,” “Radio Frequency Identification (RFID),” “Food Security,” “Technology Factors,” and “TOE Framework” were used to locate relevant published articles. The review focused on literature from 2013 to 2023. The study was guided by TOE framework technological factors (e.g., complexity, cost, compatibility, perceived usefulness, and security), organizational factors (e.g., readiness, resources, firm size, technical skills, management support, and strategic objectives), and environmental factors (e.g., competition, vendor capabilities, maintenance and support, IT policies, marketing, and government pressure; Morawiec and Sołtysik-Piorunkiewicz, 2023). The framework constructs guided the study in exploring the factors affecting RFID adoption in the food supply chain.

The study converted qualitative data to quantitative data in a systematic literature review (SLR), using quantitative content analysis, which involved systematically categorizing and quantifying the occurrence of factors in the reviewed articles. The conversion allowed the study to present clear, numerically represented findings that were analysed statistically. The qualitative phase reviewed the articles and identified factors that are associated with RFID adoption in the food supply chain based on the TOE framework. The factors were textual descriptions which were coded based on whether the articles mentioned these variables or not. The study created a coding scheme to classify the articles based on the presence or absence of each factor. The coding scheme was used to convert the qualitative content of the articles into quantitative data. If an article mentions a factor (e.g., Cost), assign a value of 1 (present). If an article does not mention a factor (e.g., Cost), assign a value of 0 (absent) (Table 1).



TABLE 1 Technology-organizational-environmental factors affecting RFI adoption in food chain supply.
[image: Table with three columns labeled Technology, Organization, and Environment. The Technology column lists Complexity, Compatibility, Cost, Perceived usefulness, and Security. The Organization column includes Organizational readiness, Resource Capacity, Firm size, Technical skills, Management support, and Strategic objectives. The Environment column features Competition, Vendor capabilities, Maintenance and support, IT policy and regulations, Market structure, and Government pressure.]



2.2 Data sources, sampling strategies, and techniques

Etikan (2016) defines data sampling as the process of selecting data that meets specific research criteria. The study conducted literature searches in electronic databases such as Scopus, Web of Science, IEEE Xplore, Google Scholar, Taylor & Francis Online, Elsevier, ResearchGate, JSTOR, and Science Direct for relevant literature on the factors influencing RFID adoption in the food supply chain. The focus was on using consistent search terms while expanding the search scope. The results were then filtered and refined to extract only those articles most relevant to the research problem.



2.3 Data collection techniques (research methods)

A systematic literature review involves examining and synthesizing existing literature to test hypotheses and develop new theories (Xiao and Watson, 2017). To address the research problem concerning the factors affecting the adoption of Radio Frequency Identification (RFID), this method was employed to formulate the problem statement, incorporating Sustainable Development Goals (SDGs) 1, 2, and 13. The review process involved identifying and selecting relevant literature, including review articles, journals, and research papers, to explore the factors affecting RFID adoption in the food supply chain.



2.4 Data analysis

The systematic literature review followed a structured process of data extraction, coding, and synthesis, using the TOE framework to categorize and analyze the factors affecting RFID adoption in the food supply chain. The process categorized the findings into technological, organizational, and environmental factors, that influence RFID adoption in the food supply chain. The data analysis for the study was quantitative, involving the examination of qualitative data patterns across multiple articles. The qualitative collected data was analysed quantitatively after coding based on the TOE framework factors affecting RFID adoption. The Excel software was used to capture the qualitative coded data. After capturing data from Excel was imported into the statistical package. The SPSS statistical package was used to analyse the coded data to produce statistical results. This study’s data analysis included interpreting findings from previous research, synthesizing and analysing results through the Technology-Organization-Environment (TOE) framework, to explore the factors affecting the adoption of Radio Frequency Identification (RFID). The coded quantitative data was analysed to identify patterns, trends, or relationships between factors. Frequency analysis helped to identify which factors are most discussed in the literature. Correlation analysis helped to identify relationships.




3 Results

This section presents the results from the data collected on the factors affecting RFID adoption in the food supply chain. The first section presents demographic frequencies, followed by TOE frequencies and lastly, the correlations results of the TOE framework constructs.


3.1 Demographic data

The following section presents demographic frequencies from the data collected on the factors affecting RFID adoption in the food supply chain. The selection criteria for the articles were peer-reviewed and published within the 10 years from 2013 to 2023 with a focus on RFID adoption in the food supply chain. There was no exclusion about which region the article was published. The research examined 42 peer-reviewed articles published between 2013 and 2023 from the data collected on the factors affecting RFID adoption in the food supply chain.


3.1.1 Article by year

Figure 1 presents article-by-year frequencies from the data collected on the factors affecting RFID adoption in the food supply chain. The results show that there were some increases and decreases from 2013 to 2023 with the highest number of articles published (19%) in the year 2020 before a significant decline in 2021 of 5%. The results therefore suggest there is a consistent increase and decrease in published articles over the years.

[image: Bar chart showing percentages from 2013 to 2023. Peaks appear in 2015, 2019, 2020, and 2022, with the highest at 19% in 2020. The lowest values, at 5%, occur in 2013, 2016, 2018, and 2021. 2023 shows 7%.]

FIGURE 1
 Article by year.




3.1.2 Article by region

This section presents the frequency of article publication by region from 2013 to 2023. The research was limited to 4 continents, Africa had 7%, America 10%, Asia 52%, Europe 24%, and the others were not mentioned. The results show that the Asia continent had 52% the highest number of published academic articles related to the RFID technology adoption in the food supply chain and Africa had 7% the lowest number of published articles. However, 8% of the articles did not indicate the region (Figure 2).

[image: Bar chart showing percentages of an unspecified category across different regions. Asia leads with 52%, followed by Europe at 24%, America at 10%, NA at 8%, and Africa at 7%.]

FIGURE 2
 Article by region.




3.1.3 Articles by the method

The section presents the frequency of the research methods used in the reviewed articles related to the factors that affect the adoption of Radio Frequency Identification technology in the food supply chain. Figure 3 results indicate that qualitative research at 76% was the most research method used to conduct the research, followed by the quantitative research method at 16% and mixed-method was the least research method used with 8% frequency.

[image: Pie chart showing research method distribution. Quantitative: 76%, Qualitative: 16%, Mixed-method: 8%. A legend indicates shades for Mixed-method (dark gray), Qualitative (medium gray), and Quantitative (light gray).]

FIGURE 3
 Article by research method.




3.1.4 Article by framework

Figure 4 bar graph illustrates the frequency of the frameworks used in the selected 42 articles related to the research objectives published between the 2013 and 2023 period. The results showed only 4 types of frameworks were used. Analytical Hypothesis Process (AHP) at 2%, Technology–organization–environment framework (TOE) at 14%, Technological Product Management (TPM) at 2%, and Technology Quality Management (TQM) at 2%. The report shows that 78% of most of the related reviewed articles did not use any framework although they pointed out the factors that affect the adoption of RFID in the food supply chain.

[image: Bar chart showing the percentage distribution of different frameworks. NA has the highest percentage at 78%, followed by TOE at 14%. AHP, TPM, and TQM each have 2%.]

FIGURE 4
 Article by framework.





3.2 TEO framework factors

This section presents technological, organisational, and environmental factors that affect the adoption of Radio Frequency Identification (RFID) in the food supply chain based on the data collected from peer-reviewed articles published between 2013 and 2023.


3.2.1 Technological factors

This sub-section presents the frequency results of five technological factors that affect the adoption of Radio Frequency Identification (RFID) in the food supply chain based on the data collected from peer-reviewed articles published between 2013 and 2023. Technology factors include Complexity (85%), Compatibility (69%), Cost (97%), Perceived usefulness (57%) and Security (85%). Figure 5 presents the frequency of articles mentioning these factors as barriers to RFID adoption, demonstrated by number 0 or 1, zero (the article did not mention factors), and one (the articles mention the factors). The study only focuses on the articles that mentioned TOE factors, based on the 42 reviewed articles between 2013 and 2023, the results show that cost at 97% is the biggest barrier to the implementation and adoption of RFID followed by complexity and security at 85%.

[image: Bar chart comparing the percentage frequency of five factors: Complexity, Compatibility, Cost, Perceived Usefulness, and Security. Each factor is divided into two categories, "No" and "Yes." Complexity: 15% Yes, 85% No; Compatibility: 31% Yes, 69% No; Cost: 3% Yes, 97% No; Perceived Usefulness: 57% Yes, 43% No; Security: 15% Yes, 85% No.]

FIGURE 5
 Technological factors.




3.2.2 Organisational factors

The study explores six organizational factors that affect the adoption of RFID adoption in the food supply chain including organizational readiness (53%), resource capacity (57%), firm size (43%), technical skill (69%), management support (62%) and strategic objectives (52%). The Figure 6 graph below depicts technical skills that had a huge impact on the adoption of RFID technology in the food supply chain followed by management support.

[image: Bar chart showing frequency percentages for six factors: Organizational readiness, Resource capacity, Firm size, Technical skills, Management support, and Strategic objectives. Each factor compares "No" and "0" categories. Organizational readiness: 47% and 53%; Resource capacity: 43% and 57%; Firm size: 43% and 57%; Technical skills: 31% and 69%; Management support: 38% and 62%; Strategic objectives: 48% and 52%.]

FIGURE 6
 Organisational factors.




3.2.3 Environmental factors

Figure 7 presents the frequency results of environmental factors that affect the adoption of RFID in the food supply chain, based on the peer-reviewed articles published between 2013 and 2023. Six Organizational factors include competition (45%), vendor capabilities (33%), maintenance and support (67%), IT policies and regulations (55%), Market structure (48%), and Government pressure. Maintenance and support had a higher frequency and that shows a huge impact on the implementation and adoption of technology in the food supply chain in organizations followed by IT policies and regulations.

[image: Bar chart displaying the frequency of factors affecting decisions, labeled E1 to E6: Competition, Vendor capabilities, Maintenance and support, IT policy and regulations, Market structure, and Government pressure. Each factor compares two groups: No (dark gray) and Yes (light gray). Notable percentages include Government pressure with Yes at seventy-one percent and Competition with Yes at forty-five percent. Factors are on the x-axis, frequency percentages on the y-axis.]

FIGURE 7
 Environmental factors.





3.3 Technology-organization-environmental factors correlations

The table below presents the correlation results between Technology-Organization-Environmental factors explored from the selected academic articles published between 2013 and 2023. The correlation results are only significant from 0.05 and 1.01 levels. The results show that the correlation between the technological factor and organizational factor is significant at 0.009 and the technological factor and environmental factor is significant at 0.039. The correlation between organizational and environmental is significant 0.003 (Table 2).



TABLE 2 Correlations.
[image: A table displays Pearson correlation coefficients among three variables: TTOT, OTOT, and ETOT. TTOT correlates with OTOT at 0.397 and ETOT at 0.319. OTOT correlates with TTOT at 0.397 and ETOT at 0.452. ETOT correlates with TTOT at 0.319 and OTOT at 0.452. Significance values and sample size (N=42) are also provided for each correlation.]
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4 Discussion

The study adopted a systematic literature review to explore factors affecting the adoption of Radio Frequency Identification (RFID) technology in the food supply chain, using the Technology-Organization-Environment (TOE) framework. The study was based on data collected from peer-reviewed articles published from 2013 to 2023 on factors affecting the adoption of RFID in the food supply chain. The demographic data showed some important trends in publication frequency. There were fluctuations in publication frequency, with a notable peak in 2020 and a decline in 2021. The Asia region had the highest publications and Africa had the lowest publications. The study indicates that the qualitative research method was the most used research method of the published articles.

The study highlights cost as the most significant barrier to RFID adoption. The high initial investment and ongoing maintenance costs associated with RFID technology are major concerns for organizations, particularly small and medium-sized enterprises (SMEs). This finding aligns with previous studies (Shah, 2023), which emphasize that cost is a key challenge in technology adoption. Complexity and security concerns are also prevalent factors in RFID adoption. The technical difficulty of integrating RFID systems with existing infrastructure can discourage companies from adopting the technology (Shah, 2023). Furthermore, security concerns, such as the potential for data breaches, remain a significant challenge for organizations considering RFID adoption. Addressing these technological barriers requires companies to devise comprehensive strategies to mitigate costs, simplify the integration process, and enhance security measures.

Organizational factors, particularly technical skills and management support, were identified as important to successful RFID adoption. The availability of skilled personnel is vital for the integration and maintenance of RFID systems (Gertze and Jokonya, 2020). This finding underscores the importance of training and knowledge development within organizations. To overcome the skills gap, partnerships with external vendors and educational programs may help. Additionally, management support plays a crucial role in driving the adoption process. As Gertze and Jokonya (2020) suggest, top management’s commitment to innovation is essential for overcoming resistance and securing resources for successful implementation. Therefore, organizations must foster a culture of support for technological innovation at all levels.

Environmental factors, such as maintenance and support services and IT policies and regulations, also emerged as important influences on RFID adoption. Organizations must consider the costs associated with long-term technical support, ensuring that reliable maintenance services are available to avoid disruptions (Gertze and Jokonya, 2020). Furthermore, IT policies and regulations are critical to promoting standardization and ensuring interoperability across supply chains (Rafique et al., 2022. Agarwal and Ankolikar (2022) argue that a well-regulated environment can significantly enhance the effectiveness and widespread adoption of RFID technology. Therefore, both organizational efforts and external regulatory frameworks need to align to ensure successful RFID integration.

The correlation analysis further reveals that technological factors like cost and complexity are linked with organizational factors such as management support and technical skills. This finding suggests that organizations with higher technical capabilities are better positioned to overcome technological barriers. Additionally, environmental factors, such as market structure and government regulations, are closely related to organizational readiness and resource capacity. This indicates that external pressures can either facilitate or hinder RFID adoption, depending on an organization’s preparedness to meet those challenges. The positive correlations suggest that a holistic approach, involving technological, organizational, and environmental factors, is necessary for successful RFID adoption.



5 Conclusion

This study explored the key factors influencing the adoption of RFID technology in the food supply chain, with a focus on technological, organizational, and environmental factors. The findings indicate that cost, complexity, and security are the most prominent technological barriers, while technical skills and management support are critical organizational factors. Environmental factors, particularly maintenance and support services, as well as IT policies and regulations, also play significant roles in adoption success. The study’s findings contribute to the body of knowledge on RFID adoption in the food supply chain, offering practical insights for organizations considering implementing RFID technology.

As a recommendation, organizations should invest in cost-effective solutions and work to simplify the integration process of RFID systems. Collaborative efforts with external vendors and experts can help mitigate the technological complexity and enhance the security of RFID systems. Also, organizations should focus on developing internal technical skills through training and partnerships with technical service providers. Additionally, securing management support is essential for fostering a culture of innovation and ensuring the successful adoption of RFID technology. Governments and regulatory bodies should work towards creating policies that promote standardization and interoperability in RFID systems across the food supply chain. This will help overcome external barriers and encourage wider adoption.

Despite the study’s contribution, there are limitations worth mentioning. The study’s reliance on non-empirical data and convenience sampling limits the generalization of the findings to a broader population. Future studies should employ empirical data collection methods, such as surveys or case studies, to validate the findings and enhance the generalizability of the results. Further research could also explore the impact of regional differences on RFID adoption across different regions.
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Hass avocado production and trade are rapidly expanding globally, with increasing consumer demands on quality, safety and sustainability. Last decade, the contribution of East Africa has increased tremendously following several comparative advantages. However, despite substantial recent public and private investments, Uganda’s Hass production and export lags behind neighboring countries. This is mainly due to the sector’s limited organization, resulting in a fragmented market with varying socio-economic, environmental, and agronomic conditions. Consequently, the limited data and insights on these variable production systems negatively impact the effectiveness of interventions and investments in the sector. In this study, Hass avocado producers were randomly selected across Uganda. Field visits included farm and field surveys, GPS mapping of production areas, and soil sampling for wet-chemistry analysis. Descriptive statistics, multivariate logistic regression, and ANOVA were used to assess the impact of farm and field characteristics on production practices and access to advisory services and certification. Farming systems and dynamics were characterized by assessing demographics, economic data, marketing, farmer organization, and farming practices including soil and nutrient management, irrigation, pest and disease control, and post-harvest management. Results show a fragmented and immature but expanding Hass sector in Uganda. Production mostly occurs in small- to medium-sized fields with no or limited inputs (i.e., fertilisers, pesticides, irrigation), using manual labor (family or hired) under mixed cropping systems, but lacking critical infrastructure, agronomic knowledge, extension services, and access to markets. In contrast to farmer’s belief that soils are suitable and fertile for Hass avocado, soil analyses indicate the urgent need for site specific soil management interventions. Implementation of good agronomic practices and access to inputs and advisory services seem mostly related to farm and field size, and to a lesser extent influenced by farmer age, orchard age, and agroecology, while membership of farmer organizations/associations currently seem to bring limited benefits. This study highlights several comparative advantages and opportunities for the Hass sector in Uganda and identifies the priority challenges to be tackled in future investments and interventions targeting a sustainable avocado industry.
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1 Introduction

Avocado (Persea americana Mill.) production and trade are rapidly expanding globally with the most important attraction being the nutritional benefits of the fruit (Kagumba et al., 2023). Avocado originated from Mexico and Central America (Storey et al., 1986) and is currently grown in many tropical and sub-tropical areas around the world (40°N and 40°S) (Shumeta, 2010; Kagumba et al., 2023). Global demand for avocado rapidly raises as fruits are widely used in many popular fresh recipes like guacamole, ice creams, and juices, but they have also several industrial applications like in natural cosmetics and body care oil products (Swisher, 1988; Bergh, 1992; Palma et al., 2016; Saavedra et al., 2017; Colombo and Papetti, 2019).

According to the latest production and market statistics, avocado production increased at a compound annual growth rate (CAGR) of 7% up to ca, 8.5 million metric tons between 2012 and 2022 (Shahbandeh, 2024a; van Rijswick et al., 2024), and the global avocado market is estimated to further increase from 9 billion USD in 2021 to 19.9 billion USD by 2026 (Shahbandeh, 2024b). The top producers and exporters of avocado are currently Mexico, Colombia, Peru and Kenya responsible for ca, 30, 12, 9 and 6% of total global production, respectively (van Rijswick et al., 2024). The United States of America (USA) and Canada account for 27% of the global avocado market value estimated on 4.86 bn USD, followed by Europe (22%, USD 3.96 bn), Asia, Oceania (11%, USD 1.98 bn), Africa (4%, USD 0.72 bn), and the Middle East (4%, USD 0.72 bn), while the rest (32%) is sold to various smaller markets. The African avocado market is forecasted to have a CAGR of 5.78%, mostly contributed to by Egypt, which is responsible for 41% of total imports in Africa, followed by Morocco (21%) and South Africa (14%) (van Rijswick et al., 2024).

Globally, consumers demand high quality (taste, consistency, dry matter, ripeness, wholeness – devoid of defects), affordable, and safe avocado fruits that are produced in a sustainable manner (Gamble et al., 2010; Giuggioli et al., 2023). For example, many consumers in the European Union (EU) and United Kingdom (UK) have a perception that long-distance sourced produce like avocados from south America are rather unsustainable due to concerns about food miles, greenhouse gas emissions, and irrational irrigation water usage in dry areas. Additionally, consumer preferences are changing in favor of (often organic) food grown using sustainable agronomic practices that are aligned with so-called agroecological principles, including improved biodiversity and diversification, low irrigation and limited use of chemical inputs (i.e., pesticides and fertilisers) (Migliore et al., 2017). The latter demand calls for a critical review of production practices in specific high potential areas.

Optimal avocado growth requires balanced nutrition (Araújo et al., 2018), homogeneous distribution of water supply (ca, 1,000–1,750 mm annually), moderate relative humidity, an average temperature of 25–30°C, and deep, permeable and free draining soils with pH ranging from 6 to 7, which are conditions that are easily found in East Africa. The avocado industry in East Africa has grown tremendously over the past few years due to the favorable climatic conditions and deliberate government initiatives to promote avocado as a source of household nutrition, income generation, and poverty alleviation for social and economic rural development. In addition, the growing global demand for Hass avocado has motivated many small- and medium-sized farmers to invest in avocado farming for income generation (Mujidu, 2024; Ntirenganya, 2024; Kassam, 2024; FAO, 2023). For years, Kenya has led commercial avocado production and export in Africa with a well-established commercial sector that has recognized brands on the international export market and producing ca, 518,500 metric tons in 2023 (Mujidu, 2024), following successful seedling import and subsidy programs. Tanzania and Rwanda also transitioned recently from subsistence avocado farming to significant global avocado exporters in 2023 (Kassam, 2024; Ntirenganya, 2024; FAO, 2023).

In contrast, while having similar potential, Uganda’s avocado sector mostly relies on smallholder growers trading smaller volumes of local ‘jumbo’ (big) varieties that have medium to large-sized (300–400 g) fruits (Freshela, 2024) on local and regional markets. Jumbo fruits lack uniformity and are therefore rather unfit for export. Interestingly, Hass and Fuerte varieties were already introduced in Uganda in the early 1990s by the Food and Agriculture Organisation (FAO) to support horticulture development. These varieties were not readily adopted by farmers because the small size (<300 g) of the fruits was unattractive on the local market. The latter primarily contributed to the general reluctance of smaller-scale, resource-poor farmers to adopt the Hass variety. Therefore, several Hass and Fuerte promotion campaigns were organized since 2008 by the Horticulture Research and Development Programme in the National Crops Resources Research Institute of the National Agricultural Research Organisation (NaCRRI-NARO) and production guides were developed and distributed together with quality (grafted) Hass avocado seedlings throughout the country. Past programmes deliberately targeted middle- and high- income farmers with financial and land resources to adopt Hass avocado as a viable enterprise (Sseruwagi, 2011). Until now, Hass avocado is still poorly accepted on local markets in Uganda, which contrasts to the situation in Kenya and to a lesser extent in Tanzania where Hass is more successfully integrated in both domestic and export markets. However, despite lacking details, avocado production in Uganda has expanded rapidly and it ranked among the top ten largest avocado exporting countries in Africa in 2023 (Freshela, 2024), engaging over at least 100,000 farmers. The country registered a steady rise in avocado exports from 4 tons in 2013 to 469 tons in 2020. In 2021, the country exported 3,148 tons of avocado with ca, 67% going to Qatar and 11% to the EU. Currently, it is estimated that exported volumes exceed 15,000 metric tons annually, with a significant portion sent to Europe and the Middle East. In addition to these exported volumes, non-export grade and excess Hass avocado fruits are sold to local processors in Uganda for oil extraction [National Agricultural Advisory Services (NAADS) in 2024].

Despite this rapid growth following several private and public investments in (Hass) avocado farming for export, the avocado industry in Uganda currently remains very immature and not well-structured, and it faces several challenges for sustainable growth. Challenges include stiff regional and international competition, stringent sanitary and phytosanitary standards (SPS), mounting buyer and consumer demands, traceability requirements, inadequate safe handling infrastructure, and weak small- and medium-sized producer and marketing organizations, i.e., Business Membership Organizations (BMOs). Currently, the lack of data on Uganda’s small- and medium-sized Hass avocado growers hampers understanding of the farming systems, and the great socio-economic diversity and variability in production environments. This impedes targeted investments in the sector and complicates support aiming to build organized and well-structured avocado BMOs and supply chains.

Therefore, this study aims to (i) better understand and characterize the Hass avocado production systems (i.e., farm environment including economic, social, and environmental aspects with a major focus on production practices and soil health), (ii) analyze which farm characteristics influence adoption of good agronomic practices and access to advisory and inputs, (iii) assess the key challenges and opportunities for the sector, and (iv) guide future investments and interventions targeting a sustainable commercial avocado industry in Uganda.



2 Data and methods


2.1 Study area and research design

Avocado producers were sampled from current major avocado producing areas in Uganda, covering seven of the fourteen agro-ecological zones (Wortmann and Eledu, 1999) (Supplementary Table S1), being (1) Western Mid-Altitude Farmlands & the Semliki Flats (WMAFSF); (2) Lake Victoria Crescent and Mbale Farmlands (LVCMF); (3) Western Medium-High Farmlands (WMHF); (4) Southwestern Grass-Farmlands (SWGF); (5) Southern and Eastern Lake Kyoga Basin (SELKB); (6) Northeastern Semi-arid Short Grass Plains (NESaSGP) and (7) Northern Moist Farmland (NMF). The areas are characterized by diverse vegetation ranging from rainforest to savanna grassland, and they covered medium to high altitudes (680–1,220 m asl) with moderate mean temperatures (≥20°C) and bimodal and unimodal rainfall patterns (ca, 1,000–1,200 mm/year). A cross-sectional descriptive research design involving measurement of both quantitative and qualitative data on avocado production and marketing in Uganda was then conducted from November 2023 to February 2024.



2.2 Data type, source and variables measured

Primary data was collected from small- and medium-sized avocado farmers using a questionnaire survey for farm and field inspection in key avocado growing regions of Uganda (2.1). Primary data covered 12 thematic areas, including: land ownership & size, farm labour, technical advice & extension, input sourcing & use, farming system, enterprise information, soil & nutrient management, water management, pest & disease management, post-harvest management, safety standards & traceability, marketing, and farmer organisation. To augment and support findings from the primary data, consultations were made with key stakeholders of the sector in Uganda. Consulted stakeholders represented government institutions responsible for development of the avocado sub-sector like the National Agricultural Research Organisation (NARO) and BMOs like the Avocado Association of Uganda (AAU), Hortifresh, and Masindi Avocoop.



2.3 Data collection


2.3.1 Sample selection and sampling design

As a first step, the target population for this study was defined to all small- and medium- sized Hass avocado farmers in Uganda. To select a representative sample of producers throughout the country, we sourced from the large network of AAU. The association has vast experience in the avocado sector and has been mapping avocado growers extensively throughout the country for the last 10 years based on consultations, networking, and field visits. Within this country-wide network database of AAU, 112 avocado farms were randomly selected. As such, it was expected that retained farms would have a rather homogenous distribution, well covering the geographic areas of production. The latter can effectively be observed in Figure 1, representing the retained and sampled producers across Uganda, with a higher density in the traditionally major crop production zones.

[image: Map of Uganda showing agroecological zones and avocado farmer distributions. Zones are color-coded, including West Nile Farmlands in yellow and Southwestern Highlands in olive green. Red dots represent farmer locations. A key explains the color scheme and symbols.]

FIGURE 1
 Map of Uganda indicating the sampled field locations of the study where data was collected, projected on the 14 agroecological zones of Uganda (From top to bottom - 1: West Nile Farmlands; 2: Northwestern Farmlands-Wooded-Savanna; 3: Northern Moist Farmlands; 4: Northeastern Central Grass-Bush Farmlands; 5: Northeastern Semi-arid Short Grass Plains; 6: Western Mid-Altitude Farmlands and the Semiliki Flats; 7:Central Wooded Savanna; 8: Southern and Eastern Lake Kyoga Plains; 9: Mount Elgon Farmlands; 10: Western Medium High Farmlands; 11: Southwestern Grass Farmlands; 12: Lake Victoria Crescent and Mbale Farmlands; 13: Ssese Islands and Sango Plains; 14: Southwestern Highlands).




2.3.2 Farm and field data collection

After selecting randomly distributed farms throughout the country, a team of researchers was sent out to the selected Hass producing farms for sampling and data collection. Two different surveys were conducted and used to collect information at farm and field level from each site. Both surveys were developed, refined, and concluded combining relevant information currently used and needed for proper farm, producer, value chain, and market characterization.

Preconstructed surveys were then integrated in the innovative supply chain management software developed by eProd Solutions Ltd. (https://www.eprod-solutions.com/). The latter software enabled the collection and management of different types of questions and responses (e.g., open, multiple choice, limited choice, e.g., Yes or No, etc.), with inclusion of conditions (e.g., being compulsory to fill in and skipping options depending on the previous question, etc.). The software captures basic information and metadata during interviews (including GPS locations) allowing to check validity and correctness of the entered data.

Surveys were conducted in two steps. Preliminary information was collected at farm level by the first survey to capture several social, economic, and environmental aspects. When a farm had more than one field, it was asked to select the largest and most representative plot. Subsequently, more specific information was captured from the single or most representative field of the farm utilizing a second field survey. The selected fields were then visited, and polygons (Figure 2) were captured using GPS systems to map field boundaries and extract surface.

[image: A digital map interface displays a highlighted red area labeled with avocado plantation data. Surrounding green areas represent agricultural land, with pathways and small structures visible. Map navigation tools are present on the interface.]

FIGURE 2
 Example of a captured field polygon for area extraction using GPS systems in the eprod solutions tool.




2.3.3 Soil sampling and analyses

To improve insights into the actual soil status of avocado fields besides current soil management practices (Table 1), a composite soil sample was collected from the topsoil (0–30 cm depth) of each of the 112 selected fields, and subsequently air-dried, sieved, and sent to Crop Nutrition Laboratory Services Ltd. (CROPNUTS) in Limuru (Kenya) for standard soil analyses (ISO/IEC 17025 accredited). Soil pH (H2O) was determined (potentiometric) in a soil: water suspension of 1:2, availability of phosphorus, potassium, calcium, magnesium, sulphur, manganese, boron, copper, zinc, and aluminum were quantified after Mehlich 3 extraction [composed of 0.2 M glacial acetic acid, 0.25 M ammonium nitrate, 0.015 M ammonium fluoride, 0.013 M nitric acid, and 0.001 M ethylene diamine tetra acetic acid (EDTA)] using Inductively coupled Plasma Optical Emission Spectroscopy (ICP-OES). Cation Exchange Capacity (CEC) was then calculated. Total nitrogen and organic matter were determined by a CN analyser (elemental analysis) after combustion.



TABLE 1 Avocado producer perceptions and practices related to soil health and nutrient management.
[image: Table showing survey responses on avocado soil management. Most producers consider their soil fertile (97.3%). Many never conduct soil analyses (92%) citing lack of knowledge (56.3%). Fertilizer use decisions often lack scientific basis, with 47.3% unsure. Popular soil practices include organic manure (72.4%) and a notable percentage do not implement any soil management (25.9%).]

The results were used to identify soil problems, and to derive a potential site-specific soil fertility and correction program. Optimal ranges were set for each soil parameter according to Chandrasekaran et al. (2010), with values below or above being considered as ‘too low’ or ‘too high’. The optimal ranges are here set at 6–6.8 for pH (H2O), 50–100 mg/kg for phosphorus, 192–513 mg/kg for potassium, 1970–2,300 mg/kg for calcium, 197–355 mg/kg for magnesium, 20–200 mg/kg for sulphur, 30–250 mg/kg for manganese, 1–2 mg/kg for boron, 2–10 mg/kg for copper, 2–20 mg/kg for zinc, 15–30 meq/100 g for CEC, 0.2–0.5% for total nitrogen, and 3–4% for organic matter.



2.3.4 Data analysis, description and interpretation

Farm, field, and soil data were verified for any inconsistencies before statistical analysis. Standard statistical analyses were conducted with the Statistical Package for Social Sciences (SPSS) software package (IBM SPSS Statistics, 2013). Frequencies, distribution patterns, percentages and observed probabilities, means, medians, and standard errors were calculated and visualized. To evaluate the impact of explanatory predictor farm characteristics on the adoption of specific management practices, logistic regression was then conducted in R version 4.4.1 (R Development Core Team, 2012) using the glm() function and using stepwise regression on both forward and reverse directions and using the Akaike Information Criterion (AIC) for best model selection (Table 2). Logistic regression is considered well-suited for analysis of the collected data, given its ability to model binary outcome variables, such as whether specific management practices were implemented (yes/no). The fixed characteristic variables (i.e., field size, farmer age, gender, orchard age, membership of farmer group/organisation, and agroecology) were treated as independent predictors. The logistic regression model estimated the probability of adopting a particular management practice or access to advisory based on the values of these predictors. By examining the significance of the regression coefficients (β) and their associated odds ratios, the models provide insights into which fixed variables have an influence on the likelihood of adopting specific management practices. To validate the findings of the logistic regression, ANOVA was additionally performed (Park, 2009). This approach facilitates a nuanced understanding of the factors driving decision-making within the avocado farm management context.



TABLE 2 Results of the logistic regressions presenting the coefficients (ϐ) with p-values and standard error (s.e.) for the retained explanatory variables of the best models.
[image: Statistical table showing coefficients and standard errors for factors affecting agricultural practices like labor, mechanization, and irrigation. Variables include field size, farmer age, and gender. Significance levels are indicated, with footnotes explaining the stars representing p-values.]





3 Results


3.1 Avocado production system characteristics


3.1.1 Demographic information and economic activities

Results demonstrate that most of the avocado farmers are male (82%), and that gender had no significant influence on any of the dependent farm management variables (Table 2). Most of the avocado growers (63%) are middle-aged (41–60 years), while 22 and 14% belong to the younger (21–40) and older (61–80) groups, respectively. The growers own small- to medium-sized farms of ca, 52 acres on average (with a median size of 6 acres) with avocado plot sizes of 9 acres on average but ranging from 1 to 150 acres and with a median size of 4 acres. More than half of the farms (57%) have more than one avocado field, while the rest have only one single field (Supplementary Table S2).

Only a minor fraction of the growers (22%) does not hire labor or do not use additional family workers (26%). Family and hired labor are used in equal proportions with an average of six workers per farm (Supplementary Table S2). Older orchards rely more on hired labor, while family labor is more common on smaller fields (and less in the agroecological zone SWGF) (Table 2). There is a strong positive and high statistically significant relationship between tree age and hired labour and interestingly, field size did not significantly influence the amount of hired or family labour (Table 2). Only 15 percent of the avocado farmers carry out mechanized operations on the farm, and this is positively influenced by field size and farmer age (Table 2). Crop production is considered the main economic activity for 95% of the farmers, followed by mixed – (i.e., crop and livestock production) and fish farming. Most of the farmers could not determine one single most time- and resource-demanding farm activity and annual total investment. A few farmers consider purchasing agricultural inputs, planting, crop management and irrigation as the most engaging farm activities, and annual farm investments of between 25.8 and 2,580 EUR [i.e., 100 K and > 10,000 K Ugandan shillings (USh)] were reported (Supplementary Table S3).



3.1.2 Avocado farming system

Supplementary Table S4 presents the Hass avocado farming system characteristics (varieties grown, access and source of good/certified avocado planting material and age of avocado crops) while data on intercropping are not presented. Results showed mixed cropping to be the dominant farming system in each of the seven sampled agro-ecological zones. In each zone, Hass avocado is grown together with diverse crop species like bananas, beans, cabbage, carrots, cassava, coffee, green peas, groundnuts, jackfruit, mangoes, sweet pepper, pineapple, potato, sorghum, soya beans, sugarcane, sunflower, sweet potato, tea and watermelon that were grown together in different combinations. The history of the assessed plots shows great diversity in the crop species grown prior to planting avocado in the different locations. Most of the targeted farmers (94%) only grow the popular commercial avocado variety Hass, while few also grow Fuerte (3.6%) and Jumbo (2.68%) together with Hass. In addition, only 57% of the farmers planted certified avocado seedlings, which were sourced from private commercial nurseries, while the rest raised their own seedlings (Figure 3). Access to certified planting material seems only to depend on the location (agroecology) and not on size, farmer age, or farmer group membership (Table 2). The age of the Hass avocado trees on the examined fields ranged from 1 to 9 years with 95% being less than five years old, demonstrating the young character of the Hass sector and the recent investments and transformations made (Supplementary Table S4).

[image: A bar chart displaying responses on different agricultural practices. Categories include sources for obtaining seedlings, fertilizers, manure, seeds, pest information, pest control methods, and production information. Each category has response percentages, with significant responses being 93.7% for fertilizers listed as "None", 87.5% for pest information from "None", and 85.8% for seeds from "None". Other percentages vary across categories, illustrating the diversity in practice adoption.]

FIGURE 3
 Information on the use of agro-inputs for avocado production in Uganda: (A) source of planting materials, (B) type of mineral fertilizer used, (C) type of organic fertilizer used, (D) sourcing of fertilizers/manure, (E) advice on Plant Protection Product (PPP) application, (F) type of PPPs used, (G) sourcing of PPPs.




3.1.3 Soil health and nutrient management

Table 1 and Supplementary Table S5 presents information on soil health and nutrient management, and it includes the farmers’ perceptions on their plot’s fertility and suitability for growing avocado, the frequency and reason for conducting soil analysis, and the rationale behind the farmer’s decision on what and how much fertilizer and/or manure to apply. Results demonstrate that almost all farmers interviewed (97%) consider the soil of their plots to be very fertile and suitable for Hass avocado production. However, the majority (92%) have never conducted soil analyses (less than 10% had tested the soil every 3–10 years), and less than 20% have any written nutrient management plan or any record of fertilizer application. Highlighted reasons for not conducting soil analysis are lack of knowledge, high costs, lack of access to a soil testing laboratory, and soil testing being not considered a farm priority (Table 1). In contrast to farmer perceptions, soil analyses (Figure 4) indicate that all sampled soils were at least diagnosed with at least three or more limitations requiring improved, and/or adjusted management, as most plots display relatively low total nitrogen (77.5%), low cation exchange capacity (66.7%), low phosphorus availability (85.6%), and low calcium (65.8%), sulfur (100%), and boron (92.8%) levels. On the other hand, magnesium, manganese, copper, and zinc levels were mostly optimal, and organic matter levels were generally optimal to high (Figure 5). Results of the soil analyses indicate significant differences of several parameters (p < 0.001) among the agro-ecological zones. To manage soil health and nutrients, most of the farmers use organic manure (72.4%) which is positively influenced by farmer age (Tables 1, 2), and many implement environmentally friendly soil conservation practices like proper drainage, installing erosion bands, mulching, integrating crop residues, planting cover crops, and minimizing tillage. Interestingly, almost all growers (93.7%) never use mineral fertilizers, which is positively stimulated by field size (Table 2), and in contrast to the use of organic manure not influenced by farmer age. Only a few farmers (1.8%) are guided by soil analyses, mostly for larger fields (Table 2), while the rest follow general crop nutrient guidelines or standard blanket rates to apply manure and/or fertilizers. Hence, most of the farmers usually apply the same type and amount of manure/fertilizer every year, irrespective of the health condition or limitations of the avocado trees (Table 1 and Figure 3).

[image: Bar chart showing responses for various factors related to fruit market engagement. Local fresh fruit market is preferred at 81.3%. Most do not know the export destination, with 77.8%. Local traders dominate at 97.3%, preferring fixed prices at 82.4%. Private cars are a common transport at 62.2%. A majority, 66.1%, do not engage in the action being surveyed.]

FIGURE 4
 Information on markets and transportation of produce: (A) target markets of producers, (B) export markets, (C) main trader, (D) selling method, (E) transport of produce, (F) farmer interest in joining a marketing company with a packhouse in Uganda.


[image: Bar chart showing the prevalence of soil nutrients: Phosphorus, Potassium, Calcium, Magnesium, Sulfur, Manganese, Boron, Copper, Zinc, Cation Exchange Capacity, Total Nitrogen, and Organic Matter. Bars are divided into low, optimum, and high levels, with percentages indicated. Below the chart, optimal ranges are listed for each nutrient in various units such as milligrams per kilogram and percentage.]

FIGURE 5
 Share of samples (%) classified with too low, optimum, and too high values for the analyzed soil parameters. Optimal ranges were set for each soil parameter according to Chandrasekaran et al. (2010), with values below or above being considered as ‘too low’ or ‘too high’.




3.1.4 Water use and management

Water use and management were assessed by analysing the number of farmers who use irrigation, monitor water application rates, test irrigation water quality, protect water sources, and have authorization to extract water for irrigation (Table 3). Results indicate that less than half of the farmers (39%) irrigate their avocado plots which seems to be positively influenced by the age of the orchard, and that most of them do not monitor water application rates or test water quality. Only a small proportion of the farmers claimed to protect water sources, and only a limited number have permits to extract and use ground water for irrigation (Table 3). While the use of irrigation water in avocado plots seems positively influenced by the age of the orchard, adoption of drip irrigation technology is used by 26% of the farmers and positively influenced by field size (Table 2), the rest use furrow (2.2%) or manual irrigation (11%). Rivers are the main source of irrigation water, followed by groundwater, and lakes (Table 3).



TABLE 3 Information on water and pest management.
[image: Table showing responses about water information, pests, and diseases. Key points: 39.3% irrigate, 60.7% do not; 20.5% identify fruit flies as a major pest; 40.1% do not know about pests/diseases; 76.9% use river water; 14.3% implement Integrated Pest Management.]



3.1.5 Pests and diseases impacting avocado

Assessment of pest and disease prevalence and management considered farmer’s knowledge and perceptions on the most damaging species and the control practices implemented (Table 3). Farmers consider the most damaging pests to be fruit flies (Diptera - Tephritidae), false codling moths (Lepidoptera - Thaumatotibia leucotreta - Meyrick), caterpillars (Lepidoptera), aphids (Hemiptera - Aphidoidea) and mealybugs (Hemiptera - Coccoidea), while root rot (Phytopthora) and wilt (Fusarium & Verticillium) are the most devastating diseases (Table 3). A significant proportion (40%) of the farmers indicated a lack of knowledge of the most important pests and diseases in their avocado fields. Only 14% of the farmers claimed to implement an integrated pest management (IPM) strategy, and only very few farmers use inorganic (7.1%) or organic (0.9%) pesticides. The use of pesticides is positively influenced by farmer age and membership of a farmer organization (low significance level) (Table 2). Among those that use pesticides, only a few obtain advice from agronomists/extensionists or consider pest pressure, while most follow routine applications stipulated on labels (Table 3). Access to agronomic advice seems to positively relate with field size and being affected by location (agroecology) (Table 2).



3.1.6 Post-harvest management and traceability in avocado supply chains

Figure 4 and Supplementary Tables S6, S7 present information on post-harvest management and operations, including transportation of produce, the volume and cause of wastage, food safety, standards, traceability systems, certification and source and type of technical advice. Most of the farmers (96%) use private means (car or truck) to transport avocado produce from the farm to the market (Figure 4). Only 6 % reported post-harvest losses, which were attributed to poor fruit quality and lack of market access. The rest of the farmers (94%) have limited insights into the amount and causes of post-harvest losses.

Most of the farmers (89%) indicated that they do not receive any advice on food safety standards, Good Agricultural Practices (GAPs), or Maximum Residue Levels (MRLs) of plant protection products (PPPs), and having access to this type of advisory services is only positively affected by field size (Table 2) and not by farmer age, gender, orchard age, location or membership of a farmer organisation. Only a few farmers (11%) receive advice from private consulting companies. Similarly, a few farmers (8%) sometimes source avocado from out growers (side buying) and they generally do not separate side-bought produce from their own produce to ensure traceability. Most of the farmers (90%) and all consulted traders mention the lack of a traceability system, which they attribute to the absence of training. However, most farmers (60%) expressed interest in establishing a traceability system to trace produce along the value chain. In addition, only 11.6% of farmers have any certifications (e.g., Global G.A.P., Organic, SMETA, GRASP, Rainforest Alliance etc.), with increased probabilities for older orchards (Table 2). Almost all (92%) farm certifications are organic and interestingly, possession of certification was not significantly influenced by field size, farmer age, or membership of a farmer organisation.



3.1.7 Farmer organisation and marketing of avocado

Table 4 and Figure 4 present information on farmer organization, extension, and trading details. About half of the farmers interviewed (48%) belong to an avocado sector organisation (like an association, cooperative, or farmer group), with the major perceived benefits being the access to training and knowledge, and market information.



TABLE 4 Avocado farmer organization and extension in Uganda.
[image: Table displaying survey responses on farmer organization membership and support. 48.2% are members. Benefits include training (57.3%) and market info (26.8%). Technical advice sources are private agronomists (75%) and family (23.3%). Desired advice includes market info (41.5%) and pest management (29.3%).]

Most of the Hass avocado farmers (81%) currently sell produce to middlemen on local fresh fruit markets in Uganda, followed by oil processors (11%), and less than 10% directly sells to fresh fruit exporters. Therefore, most of the farmers (77%) did not know if their produce is exported and to which final markets. Only a few farmers mentioned produce going to markets in the European Union (EU) (11%) and Middle East (11%). Marketing seems mostly coordinated by local traders (97%) who act as middlemen and few exporters directly purchase avocados from the farmers. Buying involved fixed pricing (82%), bargaining (16%) and rarely contracts (2%). At least 66% of the farmers expressed high interest in joining a marketing company with a packhouse in Uganda.




3.2 Challenges faced by the avocado sector in Uganda

Several challenges for the avocado sector in Uganda were acknowledged and highlighted by the targeted farmers (Supplementary Table S1). The top five challenges limiting avocado production according to 51.7% of the farmers are: (1) poor knowledge of irrigation needs and water management (12.2%), (2) poor access to soil analysis and nutrient management recommendations (11.1%), (3) poor knowledge of avocado production requirements and pests and diseases management (10.4%), (4) lack of knowledge about farm record keeping requirements (9.8%), and (5) poor knowledge of post-harvest management and waste reduction (8.2%). The rest of the farmers (48.3%) highlighted lack of irrigation infrastructure (6.7%); lack of traceability systems (5.8%); lack or weak agricultural extension services (4.5%); heavy reliance on middlemen to market farmers’ avocado fruits (4.4%); lack of access and knowledge on fertiliser and manure analyses and use (4.0%); lack of advice on food safety standards, GAPs and MRLs (4.0%); low access to certification (4.0%); limited direct access to export markets (3.5%); lack of available packhouses for handling, sorting, grading and cold storage (3.0%); poor access to avocado farmer groups, associations or organizations (2.3%); low access to certified avocado seedlings (1.9%); climate change (1.8%); poor access to finance (1.6%) and low mechanization (0.7%) as number one priority.




4 Discussion

Results of this study characterize small- and medium-sized Hass avocado production systems in Uganda. The relatively young age of orchards indicates the many recent investments made in the sector. Consultations with key public and private stakeholders (i.e., NARO, AAU, Hortifresh, and Masindi Avocoop) confirm, validate, and support the study findings. Furthermore, results demonstrate increased adoption of the Hass variety, which can be seen as a positive development, since Hass and Fuerte were first unsuccessfully introduced in Uganda during the early 1990s, followed by several promotion and support programs in the early 2000s (Sseruwagi, 2011) and more recently by the National Agricultural Advisory Services (NAADS) in 2024. Uganda’s avocado farming systems can mostly be characterized by mixed cropping, where two or more crop species and/or cultivars are grown simultaneously on the same fields, so leading to beneficial diversification both environmentally and economically (Gururani, 2017). Such diverse production systems are rather unique compared to the prevalent avocado monocropping systems elsewhere in the world (Serrano and Brooks, 2019; De la Vega-Rivera and Merino-Pérez, 2021) and this could be considered as comparative advantage for marketing. Comparing Hass production systems in East Africa, significant differences due to variations in altitude, climate, soil, farming practices, market orientation, infrastructure and levels of commercial development are indeed exhibited among Uganda, Kenya, and Tanzania. Uganda’s avocado sector is currently rather focused on traditional varieties for local markets and has currently limited commercialization and export capacity. In contrast, Kenya leads avocado exports with well-developed farming systems, infrastructure, and a well-established focus on Hass production with adoption of good agricultural practices and intensive production techniques (including increased attention to practices of pruning, training, and staking). Being in between both situations, Tanzania seems an emerging player, balancing both local and export markets, with increasing investments in more intense production practices and technology adoption.

Similar as in Kenya (Muriithi and Kabubo-Mariara, 2022), the avocado sector in Uganda is currently dominated by middle-aged male farmers, who own small to medium sized fields engaging both family and hired labor (Dijkxhoorn et al., 2019). In contrast, male farmers in Kenya were younger and more educated than female and had more access to resources (Quisumbing and Pandolfelli, 2010), which according to Geoffrey et al. (2013) enabled them to engage in production of profitable high-value crops like avocado,

Farm and field size positively influences mechanization, implementation of soil analyses, input use (i.e., mineral fertilisers, pesticides, drip irrigation technology), and access to agronomic and food safety and quality advice. The latter aligns with the findings of Muriithi and Kabubo-Mariara (2022), identifying farm size as a key collateral that determines the resources (time and finance) a farmer invests in agricultural technology and the decision to participate in commercial farming. This advocates for further intensification of production or expansion of the avocado farms (Marinus et al., 2022).

It is striking that almost all avocado farmers in Uganda have the perception of having suitable and fertile soils for avocado production, while only few of them ever conducted soil analysis and while low soil fertility and soil degradation are identified as major limitations for agricultural production in East Africa (Lal and Singh, 1998; Cobo et al., 2010; Abugri and Fatunbi, 2024). In contrast to farmer beliefs, soil analyses in this study showed great variability among agro-ecological zones and avocado plots, with all soils showing limitations and/or reduced soil fertility, as also reported by Rusoke et al. (2000). The overall medium to high prevalence of organic matter in the avocado fields corresponds to the widespread use of organic manure, but attention is needed to the overall low levels of total nitrogen and low phosphorus, calcium, sulfur and boron availability. The blind application of organic manure regardless of the source and soil needs poses several risks, including contamination, nutrient imbalances and deficiencies, and the introduction of pests and diseases. Also, the observed irrational use of mineral fertilisers (i.e., too low or too high rates, in this study mostly too low or absent) may lead to nutrient mining and further soil degradation (Bashir et al., 2013; Wei et al., 2016; Haberman et al., 2020; Mitra et al., 2021; Kagumba et al., 2023). Tackling the high cost of laboratory services and advisory and investing in awareness and training on soil fertility management come out as key priorities. Therefore, future support is urgently needed to ensure that avocado farmers in Uganda get access to soil analyses and tailored soil management recommendations, which aligns with the Nairobi Declaration 2024 and the related action plan concluded at the Africa Fertiliser and Soil Health Summit 2024 (Abugri and Fatunbi, 2024). Although most of the farmers lack a soil management plan, there are effectively noticeable attempts and incentives to manage soil with environmentally friendly conservation practices like ensuring proper drainage, installing erosion bands, mulching, integrating crop residues, planting cover crops, and minimizing tillage. In contrast, Kenyan Hass avocado farmers generally possess more advanced knowledge and adopt more advanced practices in soil and nutrient management compared to their Ugandan and Tanzanian counterparts. The latter is largely attributed to better access to training, resources, and market incentives. While Tanzanian Hass avocado farmers are making progress in adopting improved soil fertility practices, Ugandan farmers lag behind primarily due to limited access to information and resources. Uganda’s climate is ideal for avocado production, with two rainy seasons, mean temperatures of 19–25°C, and an annual rainfall of 500–1,500 mm (Freshela, 2024; von Loeben et al., 2023), which is much higher than in other major avocado producing areas [like Peru (~100 mm)]. This reduces the need for irrigation and together with the vast freshwater resources of the country (i.e., 15–18% of surface area) (Konrad-Adenauer-Stiftung, 2019) it gives Uganda a competitive advantage over drier regions that rely heavily on irrigation. It is therefore also believed that avocado can be produced in Uganda in a ‘climate-smart’ way. Nevertheless, irrigation of avocado is still required for plant survival during younger stages and to achieve the genetic yield potential (Fermont and Benson, 2011), which is needed to transform from subsistence to commercial farming (Wanyama et al., 2017). Irrigation is also needed to adapt to the perceived effects of climate change, which are expressed as persistent droughts and unpredictable rainfall patterns. While less than 1 % of Uganda’s farmland is irrigated (FAO, 2012; Wanyama et al., 2017), the relatively high prevalence of (mostly drip) irrigation in avocado systems reflects the recent investments, but poor water management practices still prevail (i.e., not monitoring application rates, not having permits for water extraction, not testing water quality) and are not always aligned with Uganda’s National Water Policy (Ministry of Water and Environment, 1999). The latter was previously highlighted as a major risk arising from increased economic development (Nsubuga et al., 2014; Wanyama et al., 2017) and may pose risks of soil salinization (Karamage et al., 2017; Turyahabwe et al., 2022; Omuto et al., 2024) and contamination by organic and trace elements in used surface water, so negatively affecting crop productivity and food quality and safety (Mangiafico et al., 2009; Malakar et al., 2019). Therefore, as the avocado sector rapidly develops in Uganda, technical advice and training on sustainable water management practices is urgently needed.

Most damaging pests for avocado according to farmers in Uganda include fruit flies, false codling moths, caterpillars (Lepidoptera), aphids and mealybugs, while the major diseases include root rot and wilt (Kagumba et al., 2023). Surprisingly, a considerable number of farmers lack knowledge on key pests affecting avocado, and only a few farmers claim to implement IPM strategies. Indeed, smallholder farmers often tend to use traditional pest management practices (e.g., intercropping, hand-picking pests, etc.) that are often (though not always) regarded as eco-friendly, without actually realizing that these are theoretically classified as ‘IPM’. Additionally, while chemical pesticides are the most widely used control measures by farmers in Uganda (Rwakipamba et al., 2020; Andersson and Isgren, 2021; Yahyah et al., 2024), only very few avocado growers currently use chemicals or biopesticides, which strongly contrasts to the high and controversial pesticide usage in other major avocado production areas elsewhere in the world (Merlo-Reyes et al., 2024; Rosa et al., 2024). Indeed, avocado trees are naturally more resilient and face fewer pest challenges compared to other crops, and it is additionally reported that several production zones of avocado in East Africa naturally bear higher levels of biodiversity, resulting in reduced levels of pest insects (Toukem et al., 2022). The latter offers an additional comparative marketing advantage, but strengthened advisory services are still urgently needed to advise farmers in pest control and GAPs to ensure they can continuously meet local and international consumer demands and standards (Gonzalez, 1999; Van Boxstael et al., 2013; Granatstein et al., 2016; Hejazi et al., 2022; EFSA, 2023). Enhanced support would also help prevent any misuse associated with certain traditional methods that can negatively impact the environment and beneficial organisms. A notable example is the practice of tree smoking for insect control, observed in Kenya, False Codling Moth and Fruit Flies remain major challenges, mainly on Hass avocado, but farmers lack knowledge of the pest biology, spread patterns, and effects on the plants. It is therefore necessary to develop and disseminate sound IPM packages that are pest -, location-, and season specific. For sustainable pest management, there is an urgent need for establishing alert systems on emerging pest and diseases, and the provision of technical assistance and advice on such IPM strategies.

Interestingly, none of the consulted farmers and stakeholders mentioned the thematic of pollination management during development, implementation, and evaluation of these surveys, while it was earlier reported that optimizing pollination can increase productivity and enhance the quantitative (fruit weight and size) and qualitative (oil content) parameters of avocado fruits, thereby increasing market value (Sagwe et al., 2022; Sagwe et al., 2023). In contrast to reports from Kenya (Sagwe et al., 2021), pollination deficits are currently not widely reported in Uganda, possibly due to diverse agroecological landscapes and natural pollinator populations which may be well sustained by prevailing agroforestry- and mixed farming systems. In any case, a lack of awareness also contributes to this minimal attention to the role of pollinators in avocado yields among farmers and extension workers. Pollinator supplementation should therefore be implemented along with IPM to result in synergistic effects that can positively affect individual farmers household income (Muriithi et al., 2024). Post-harvest management of avocado is key to maintain the quality of fresh produce (Kader and Rolle, 2004; Kassim et al., 2013; Bill et al., 2014; Pokhrel, 2020), but results evidence lack of awareness which may partly be attributed to the immaturity of the sector. With only a few farmers properly understanding the production and quality aspects of Hass, urgent interventions are also needed to guide post-harvest handling. Current prevalent means of transportation and storage facilities used often lack cooling and sanitation systems, further exposing fruits to quality deterioration (Woolf et al., 2000; Kassim et al., 2013; Bill et al., 2014; Mukama and Abaasa, 2024) causing damage and post-harvest losses (Mandemaker et al., 2006; Magwaza and Tesfay, 2015). The latter calls for investments in improved infrastructure such as central cooled and sanitized packhouses and transportation chains.

With poor advice on food safety standards, GAPs, and MRLs, the observed high prevalence of side buying and mixing produce, and the absence of traceability systems, the sector currently strongly risks non-compliance possibly leading to loss of markets, as argued by Mol and Oosterveer (2015). Correspondingly, certification like GlobalGAP, Organic, SMETA, GRASP, Rainforest Alliance etc., is currently low, though dominated by organic. However, the observed production characteristics (e.g., mixed farming with low to no chemical inputs etc.) would most likely qualify for such certifications if well facilitated, advised, and record keeping improved.

Marketing of avocado fruits is currently coordinated by middlemen and a few exporters, which corresponds with Schoonhoven-Speijer et al. (2017) who highlighted the big role of middlemen in food trade systems with weak supply chains in sub-Saharan Africa. Hass produced in Uganda is currently delivered to fresh produce exporters selling to the European Union and the Middle East and domestic oil processors who also absorb excess and low-quality fruits. However, the relatively low volumes exported contrasts with the situation in Kenya, where exporters supply large volumes of branded Kenyan Hass avocados to international supermarket chains (Heher and Steenbergen, 2021), and it is assumed that part of Ugandan produce is absorbed in this Kenyan value chain.

The observed fixed prices benefit mostly middlemen and exporters (Minot, 2011; Oya, 2012), leading to lower prices and revenue for farmers. Using several econometric models, Niguse and Mebratu (2023) showed that commercialization, pricing, and revenue of avocado by smallholder farmers in Ethiopia was influenced by the age of the household heads, land and family size, market distance and information, access to media, and volumes produced. Furthermore, the study indicated that effective use of the scarce resources like land, labor and market information increased the value of avocado fruits, and it was proposed to establish avocado market centers within growing communities to increase market participation. Also in Uganda, consolidation and better organization of avocado producers seems needed to strengthen the position of farmers, Farmers’ expression of interest in joining a marketing association or group with a central packhouse should be responded to ensure better trading relationships and compliance with sanitary and phytosanitary market requirements and standards (Siméon, 2006). Also, farmers partnering in organized production and marketing groups (BMOs), associations and cooperatives generally obtain increased margins (Candemir et al., 2021). With only half of the avocado producers in Uganda currently belonging to sectoral organisations (e.g., Avocado Association of Uganda, Suluma Foods, Avocare, or Masindi Avocoop cooperative) or out-grower schemes, these structures are mostly fragmented and poorly organized with limited resources. In contrast, the more prevalent participation of farmers in avocado BMOs in Kenya indicated that farmers with bigger orchards were more willing to join farmer organisations and contract farming than those with few trees (Muriithi and Kabubo-Mariara, 2022).

The avocado sector in Uganda shows lots of opportunities and has several comparative advantages to deploy as indicted in this study and Lutta et al. (2024) report. However, there is an urgent need for further consolidation, organisation, and support of the sector, and a large need to train farmers in responsible business conduct and sustainability of operations as advocated for by FAO (2024).


4.1 Recommendations for future interventions and support

The following recommendations and areas for future interventions are derived from the gaps and challenges identified above:


4.1.1 Improved training and capacity building

Stronger extension systems would need to be developed for the sector to provide comprehensive trainings and knowledge on farm record keeping, avocado agronomy (including tree pruning), pest/disease management (including development and dissemination of IPM strategies combined with pollinator management), soil and manure testing, and irrigation management. This includes extension of proper practices for fertilization, and integrated pest management, as well as post-harvest management like handling, packaging, and transportation.



4.1.2 Support seedling nurseries and access to certification

Establish and certify avocado seedling nurseries in each district. Growers should be supported to get access to certification, possibly through farmer associations.



4.1.3 Strengthen farmer associations, joint infrastructure and collective marketing

Encourage the development and organisation of avocado farmer groups or associations for better coordination, collective marketing, branding, value addition, and price negotiation. This should include the investment in central joint infrastructures needed for sanitized and cooled export chains.



4.1.4 Establish financial support systems and public-private partnerships

Develop affordable, farmer-centered financial systems, possibly subsidized by the government and strengthen public-private partnerships to offer extension services.





5 Conclusion

This study characterizes the small- and medium-sized avocado farming systems in Uganda. Overall, there is increasing adoption of Hass avocado targeting international export markets. Production mostly occurs under mixed cropping with limited to no use of chemical inputs or irrigation and frequent organic manure applications, which contrast to major avocado production systems elsewhere in the world, leading to several comparative advantages and opportunities. Field size positively influences the adoption of GAPs, use of inputs and mechanization, and access to agronomic and food safety advice. Several identified challenges indicate the need for more and better support and training on pest control, soil -, water-, and post-harvest management. Better organization of producers should benefit stronger marketing and investment in joint infrastructures.
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Agriculture is the economic engine of Kenyan economy since it contributes to about 24% of the real GDP. However, its contribution has significantly reduced due to climate change that has impacted negatively crop production, pasture, and animals. A cross-sectional survey was undertaken among 201 households in Endo ward, Elgeyo Marakwet County to understand the effects of climate change and feed diversity. Climate change has profoundly affected individuals along the integrated value chain, with unreliable rainfall being the most significant issue, reported by 99.5% of respondents. Contrastingly, floods during the rainy season were experienced by 15.9%, while pests and diseases were reported by only 1.5% of respondents. The findings highlight a significant gender disparity in the impact of climate change along the integrated value chain resulting in shifts and challenges that impact women, men, and youth in distinct ways. Women, particularly those over 35 years, face severe consequences such as food shortages and malnutrition (56.2%), and loss of lives due to environmental disasters (39.8%). Young females bear increased domestic responsibilities, including fetching water (86.6%), which intensifies during periods of climate stress. Men over 35 years reported substantial economic losses and the impact on agricultural productivity due to pests and diseases. Although younger males are affected, their experiences are less severe compared to older males and females. In the context of dairy goat farming, there is a gender-based specialization of tasks. Men over 35 years predominantly handle activities such as shed construction (60%), marketing (54.2%), pest and disease control (57.2%), enterprise decision-making (58.7%), breeding (58.7%), and slaughtering (64.7%). Younger males, those under 35 years, are primarily responsible for transportation (62.2%). On the other hand, women under 35 are actively involved in feeding the goats (62.7%), cleaning the sheds (57.7%), and providing water (56.7%), with a notable focus on this younger age group of women. The study underscores the need for gender-sensitive adaptation strategies to address the differentiated impacts of climate change. By understanding the specific challenges faced by various demographic groups, policymakers and development practitioners can design more effective interventions to build resilience, and ensure equitable outcomes along the integrated farming system.
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1 Introduction

Agriculture is the economic engine of Kenyan economy since it contributes to about 34% of the real GDP (Eichsteller et al., 2022). However, its contribution has significantly reduced due to climate change that has impacted negatively crop production, pasture availability, and livestock health, posing a substantial threat to food security and economic stability in Kenya (Musafiri et al., 2022).

Climate change impacts men and women differently along the integrated crop-dairy goat value chain in dry areas of Kenya. In dry areas of Kenya, the integrated crop-dairy goat value chain is particularly vulnerable to climate variability and extreme weather events. The effects of climate change are not gender-neutral; they exacerbate existing inequalities and create distinct challenges for men and women within agricultural communities (Anna Kaisa et al., 2017; Ngigi et al., 2017). Women in Kenya bear the brunt of increased workloads due to climate change. They are primarily responsible for household tasks, water collection, and caregiving. With intensified droughts and reduced water availability, women must travel further and spend more time securing these necessities, increasing their physical and emotional burden (Godoy et al., 2014). Additionally, women often have less access to critical resources such as land, credit, and agricultural inputs due to traditional gender roles and legal constraints. This limits their ability to implement effective adaptation measures and recover from climate impacts (UN-Women, 2018).

Women's livelihoods, which frequently depend on small-scale farming and livestock, are highly susceptible to climate variability. Reduced crop yields and livestock productivity can threaten household food security and income (Godde et al., 2021). Moreover, food shortages disproportionately affect women and children, leading to higher rates of malnutrition and adverse health outcomes (Beyene, 2023).

To combat these challenges, the cultivation of forage and feed crops is critical in developing resilience to climate change. Crops such as pigeon pea and orange-fleshed sweet potatoes are particularly valuable (Sapakhova et al., 2023). These crops offer multiple adaptation benefits, serving as human food, animal feed, and soil enhancers. Their versatile utility makes them ideal candidates for integrated farming systems aimed at improving climate resilience.

Men, often seen as the primary breadwinners, face increased economic pressure due to declining crop and livestock productivity. This can lead to migration in search of better opportunities, disrupting family dynamics and placing additional burdens on women (Collishaw et al., 2023). Men typically control major assets and make key agricultural decisions. Climate change challenges traditional practices, requiring new skills and adaptive strategies that must be implemented (Wang et al., 2023). The stress of dealing with economic instability and the responsibility to provide for the family can also lead to mental health issues among varied groups, compounded by the uncertainty, and unpredictability of climate impacts (Cianconi et al., 2020).

Integrating crop and dairy goat farming can enhance resilience against climate impacts. Training women in advanced livestock management practices can boost productivity and household income (Mostari et al., 2021). Community-based adaptation strategies ensure inclusive participation and knowledge sharing, with women's groups playing a pivotal role in mobilizing resources and disseminating climate-resilient practices. Developing and enforcing policies that recognize and address gender-specific vulnerabilities can enhance the effectiveness of adaptation measures, making gender mainstreaming in climate policies essential for equitable development (FAO et al., 2023). Therefore, the objective of this study is to assess the gender-differentiated impacts of climate change on integrated crop-dairy goat farming systems in Kenya, with a focus on understanding how these impacts influence labor distribution, feed diversity, and adaptation strategies.



2 Approach and methods

Recognizing the need for evidence-based strategies, a cross-sectional survey was conducted among 201 households in regions where integrated improved dairy goat and climate-smart crop farming practices are being implemented. The objective was to understand the effects of differentiated gender impacts of climate change along the integrated crop-dairy goat value chain in dry areas of Kenya and to evaluate the effectiveness of various adaptation measures. Understanding these dynamics is crucial for developing gender-sensitive strategies that enhance resilience and promote sustainable agricultural practices in these vulnerable regions.


2.1. Study site

This study was conducted in Tot Division, located in Elgeyo Marakwet County (Figure 1). Tot Division is classified as one of Kenya's ASAL (Arid and Semi-Arid Lands) zones and faces a number of difficulties, including entrenched patriarchal systems, cattle rustling, low livestock, and crop productivity. Livestock rearing and subsistence crop farming are the primary livelihoods for most households in the area.


[image: Map showing Elgeyo-Marakwet County in Kenya, highlighting its regions with different colors. A red circle marks one area labeled "Tot." To the right, a map of Kenya indicates the county's location within the country.]
FIGURE 1
 Map of the study site, Tot division. Available online at: https://www.elgeyomarakwet.go.ke/docs/HTML/toc510645892.html.




2.2. Study design, sampling procedure, and sample size calculation

Farmers who had adopted the integrated farming system were selected to participate in the survey through a multi-stage sampling technique. The first phase involved a purposeful selection of the sub-County. Subsequently, ~201 farmers from 20 farmer's groups from four locations: Mokoro, Murkutwo, Ketut, and Chechan were randomly selected from a list of 300 farmers compiled with the help of sub-County livestock and agricultural officers. These four locations are from Endo ward, Tot division and they are the main dairy goat project beneficiaries. The 201 farmers were disaggregated based on gender and age groups comprising of 63 women (over 35 years-adults), 58 men (over 35 years-adults), 42 women (under 35 years-youth), and 38 men (under 35years-youth). The sample size was based on the Krejcie and Morgan tables. A quantitative approach was employed in this study, utilizing a thematic questionnaire to gather data from the farmers on impacts of climate change, division of labor, and feed diversification.



2.3 Data analysis

The data were collected April 2023 and entered into Kobo then subjected to descriptive and inferential statistical analysis using SPSS software version 22.




3 Results


3.1 Impact of climate change among differentiated gender households

The respondents overwhelmingly reported significant experiences related to the effects of climate change along the integrated crop-dairy goat value chain, with 99.5% of the respondents highlighting unreliable rainfall as the most pronounced issue. In contrast, only 15.9% of households experienced floods during the 2022 rainy season, and the incidence of pests and diseases was minimal, tas reported by 1.5% of the farmers. The differentiated gender impacts of climate change and adaptation measures are detailed in Table 1. Women over 35 years were particularly affected by three climate change impacts as reported by the respondents food shortages and malnutrition (51.2%), crop and livestock losses due to increased pests and diseases (49.8%), and loss of life for both animals and humans due to floods and famine (44.3%). Younger women, under 35 years, primarily faced increased responsibilities for fetching water (86.6%) and food shortages coupled with malnutrition (56.1%). Men over 35 years reported significant losses, including wealth (80.1%), crops and livestock due to pests and diseases (69.2%), and loss of life due to floods and famine (53.2%).


TABLE 1 Differentiated gender impact of climate change.

[image: Table showing the impact of climate change on different age and gender groups. Categories include loss of lives, crops, responsibilities, wealth, and food shortage. Percentages compare females and males aged eighteen to thirty-five and over thirty-five years. Key findings include higher impact on older males in most categories, except increased responsibilities.]



3.2 Gendered division of labor in dairy goat farming

Climate change has significantly impacted gender roles and responsibilities in livestock farming, leading to shifts and challenges that affect women, men, and youth differently. In the context of dairy goat farming, there is a gender-based specialization of tasks. Men over 35 years predominantly handle activities such as shed construction (60%), marketing (54.2%), pest and disease control (57.2%), enterprise decision-making (58.7%), breeding (58.7%), and slaughtering (64.7%). Younger males, those under 35 years, are primarily responsible for transportation (62.2%). On the other hand, women under 35 are actively involved in feeding the goats (62.7%), cleaning the sheds (57.7%), and providing water (56.7%), with a notable focus on this younger age group of women (Table 2).


TABLE 2 Division of labor among different gender and age categories in dairy goat farming management practices.

[image: Table showing the percentage of respondents reporting the influence of climate change on labor distribution by gender and age. Categories include construction of sheds, purchase of goats, shed cleaning, marketing, pest and disease control, transportation, slaughtering, water provision, purchase of input, feeding, enterprise selection, breeding, and control of income. Data is divided into male and female respondents aged eighteen to thirty-five and over thirty-five. For example, shed construction is influenced most by males over thirty-five at sixty percent, whereas feeding is highest among young females at sixty-two point seven percent.]



3.3 Feed diversity to sustain dairy goat farming

In dairy goat farming, a wide variety of plant materials are used as animal feed. A total of 15 plant species were reported, each contributing to the feed in different proportions (Table 3). Lucerne (100%), sweet potatoes (83.3%), Grevillea (75%), Napier grass (57.1%), and acacia pods (50%) were the most significant contributors. These plants are cultivated on a small scale, with the largest farm being 2.5 acres dedicated to Napier grass and the smallest being 0.02 acres for pigeon pea.


TABLE 3 Types of animal feeds, size of land utilized in cultivation, and their proportional contribution to the dairy goat feeding system.

[image: Table showing animal feeds' contribution to dairy goat feeding, with average land space required. Acacia contributes 50% using 0.47 acres. Lucerne contributes 100% using 0.27 acres. Sweet potatoes contribute 83.3% using 0.21 acres. Other feeds like bananas, cassava, and pigeon peas have varying contributions and land uses. Items like mangoes, pawpaw, and star grass contribute 0%.  ]



3.4 Feed distribution throughout the years in dairy goat farming

In dairy goat farming, the availability and distribution of feed resources throughout the year are crucial for maintaining animal health and productivity. The contributions of various feed sources fluctuate based on seasonal availability. Acacia pods (74%), crops straws (68%), and weeds (65%) were reported to moderately contribute to the feed of the dairy goats in a calendar year. While the contribution from pigeon pea and sweet potatoes was low at 62% and 69%, respectively. However, Napier grass (42%) and grass (41%) were reported to highly contribute to the animal feed throughout the year as indicated in Figure 2.


[image: Bar chart showing feed contribution over a year in percentage. Categories include sweet potatoes, weeds, pigeon pea, crop straws, Acacia pods, grass, and Napier grass. Bars represent low (blue), moderate (orange), and high (gray) contributions. Sweet potatoes have the highest moderate contribution, while Napier grass has the lowest.]
FIGURE 2
 Reported contribution of varied plants to animal feeds.





4 Discussion


4.1 Impact of climate change among differentiated gender households

As water sources become scarcer due to drought, younger women are tasked with fetching water, a responsibility that intensifies during climate stress (Rao et al., 2019). This added responsibility can take a toll on their time and health, limiting their capacity to engage in other productive activities, including education or income-generating work.

These findings corroborate existing research, emphasizing that women, particularly older women, are more vulnerable to climate change effects than men, reflecting gender inequalities in access to resources, decision-making, and responsibilities within households (UN Women, 2009). This underscores the need for gender-responsive adaptation strategies that address the specific vulnerabilities and needs of different household members.



4.2 Gendered division of labor in dairy goat farming

The division of labor revealed by this data suggests that gender-specific adaptation strategies may be necessary. For instance, women's roles in ensuring animal health and productivity might require targeted interventions that provide them with better access to resources like feed and water, as well as training in improved livestock care techniques. Meanwhile, men may need support in areas like disease control, marketing, and breeding to better manage the impacts of climate variability.

Gender-based task specialization in dairy goat farming continues to shape how different groups experience the impacts of climate change. Women, particularly young women, bear the brunt of tasks related to animal care, while men focus more on technical and market-related aspects of farming (Botreau and Cohen, 2020). These differences in roles underscore the need for gender-sensitive approaches to climate adaptation, ensuring that both men and women receive the necessary support to manage the increasing challenges in the integrated crop-livestock value chain.



4.3 Adaptation measures along the integrated crop-dairy goat value chain

The adaptation measures observed along the integrated crop-dairy goat value chain demonstrate a reliance on diverse plant species to sustain dairy goat farming, which is crucial in areas affected by climate change. The use of 15 different plant species as animal feed highlights the farmers' adaptive strategies to cope with environmental challenges, ensuring that their livestock has a continuous supply of nutrition even during adverse conditions.

Lucerne, sweet potatoes, pigeon pea, Grevillea, Napier grass, and acacia pods stand out as the most significant contributors to animal feed, with Lucerne being universally used by all farmers. The prominence of these species indicates their adaptability and resilience to the local climate, making them reliable sources of feed (Vendramini et al., 2023). For instance, Lucerne is known for its high nutritional value and drought tolerance, making it an essential crop in areas prone to unreliable rainfall.

The small-scale nature of cultivation, with farm sizes ranging from 2.5 acres for Napier grass to as little as 0.02 acres for pigeon pea, reflects the constraints faced by farmers, such as limited land availability and resources. Despite these challenges, the farmers have diversified their feed sources, which is a crucial adaptation measure. This diversity reduces the risk of feed shortages, which could occur if a single crop fails due to climate variability (Vernooy, 2022).



4.4 Feed distribution throughout the years in dairy goat farming

The results highlight the importance of feed distribution throughout the year in sustaining dairy goat farming, particularly in regions where climate variability affects agricultural productivity. The data indicates that certain feed resources, such as Napier grass and regular grass, are vital in maintaining a consistent supply of nutrition for dairy goats, contributing significantly to their diet year-round. These grasses are likely favored due to their resilience and ability to grow across various seasons, ensuring a steady feed supply even during periods of climatic stress (Vendramini et al., 2023).

In contrast, other feed sources like acacia pods, crop straws, and weeds, while still contributing moderately to the diet, may be more seasonally dependent. Their availability likely fluctuates throughout the year, making them less reliable as consistent feed sources (Rojas-Downing et al., 2017). Despite their lower overall contribution, they still play a critical role in supplementing the goats' feed, especially during times when primary feed sources like grass might be less abundant.

The lower contribution from pigeon pea and sweet potatoes suggests that these feed resources are either less available or less utilized throughout the year. This could be due to their growth cycles, limited cultivation areas, or competition with human food needs. However, their inclusion in the feed, even at lower levels, provides essential variety and nutrients that contribute to the overall health of the livestock (Abebe, 2022).




5 Conclusion

These results indicate that women's roles in dairy goat farming are labor-intensive and essential to the day-to-day running of the farm, particularly in aspects of animal care that require consistent attention. Their involvement in feeding and cleaning also suggests that women are more directly engaged in tasks that contribute to the health and productivity of the livestock.

Addressing these gender-differentiated impacts requires targeted adaptation measures. Gender-specific adaptation strategies may be necessary. For instance, women's roles in ensuring animal health and productivity might require targeted interventions that provide them with better access to resources like feed and water, as well as training in improved livestock care techniques. Meanwhile, men may need support in areas like disease control, marketing, and breeding to better manage the impacts of climate variability.

The year-round distribution of feed for dairy goats in Elgeyo Marakwet County relies on a combination of high, moderate, and low-contributing feed sources. Strategic management practices are essential to maximize the utility of these feed resources, ensuring the health and productivity of dairy goats. The data highlights the importance of maintaining diverse fodder systems to cope with seasonal variations and to enhance food security for both livestock and the farming communities.

The characterization of feed utilization in dairy goat farming demonstrates a reliance on a mix of common and highly nutritious plants. While Napier grass is the most commonly used, Lucerne, sweet potatoes, Grevillea, and acacia pods contribute significantly to the diet of dairy goats, ensuring a balanced nutritional intake. The small-scale nature of farming these plants underscores the need for efficient land use and targeted agricultural practices to maximize productivity and sustainability in dairy goat farming.
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Introduction: The rapid digitalization of agriculture in East Africa has spurred the adoption of precision fertilization tools, which optimize nutrient application and enhance crop yields. However, the extent of digital technology adoption, its benefits, and the challenges smallholder farmers face in the region remain unclear.
Methods: A systematic review adhering to PRISMA guidelines assessed the adoption of digital technologies for precision fertilization in East Africa. A comprehensive search of English-language studies published between 2010 and 2024 resulted in fifteen studies that met the inclusion criteria.
Results: The review highlights digital solutions that assist smallholder farmers in sustainable resource management, including mobile applications, ICT tools, Variable Rate Application (VRA), and AI/ML technologies. Reported benefits include improved crop productivity, increased economic efficiency, and enhanced environmental sustainability. However, issues with data accuracy, limited access to technology, affordability constraints, and low digital literacy hinder widespread adoption.
Discussion: The findings emphasize the need for further research and the development of tailored strategies to enhance digital agricultural practices in East Africa. Addressing socioeconomic and infrastructure challenges is crucial to ensuring equitable access and maximizing the effectiveness of digital precision fertilization tools. This review provides valuable insights to support stakeholders in developing sustainable, data-driven agricultural frameworks to improve regional food security.

Keywords
 precision fertilization; digitalization; precision agriculture; East Africa; variable rate application (VRA)


1 Introduction

Precision agriculture is an innovative approach to farming that utilizes advanced technology to optimize crop yields while minimizing resource usage and environmental impact (Finger et al., 2019). In East Africa, where agriculture is a major contributor to the economy and a significant source of livelihood for millions of people, the adoption of precision agriculture has the potential to revolutionize the sector (Mapiye et al., 2021). Fertilization is one of the most important aspects of crop production, and it is critical to achieve optimal yields and improve food security. However, fertilizer application is a complex process that requires careful management to ensure nutrients are applied efficiently and effectively (Ju and Christie, 2011). The use of fertilizers can also have significant environmental and economic consequences, which need to be considered. Environmental impacts of fertilizer usage include soil and water pollution, greenhouse gas emissions, and biodiversity loss (Savci, 2012). Excessive use of nitrogen fertilizers can lead to nitrate leaching, which can contaminate groundwater and cause harmful algal blooms in lakes and rivers (Bashir et al., 2013). Phosphorus runoff from fertilizers can contribute to eutrophication, leading to oxygen depletion and fish kills (Kleinman et al., 2011). The economic effects of fertilizer use are also significant. The cost of fertilizers is a major expense for farmers, particularly sub-Saharan Africa (including and mostly East African countries), where studies show that fertilizer prices are considerably higher than other developing countries. The price volatility of fertilizers can impact agricultural production costs and food prices (Chianu et al., 2012). This complexity of fertilizer application explains the need for precision fertilization, which is gaining popularity to deliver the right amount of nutrients to crops at the right time, leading to increased yields and better-quality produce (Quebrajo et al., 2015).

In recent years, there has been a growing interest in utilizing mobile apps, information and communication technologies (ICTs), variable-rate applications (VRA), artificial intelligence (AI), and machine learning (ML) to optimize fertilizer use and enhance crop yields in East Africa. Applying these technologies for site-specific fertilizer application offers a practical solution to the challenges facing both large enterprises and smallholder farmers in the region, including soil degradation, nutrient depletion, and water scarcity. While these technologies have the potential to revolutionize fertilizer application and improve agricultural productivity in East Africa, their adoption comes with challenges and risks, necessitating careful consideration to ensure sustainable and equitable implementation.

Adopting digital technologies for precision fertilization aligns with the broader goal of establishing sustainable food production systems in East Africa. By minimizing input waste, improving soil health, and maximizing yields, these technologies offer scalable solutions to critical sustainability challenges.

Despite global advancements in precision agriculture, the adoption of digital technologies in East African agriculture remains underexplored, presenting a critical research gap. This study seeks to address this gap by systematically reviewing the adoption, benefits, and limitations of precision fertilization technologies in the region. Our primary objective is to offer a comprehensive understanding of current adoption trends and to identify key challenges and opportunities for future research.

This review aims to provide a comprehensive analysis of these technologies’ current state and impact on fertilization in East Africa, as well as to identify opportunities and challenges for their adoption in the region.



2 Methodology

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) method was employed to collect and sort out different research materials to prepare this review article. The PRISMA method is a systematic approach that enables the researcher to identify, screen, and select relevant studies for inclusion in the review (Page et al., 2021). The review process involved a comprehensive search in different online databases such as Google Scholar, Science Direct, and Scopus for studies that examined the adoption, benefits, and losses of digitalization of precision fertilization in East Africa. The search was conducted in June 2024 using a combination of the following keywords; “digitalization,” “precision fertilization,” “East Africa,” “adoption,” “benefits,” and “losses” and was limited to articles published between 2010 and 2024. The search results were then screened based on predefined inclusion and exclusion criteria, and the full text of the selected studies was reviewed to extract relevant data. The inclusion criteria used to select studies were as follows:

	i. Relevance to precision fertilization using digital technologies: Studies had to be directly related to the central topic of precision fertilization and the use of modern digital technologies such as mobile applications, information and communication technologies (ICTs), variable rate application (VRA), artificial intelligence (AI), and machine learning (ML) in East Africa. This included research that specifically focused on or was conducted within East African countries and studies on precision fertilization technologies with applications or implications for the East African context. The role of digitalization in enhancing precision agriculture practices and overcoming agricultural challenges in the region was emphasized (e.g., Finger et al., 2019; Krell et al., 2021).
	ii. Reporting of benefits or barriers to adoption: Studies need to report either the benefits or losses associated with precision fertilization technology adoption. Benefits might include improved crop productivity, environmental sustainability, and economic efficiency, while barriers could include technical, socio-economic, and infrastructural limitations specific to East Africa (Mapiye et al., 2021; Dara et al., 2022). The technologies and methods examined in each study were reviewed to identify those most relevant to East African agricultural practices, such as mobile applications tailored for smallholder farmers or AI systems adapted to limited connectivity environments.

Thirty-eight articles were found relevant to the study and selected. The limited number of studies included in this review reflects the emerging nature of digital precision agriculture in East Africa. This scarcity not only indicates a research gap but also highlights an opportunity to explore and establish best practices for technology adoption in this context.

Data extraction was done using a standardized data extraction form, and the quality of the studies was assessed using a predefined set of criteria, as presented in Figure 1. Finally, the findings from the selected studies were synthesized and summarized to provide a comprehensive overview of the topic.

[image: Flowchart illustrating the selection process for a review. Initially, 704 articles were retrieved from databases including Sciencedirect, Scopus, Google Scholar, and other sources. After removing 57 duplicates, 647 articles remained. Screening removed 549 irrelevant articles, leaving 98. Quality control removed 60 ineligible articles, resulting in 38 eligible articles included in the review.]

FIGURE 1
 PRISMA flow diagram for this review. A total of 704 articles were collected and 38 articles were selected for review after screening.




3 Results


3.1 Overview of findings by technology type

In our systematic literature review, we identified four primary constructs in the application of digital technologies for precision fertilization in East Africa. Tables 1, 2 summarizes these constructs, technologies, benefits, challenges, and key stakeholders.

	• Among the studies reviewed, 43% center on mobile applications such as SoilDoc, the Fertilizer Optimization Tool (FOT), and SoilCares. These applications offer real-time soil analyses and personalized fertilizer recommendations to assist farmers. The reported benefits of these mobile applications include enhanced nutrient management and crop productivity. However, the studies also emphasized that limited access to these tools persists due to cost and infrastructure constraints, particularly in rural areas, thereby constraining adoption among smallholder farmers.
	• 30% of the studies focus on ICT tools like soil sensors, GPS mapping, and UAVs. These tools help to assess soil moisture, temperature, and crop health, allowing for more precise and efficient fertilizer applications. This not only reduces input waste but also minimizes environmental impact. However, the adoption of ICTs faces barriers such as high costs and the technical expertise required for use and maintenance. This can limit accessibility for smallholder farmers and community cooperatives.
	• Variable rate application (VRA) is highlighted in 20% of the studies as a practice that allows for the differential application of fertilizer based on soil variability across field zones. Research indicates that VRA contributes to increased yield and profitability, particularly for maize and rice crops, while also reducing nutrient runoff for the benefit of soil and water health. However, the high initial cost and calibration requirements of VRA technology make it financially unattainable for many smallholder farmers, thus limiting its widespread adoption.
	• In 27% of the studies, AI and ML technologies have been found to enhance decision-making in fertilizer applications by analyzing intricate datasets related to soil, crops, and climate. For instance, research conducted in Kenya and Rwanda has demonstrated that AI-driven recommendations have led to improved yields by optimizing the timing and quantity of fertilizer usage. However, challenges such as data privacy issues and potential biases in algorithmic recommendations still exist. These limitations underscore the necessity for frameworks that address data ownership, ethical considerations, and localized model training to ensure accuracy. Most recently, authors discussed in 27% of the studies that artificial intelligence (AI) and machine learning (ML) technologies improve decision-making in fertilizer applications by analyzing soil, crop, and climate data. Studies from Kenya and Rwanda showed promising results in enhancing yield through optimized fertilizer recommendations, although limitations include data privacy concerns and algorithm biases.



TABLE 1 Summary table showing the current state of art for the adoption of precision fertilization technologies in East Africa.
[image: Table listing technologies and activities related to agriculture, accompanied by references. Section 1 describes mobile apps like SoilDoc, Fertilizer Optimization Tool, SoilCares, and Yara imageIT for fertilizer recommendations. Section 2 covers ICTs, including soil sensors, satellite images, and UAVs for monitoring soil and nutrient levels. Section 3 focuses on VRA technique studies showing increased yield and profitability. Section 4 details AI and ML advancements for optimizing fertilizer use, developed in Kenya and Rwanda. References are provided for each entry.]



TABLE 2 Benefits and drawbackds of the tecprecision technologies.
[image: A table comparing various digital technologies used in agriculture. It includes constructs like precision fertilization and crop monitoring, detailing associated technologies such as mobile apps and ICT tools. Benefits include enhanced nutrient management and improved data, while drawbacks cover limited access and high costs. Stakeholders range from farmers to researchers, with sources cited for each construct.]



3.2 Quantitative summary

Of the 38 studies included in this review, the majority (53%) were empirical studies, 34% were case studies, and 13% were systematic reviews focused on the impact of digitalization in precision fertilization within specific East African contexts. Geographically, most studies were conducted in Kenya, Tanzania, and Rwanda, suggesting a need for expanded research on precision agriculture technologies in other East African countries with distinct agroecological zones and varying levels of agricultural infrastructure.



3.3 Limitations in current literature

Our analysis reveals several limitations in the existing literature. First, a significant gap exists in long-term studies assessing the lasting impacts of digital precision fertilization on soil health, crop productivity, and environmental sustainability. Additionally, research on the scalability of these technologies across diverse East African settings is sparse, limiting our understanding of how digital tools might perform under different socioeconomic and agroecological conditions. Future studies should also aim to increase the sample size and include a wider range of regions to better capture the variability in digital agricultural practices across East Africa.




4 Scope and status of precision fertilization in East Africa

Precision fertilization is an innovative farming practice that aims to increase crop yields and reduce fertilizer use by tailoring the nutrient application to the specific needs of individual plants or fields (Schimmelpfennig, 2018). Figure 2 depicts an overview of the precision fertilization process. Despite the potential benefits of precision fertilization, its adoption in developing countries, especially East African countries, is still in its early stages. However, there is growing interest and investment in the technology from governments, research institutions, and private sector players. A study by Nguyen et al. (2023) identifies several factors hindering the adoption of this technology in developing countries, including the technical complexity, limited access to capital and credit, inadequate infrastructure, and lack of technical knowledge and awareness among farmers. Several initiatives have been launched to address these challenges and promote the adoption of precision fertilization in East Africa. For example, the African Plant Nutrition Institute has established a program to train extension workers and farmers on precision fertilization technologies. Similarly, the Alliance for a Green Revolution in Africa has launched a project to promote precision fertilization among smallholder farmers in Kenya and Tanzania.

[image: Flowchart illustrating a precision agriculture process. It starts with data collection via satellite and soil sensor, leading to data analysis and decision making. This informs fertilizer mixing and application using a tractor and drone. Next, variable application zones are identified with heat maps, resulting in increased crop yield. The cycle ends with a happy farmer.]

FIGURE 2
 An overview of the precision fertilization process.


Overall, the literature suggests that precision fertilization is promising for improving agricultural productivity, sustainability, and environmental outcomes in East Africa. While several challenges remain, the concerted efforts of various stakeholders bode well for the technology’s future adoption and expansion.


4.1 Adoption of mobile apps in precision fertilization in East Africa

While the use of mobile phones has been everyday in developed countries for decades, developing countries, especially East African countries, have only recently seen a surge in mobile phone usage. In Tanzania’s example, there has been a rapid increase in mobile phone usage, with over 57 million cellular mobile connections nationwide, equivalent to 86% of the total population. Evidence shows that mobile phones have helped to improve the livelihoods of poor and marginalized people in Tanzania (Baird and Hartter, 2017). A study examining the relationship between mobile phone usage and smallholder agricultural productivity in Tanzania revealed that farmers who owned and used mobile phones to get different agricultural information services significantly increased their agricultural productivity compared to their counterparts (Quandt et al., 2020). Another similar study by Krell et al. (2021) found that smartphones were a significant factor in accessing agricultural information services in Kenya. With the rise of smartphone technology, a new generation of mobile apps has emerged that can help farmers implement precision agriculture more effectively. These apps use advanced sensors, data analysis, and machine learning algorithms to provide farmers with real-time information and recommendations on fertilizer application, irrigation, and other essential factors that affect crop growth (Mendes et al., 2020).

One such app is the SoilDoc app, a mobile integrated package for soil fertility management developed collaboratively by the Agriculture and Food Security Centre of Columbia University New York and the University of Maryland (Dimkpa et al., 2017). The app uses a mobile phone camera to capture images of soil samples for assessing different soil parameters, including biologically active soil organic matter; soil moisture and texture; pH; and extractable macronutrients, nitrate-N, phosphate-P, potassium-K, sulfate-S, which are then analyzed using machine learning algorithms to provide information on soil fertility and nutrient content. This information recommends the appropriate type and amount of fertilizer to apply.

Another app is the Fertilizer Optimization Tool (FOT), developed by the Alliance for a Green Revolution in Africa (AGRA). The app provides customized fertilizer recommendations to farmers based on the crop, soil type, and other factors. The app also allows farmers to compare the cost-effectiveness of different fertilizer options, which helps farmers maximize their net return from fertilizer investments (Rware et al., 2019).

SoilCares is another mobile app that analyzes soil samples to provide farmers with customized fertilizer recommendations. The app uses advanced technology to measure soil properties such as pH, organic matter, and nutrient levels. This data is then compared to the information in the digital soil database that covers the East African countries of Tanzania, Kenya, Uganda, Rwanda and Burundi (Dimkpa et al., 2017).

Fertilizer recommendations can also be made based on the plant’s appearance. Yara imageIT is a farming App that uses crop photographs to measure the nitrogen uptake in the crop and recommend the suitable amount of nitrogen to achieve maximum yield. This App calculates nitrogen uptake based on the leaf’s green color (green area index), leaf cover (leaf area index), and the estimated fraction of brown leaves (Ogunti et al., 2018). These are just a few examples of mobile apps used in precision fertilization in East Africa. Other apps and technologies are also being developed to help farmers improve crop yields and reduce fertilizer waste.



4.2 Adoption of ICTs in precision fertilization in East Africa

The application of (ICTs) has revolutionized the way precision fertilization is carried out, enabling farmers to make informed decisions based on real-time data about their crops and the soil (Demestichas and Daskalakis, 2020). By using sensors, drones, GPS mapping, and other ICT tools, farmers can accurately assess the nutrient needs of their crops and apply fertilizers in a targeted manner, reducing waste and environmental impact while improving productivity and profitability. In recent years, the adoption of (ICTs) has enhanced the practice of precision fertilization in East Africa. Soil sensors are a standard ICT tool used in precision fertilization in East Africa. They measure soil moisture, temperature, and nutrient levels, providing farmers with real-time data to inform their fertilizer application decisions (Piikki et al., 2016). Studies have shown that using soil sensors can significantly increase crop yields while reducing fertilizer application, leading to more sustainable agriculture (Yousfi et al., 2019). Satellite images have shown potential for assessing the spatial variability of selected soil properties, which helps to determine the production restraints related to soil fertility and fix nutrient deficiencies (Mwendwa et al., 2022). Additionally, unmanned aerial vehicles (UAV) and drones for remote sensing of crop health and nutrient levels have also been adopted in precision fertilization in East Africa. The data collected by UAVs and drones can be used to inform fertilizer applications, making the process more precise and efficient (Soesilo and Rambaldi, 2018).



4.3 Adoption of VRA in precision fertilization in East Africa

VRA enables farmers to apply different rates of fertilizers to various parts of their fields, depending on the soil fertility and nutrient needs of the crops. This targeted application of fertilizers improves crop yields, reduces fertilizer use and cost, and minimizes environmental impacts such as nutrient runoff and leaching (Gorai et al., 2021). VRA is becoming increasingly popular in many regions, including East Africa, where smallholder farmers dominate the agricultural landscape. Lack of fertilizer inputs and nutrient-poor soils are among the challenges to smallholder farmers’ rice production in sub-Saharan Africa (SSA). A study by Tsujimoto et al. (2019) discussed the importance of improving nutrient efficiency in increasing fertilizer usage and rice yield. The study recommends the utilization of VRA to achieve this objective. In addition to increasing crop yields and reducing fertilizer use, VRA has also improved profitability for smallholder farmers. A study in Ethiopia found that using VRA to apply fertilizer resulted in higher net profits for maize farmers than conventional broadcasting methods (Alemaw and Agegnehu, 2019). VRA also has the potential to improve environmental sustainability by reducing fertilizer runoff and leaching. A study by Vatsanidou et al. (2020) found that using VRA to apply fertilizer reduced nutrient runoff significantly compared to conventional broadcasting methods. The study also found that VRA reduced soil acidity, which can lead to reduced crop yields and environmental degradation. While the adoption of VRA in East Africa is increasing, there are still challenges to overcome. One of the main challenges is the cost of the machines, which can be prohibitive for smallholder farmers. Another challenge is the need for technical expertise to operate and maintain the machines, which may not be available in all areas. Finally, there is a need for more research on the long-term impacts of VRA on soil health and environmental sustainability.



4.4 Adoption of AI and ML in precision fertilization in East Africa

AI and ML significantly improve precision fertilization by analyzing data from various sources, such as soil and weather sensors, drones, and satellite imagery. The analyzed data can then be used to create predictive models that can optimize fertilizers’ amount, timing, and placement (Linaza et al., 2021). In recent years, these technologies have been increasingly adopted in precision fertilization to improve crop yields, reduce costs, and mitigate environmental impacts. Several studies have investigated the potential of these technologies in precision fertilization in East Africa. Mwangi and Kamau (2016) collected data from small-scale and large-scale farmers in some maize-growing regions in Kenya to develop an AI-based innovative system with reasoning capabilities through knowledge basis and advice Kenyan farmers on the amount and type of fertilizer to use on their farms to increase yield. Another study was conducted by Nyakuri et al. (2022) to optimize fertilizer use while increasing yield production in the Eastern province of Rwanda. The study investigated the integration of IoT and a deep learning (DL) driven solution for smart fertilization and irrigation by assessing soil nutrients and soil water content dynamics. The study’s findings showed that the model could perform well with an accuracy of 91.7%, and it can work well in different environments even when deployed in remote areas with minimum internet connection. Another study done by Uwiragiye et al. (2022) used the ensemble ML approach to develop soil nutrient development models. The study was conducted under the Optimizing Fertilizer Recommendations in Africa (OFRA) project in Rwanda. The study revealed that the ensemble ML model outperformed single models in predicting soil nutrient balance.

Overall, the literature suggests that AI and ML technologies have great potential to improve precision fertilization in East Africa. By using advanced data analysis techniques and predictive models, farmers can optimize fertilizer usage and reduce costs while minimizing environmental impact. However, further research is needed to explore the scalability and effectiveness of these technologies across different crops and regions in East Africa.




5 Benefit of mobile apps, ICTs, VRA, and AI & ML in precision fertilization

Precision fertilization is a technology-driven approach that enables farmers to optimize crop yield, minimize fertilizer usage, and reduce environmental pollution. In East Africa, the adoption of (ICTs), mobile apps, VRA, and AI and ML are revolutionizing precision fertilization, bringing numerous benefits to farmers. One of the key benefits of the adoption of these technologies in precision fertilization is enhanced efficiency (Kolmykova et al., 2021). These technologies enable farmers to remotely monitor crop growth, soil conditions, and weather patterns, allowing for timely interventions. For instance, a mobile app like FarmForce enables farmers to track crop growth, record fertilizer applications, and receive weather alerts, among other things (Protopop and Shanoyan, 2016). VRA, on the other hand, enables farmers to apply fertilizers at different rates depending on the needs of the crops and soil. This precision application reduces fertilizer wastage and optimizes crop yields.

Another benefit is improved data analysis. Precision fertilization generates vast amounts of data on soil conditions, crop growth, and fertilizer usage, which can be overwhelming for farmers to analyze. However, AI algorithms can analyze this data quickly, identifying patterns and trends that can inform better decision-making. For example, AI-powered precision fertilization systems like Plantix use ML algorithms to analyze data on soil conditions, crop growth, crop nutrient deficiencies, and weather patterns, recommending fertilizer application rates based on this analysis (Beverley and Thakur, 2021).

Moreover, the adoption of these technologies in precision fertilization promotes environmental sustainability. The precise application of fertilizers minimizes fertilizer runoff, which can pollute water sources, degrade soil quality, and harm aquatic life. Additionally, remote monitoring and data analysis enable farmers to adopt sustainable farming practices, such as crop rotation and cover cropping, which enhance soil fertility and reduce the need for fertilizers.

Lastly, adopting ICTs, mobile apps, VRA, and AI and ML in precision fertilization creates economic opportunities for farmers. These technologies enable farmers to optimize crop yields, reducing input costs and increasing profits. Additionally, the data generated by precision fertilization systems can inform better marketing strategies, allowing the farmers to target specific markets and negotiate better prices for their crops.



6 Drawbacks of the adoption of these digital technologies in precision fertilization

So far, we have seen the potential mobile Apps, ICTs, VRA, AI, and ML have in revolutionizing precision fertilization. However, there are some losses associated with the adoption of these technologies. One of the significant drawbacks is technical-related losses that may occur when using these technologies. Using ICTs requires reliable and accurate data from sensors and other devices (Misra et al., 2016). Unfortunately, in East Africa, there is a lack of up-to-date data on soil nutrient content, weather patterns, and crop yields (Huadong, 2018). Without accurate and reliable data, making informed decisions on the optimal amount and timing of fertilizer application is challenging. This can lead to either under-fertilization, which results in reduced crop yields, or over-fertilization, which leads to environmental pollution and soil degradation. Also, technical issues such as sensor malfunction or data inaccuracies can lead to incorrect fertilizer applications. A study by Berazneva et al. (2018) highlights the need for more investment in soil testing facilities and data collection systems to provide farmers with reliable information on soil nutrient content and crop performance. ICTs and mobile apps in precision fertilization also face technical challenges, such as limited internet connectivity, device compatibility, and software glitches. For instance, using mobile apps for data collection and analysis requires reliable internet connectivity, which is limited in many rural areas in East Africa. In addition, the compatibility of mobile apps with different types of devices and operating systems can lead to technical glitches that affect data accuracy and reliability. Another technical challenge is the lack of standardization in precision fertilization technologies, particularly in VRA. VRA machines apply fertilizers at variable rates depending on the soil nutrient content and other factors, which require accurate and precise calibration. However, the lack of standardized calibration procedures and guidelines can result in inaccurate fertilizer application, reducing crop yields and increasing fertilizer costs.

Data privacy and security are other drawbacks of adopting these technologies in precision fertilization. Using these technologies requires collecting and sharing sensitive data such as soil composition, crop growth, and fertilizer applications. The storage and transfer of this data can be vulnerable to hacking or data breaches, which can compromise farmer privacy and security. The limited awareness among farmers and other stakeholders about the risks and vulnerabilities of precision fertilization technologies and the absence of clear data protection laws and policies expose farmers’ data to risks such as unauthorized access, data breaches, and cyber-attacks. This can lead to inadvertent disclosure of sensitive data, which can be used maliciously. Mobile apps also face data privacy and security challenges, such as data leakage, unauthorized data access, and data sharing. Mobile apps collect and store farmers’ data, including personal information, financial data, and location data, which can be sensitive and require protection from unauthorized access. Finally, using AI and ML in precision fertilization raises data privacy and security concerns such as algorithm bias, data ownership, and data breaches. The effectiveness of AI and ML models in precision fertilization depends on the quality and quantity of data used to train them. However, the ownership of data collected from precision fertilization technologies is unclear, leading to disputes over data ownership and usage rights. In addition, using AI and ML models can lead to algorithm bias, resulting in unfair and discriminatory decision-making. A study by Dara et al. (2022) recommends developing ethical guidelines for using AI and ML in precision fertilization to ensure fairness, accountability, and transparency in decision-making.

Environmental concern is another challenge associated with adapting these technologies in precision fertilization. Precision fertilization technologies can lead to more accurate fertilizer application, reducing the use of fertilizers and minimizing environmental pollution. However, adopting these technologies also requires proper management practices to prevent the accumulation of excess fertilizers in soil and water. Overusing or misusing fertilizers can lead to environmental problems such as soil degradation, water pollution, and greenhouse gas emissions. On the other hand, precision fertilization involves using sensors, GPS, and other electronic devices that can potentially increase energy consumption and greenhouse gas emissions.

Precision fertilization technologies generate large amounts of data on soil quality, crop yield, and fertilizer application rates. This data can be valuable for decision-making and improving agricultural practices. However, private companies or government agencies may own and control this data, which can limit farmers’ access to it. This can reduce transparency and accountability, impacting farmers’ ability to make informed decisions.

Precision fertilization tools and technologies can be complex, and their successful implementation requires high technical expertise. The complexity of these systems can be a barrier for some farmers, particularly those with limited technical knowledge or access to training. Nevertheless, the complexity of precision fertilization technologies can lead to unintended consequences and negative externalities. Using AI and ML in precision fertilization can lead to developing complex algorithms that may not account for local environmental and socio-economic contexts. This can lead to suboptimal fertilization practices with unintended environmental and social consequences.

Finally, the use of AI and ML in precision fertilization can raise ethical concerns about the impact of these technologies on the environment. AI and ML can lead to the development of precision fertilization technologies that can increase agricultural productivity while reducing the environmental impact of fertilizers. However, using these technologies can also lead to the automation of agricultural practices, which can displace farm labor and affect the socioeconomic well-being of farmer workers. A study by Dara et al. (2022) recommends developing ethical guidelines for using AI and ML in agriculture that can ensure the protection of the environment and the socio-economic well-being of farmer workers.



7 Conclusion

This review highlights several important research gaps, including the necessity for longitudinal studies on the environmental and economic impacts of precision fertilization technologies. Additionally, further investigation into technology scalability, data privacy, and socioeconomic barriers in East Africa is crucial to developing sustainable and inclusive digital agriculture solutions. The review emphasizes the significant potential of digital tools—such as mobile applications, ICTs, VRA, AI, and ML—in advancing precision fertilization in East Africa. While current literature demonstrates benefits such as improved yield, efficiency, and sustainability, adoption remains hindered by high costs, limited digital literacy, and infrastructure challenges. The findings also point out methodological gaps within the reviewed studies, including smaller sample sizes, regional bias, and lack of standardized reporting on digitalization impacts across East Africa. Future research should prioritize empirical studies with broader geographic and linguistic scope, addressing socio-economic barriers that hinder technology adoption.



8 Recommendations and future research

Our review was based on a limited number of open-access papers and databases. However, we recommend that studies expand their coverage to include additional countries and a more diverse range of agroecological zones within East Africa. Furthermore, it is crucial to delve into long-term studies on the impact of digital technology on soil health and crop yield. Given the potential for digital technology to compromise privacy and security in Africa, it is imperative to conduct further research addressing data privacy, security concerns, and ethical considerations associated with AI and ML in precision agriculture.
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Underutilized crops (UCs), referred to as neglected or orphan crops, play a crucial role in addressing food security, nutrition, and rural development. However, despite their nutritional, economic, and environmental benefits, their consumption remains low among smallholder farmers. This study investigates the socio-economic and perceptual factors influencing smallholder farmers’ decisions to consume UCs, focusing on taro roots (Colocasia esculenta) and sweet potatoes (Ipomoea batatas) in KwaZulu-Natal, South Africa. Using data from 300 smallholder farmers, the study applies Factor Analysis (FA) and a binary logistic regression model to identify key determinants of UC consumption. The FA revealed four main perception factors influencing farmers’ decisions: perception of production, taste, awareness, and availability of UCs. The binary logistic regression results showed that household size (p < 0.05), marital status (p < 0.01), and gender (p < 0.05) significantly influenced UC consumption. Notably, farmers’ positive perception of taste (p < 0.1) increased the likelihood of consumption, whereas a lack of awareness (p < 0.1) had a negative impact. However, contrary to initial expectations, receiving a government grant (p < 0.05) and off-farm income (p < 0.05) were negatively associated with UC consumption, indicating that financial stability does not necessarily translate into increased adoption. These findings suggest that raising awareness, addressing market constraints, and fostering positive perceptions of UCs are crucial for increasing their consumption. The study highlights the need for targeted interventions to improve UC accessibility and appeal, thereby supporting sustainable food security strategies in South Africa and other regions with similar demographics.
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1 Introduction

The Green Revolution prioritized enhancing the yields of staple crops (such as maize, rice, and wheat) while neglecting other underutilized crops (Sobratee et al., 2022). Underutilized crops (UCs), also referred to as neglected or orphan crops, include plant species that have been historically important in local food systems but have received limited attention in formal research, commercial production, and global trade (Mabhaudhi et al., 2022). While some UCs, such as taro roots, remain largely neglected, others, like sweet potatoes are globally recognized as an important cash crop and are widely commercialized (Otálora et al., 2024). However, within certain smallholder farming communities in South Africa, particularly in KwaZulu-Natal, they exhibit characteristics of an underutilized crop due to limited market access, production constraints, and shifting dietary preferences away from traditional staples (Kunene et al., 2022). Unlike truly neglected or orphan crops, which receive minimal commercial attention worldwide, sweet potatoes have significant economic importance globally but remain underutilized in specific regional contexts where smallholder farmers face socio-economic and market-related barriers (Bayiyana et al., 2024). According to Otálora et al. (2024) sweet potato is one of the root crops with economic and nutritional relevance in poor regions of developing countries in Asia, Africa, America, and the Caribbean. This crop contributes to the food security of these regions and is widely used in food preparations and pharmaceutical recipes, competing with other important root crops such as cassava, potatoes, and yams (Otálora et al., 2024). This study, therefore, classifies sweet potatoes as underutilized within the study region, acknowledging their broader commercial significance while highlighting localized challenges that limit their production and consumption.

Economically, households in low- and middle-income regions face significant constraints that limit their choice of food items (Raneri et al., 2019). These households opt for UCs as low-cost solutions, which are not only affordable but also adapted to local agronomic conditions (Raneri et al., 2019). This economic necessity drives the consumption of UCs, yet this aspect was previously under-discussed. Furthermore, market integration challenges for UCs mean that these crops do not reach mainstream markets, limiting their commercial exposure and economic viability (Sobratee et al., 2022; Mudau et al., 2022). Improved market access and integration can, therefore, not only boost the economic incentives for cultivating UCs but also enhance their consumption among wider populations (Ndlovu et al., 2024; Ali and Bhattacharjee, 2023). UCs like taro roots (Colocasia esculenta) and sweet potatoes (Ipomoea sweet potatoes) hold significant importance for their nutritional value and cultural relevance. These crops have been staples in the diets of rural communities, traditionally grown for household consumption and local markets (Mabhaudhi et al., 2016; Mabhaudhi et al., 2022).

The African Orphan Crops Consortium is working to enhance the genetic resilience and quality of underutilized crops (UCs) in response to climate change, aiming to diversify agricultural production and consumption (Akpojotor et al., 2025; Ismail et al., 2023). However, compared to staple crops, breeding efforts for UCs have historically received limited investment, contributing to their continued marginalization in agricultural systems (Chandra et al., 2020). Various factors, such as the dominance of multinational food corporations, government subsidy patterns, and the relatively low prioritization of UCs in crop improvement programs, have driven a shift toward the consumption of major staple crops (Revoredo-Giha et al., 2022; Li et al., 2020; Ali and Bhattacharjee, 2023). While interventions in production are essential, addressing demand challenges through promoting the consumption of UCs and products derived from them remains crucial.

Enhanced demand for underutilized crops (UCs) can generate better economic returns for smallholder farmers by creating stable markets and increasing the value of these crops, ultimately serving as a strategy to combat poverty (Ndlovu et al., 2024). Studies have shown that the commercialization of indigenous crops, such as African leafy vegetables and drought-resistant legumes, has improved farmers’ incomes and livelihoods, particularly in rural areas with limited access to mainstream agricultural markets (Zondi et al., 2022a; Bokelmann et al., 2022; Mabhaudhi et al., 2022; Mabhaudhi et al., 2016; Ndlovu et al., 2024). Furthermore, UCs contribute to dietary diversity by offering essential micronutrients lacking in staple-dominated diets. For example, orange-fleshed sweet potatoes, rich in vitamin A, have been successfully promoted to address vitamin A deficiency in African countries (Mchiza et al., 2024; Beal and Ortenzi, 2022). Increasing consumption of UCs also presents a viable strategy to counter the growing reliance on highly processed, nutrient-poor foods, which have been linked to rising rates of obesity, diabetes, and non-communicable diseases (Li et al., 2020). Thus, promoting UCs through awareness campaigns and improved market access can simultaneously enhance farmer livelihoods and public health outcomes (Shembe et al., 2023).

Mainstream agriculture marginalizes UCs, which hold significant importance for smallholder farmers in developing countries where they can serve as a source of high-nutritional-value food and income (Sobratee et al., 2022; Zulu et al., 2022). Taro roots (Colocasia esculenta) and sweet potatoes (Ipomoea batatas) are among the underutilized tubers in KwaZulu-Natal (KZN) (Mabhaudhi et al., 2017), and they hold significant importance for both their nutritional value and cultural relevance (Mabhaudhi et al., 2017). These crops have long been staples in the diets of rural communities, traditionally grown for household consumption and local markets (Kunz et al., 2024). Taro roots are rich in carbohydrates, fiber, and essential micronutrients such as potassium and vitamin C, contributing to improved food security and nutrition in these communities (Mabhaudhi et al., 2022; Mabhaudhi et al., 2016; Mudau et al., 2022). Sweet potatoes, similarly, offer a high yield of vitamins A and C, making them an important crop in combating malnutrition (Low et al., 2020). Moreover, these tubers are well-suited to the climatic conditions of KZN, as they are drought-tolerant and thrive with minimal agricultural inputs, making them a sustainable choice for smallholder farmers (Gouveia et al., 2020). Underutilized crops (UCs) play a crucial role in enhancing human nutrition, generating income for smallholder farmers, and preserving cultural food diversity (Nkwonta et al., 2023). Despite these benefits, underutilized crops have been largely overlooked in favor of staple crops such as rice, wheat, and maize, which dominate global agricultural systems due to higher investments in research, commercialization, and policy support (Li et al., 2020; Odeku et al., 2024). This neglect has led to a limited focus on the cultivation, nutritional profiling, and genetic improvement of UCs, restricting their potential contribution to food security and rural development (Odeku et al., 2024).

While several studies have examined the nutritional and health benefits of UCs, research on the socio-cultural and economic factors influencing their consumption remains limited, particularly in KZN, South Africa (Mbosso et al., 2020; Omotayo and Aremu, 2020; Ali and Bhattacharjee, 2023). In KZN, a region where smallholder farming plays a critical role in rural livelihoods, UCs such as taro roots (Colocasia esculenta) and sweet potatoes (Ipomoea batatas (L.) Lam.) have historically been part of traditional diets (Mabhaudhi et al., 2016; Ndlovu et al., 2024). However, their consumption has declined due to factors such as market constraints, shifting dietary preferences, and inadequate policy support (Chivenge et al., 2015). Despite their agronomic adaptability, there is insufficient research on the socio-cultural and economic drivers affecting UC consumption in KZN. Understanding these factors is essential for designing policies that promote the sustainable production and integration of UCs into local food systems (Omotayo and Aremu, 2020). Therefore, this study primarily investigates the consumption of underutilized crops (UCs) among smallholder farmers in KZN. While other smallholder farmers cultivate their own food, this study does not assume that all consumers grow these species themselves. Instead, it considers both home-grown and purchased sources, acknowledging that various socio-economic and market-related factors influence UC consumption patterns. By analyzing these factors, this study provides insights into how consumption choices are shaped by availability, accessibility, and perception, whether the crops are self-cultivated or obtained through external means.



2 Analytical framework

The study used a random utility theory (RUT). At the household level, the decision to consume UCs is based on random utility theory (McFadden, 2012). The RUT assumes that a farmer, as a utility maximizer, would consume UCs if the expected utility from their consumption (𝑈𝑖 𝑀) is greater than when they do not consume (𝑈𝑖 𝑁). That is, a farmer chooses to consume UCs if the net utility, 𝑈𝑖∗, i.e., (𝑈𝑖 𝑀− 𝑈𝑖 𝑁) is greater than zero. The unobserved net utility can be expressed as a function of observable elements in the following latent variable model as shown in Equation 1:

[image: Equation illustrating a model: U subscript i asterisk equals alpha times X subscript i plus epsilon subscript i, with U subscript i equalling one if U subscript i asterisk is greater than zero.]

Where 𝑈𝑖 is a dummy variable that equals 1 for smallholder farmer [image: It seems there's an issue with displaying the image. Please upload the image file directly or provide a valid URL.] in case of consumption and 0; otherwise, α is a vector of parameters to be estimated, Xi is a vector of household and farmer characteristics, and εi is an error term.



3 Research methodology


3.1 Study area

Figure 1 illustrates the study area, which includes two rural communities: Swayimane, located in the uMgungundlovu Municipality, and Umbumbulu, situated in the eThekwini Municipality. These two municipalities are among the largest in KwaZulu-Natal Province. We selected these areas due to their socio-economic and demographic characteristics. Umbumbulu lies southwest of Durban, approximately 19 km from the Indian Ocean, while Swayimane is about 45.5 km from Pietermaritzburg, a central town between Durban and the Drakensberg Mountain range (Cele and Mudhara, 2024). Proximity to major towns plays a critical role in shaping food accessibility and economic opportunities, particularly in rural communities (Berkhout et al., 2023). This study primarily focuses on Swayimane, which receives annual rainfall ranging from 600 to 1,100 mm (Cele and Mudhara, 2024) and is part of the humid midlands within the mist belt. Temperatures range between 11.8 and 24.0°C, with dry winters and warm, wet summers (Cele and Mudhara, 2024). The dominant soil type in this region is clay loam, known for its high productivity, making it suitable for various agricultural activities (Cele and Mudhara, 2024).

[image: Map of South Africa highlighting the KwaZulu-Natal province in gray. Within it, Swayimana is marked in blue and Umbumbulu in green. A legend indicates the areas, with a scale bar and compass for orientation.]

FIGURE 1
 Location of study sites in KwaZulu-Natal (Cele and Mudhara, 2024).


Umbumbulu’s 956 millimeters of annual precipitation falls between November and March, making it an abundant amount for agriculture (Ngcobo, 2019; Hlatshwayo, 2018). Farmers in our study areas typically begin their planting season in September or October, just before the expected start of the rainy season. However, due to recent delays in rainfall likely caused by climate change, farmers have adapted by postponing their planting until the rains arrive (Olabanji et al., 2020). This adjustment ensures that planting coincides with optimal soil moisture conditions, which is crucial for crop growth and yield (Olabanji et al., 2020). According to Cele and Mudhara (2024), Umbumbulu experiences a maximum temperature of 24.0°C and a minimum of 13.4°C, creating favorable conditions for agriculture. Approximately 15% of the land in Umbumbulu is highly suitable for year-round farming, while an additional 9% is fertile but less ideal for intensive agriculture. Cele and Mudhara (2024) further emphasize that Umbumbulu’s climate is well-suited for the cultivation of diverse crops, including taro and sweet potatoes, with dryland farming being feasible throughout the year.



3.2 Data collection and sampling

This study employed a structured questionnaire to collect data on socio-economic, behavioral, and perceptual factors influencing underutilized crop (UC) consumption among smallholder farmers. The questionnaire was divided into four key sections: demographic and household characteristics, economic and institutional factors, market and behavioral factors, and perception variables. Each variable was measured using categorical, continuous, or factor score-based scales, ensuring compatibility with statistical analysis (Boateng et al., 2018).

To ensure accuracy and reliability, the study used a combination of structured questionnaires, face-to-face interviews, and tablet-assisted data collection. The structured questionnaire was selected to ensure consistency across respondents and facilitate statistical analysis. It contained closed-ended and Likert-scale questions, which allowed for quantifiable responses, reducing interviewer bias (Karunarathna et al., 2024). Structured questionnaires are widely used in agricultural research as they enhance data comparability and standardization across large sample sizes (Harkness et al., 2010). Face-to-face interviews were conducted to enhance comprehension and accuracy in responses, particularly in rural areas where literacy levels may vary. Trained enumerators fluent in isiZulu conducted the interviews, ensuring respondents fully understood the questions. This method also helped to clarify ambiguous responses and reduce misinterpretation. Digital data collection using tablets was incorporated to minimize transcription errors, improve efficiency, and allow real-time data validation (Kalibbala et al., 2022). Given the large sample size (300 households), tablet-based data collection reduced data entry delays and improved data accuracy by eliminating the need for manual transcription.

A sampling frame of 1,365 farming households cultivating UCs was obtained from the Provincial Department of Agriculture, Land Reform and Rural Development (DALRRD) in KwaZulu-Natal. The sample size was determined using Raosoft’s sample size calculator, with a 95% confidence level and a 5% margin of error, which resulted in a final sample of 300 households. To ensure representative and unbiased data collection, the study employed a stratified random sampling technique, followed by simple random sampling within each stratum. The two study areas, Swayimane and Umbumbulu, were considered separate strata, ensuring representation from both regions. Stratification helps to account for differences in geographic, economic, and agricultural characteristics between the two areas, improving the validity of comparisons (Stehman, 2014). Within each stratum, simple random sampling was used to select individual households, ensuring equal probability of selection and minimizing selection bias (Lohr, 2021). The sample was evenly distributed, with 150 households surveyed in each area to facilitate comparative analysis. An equal split was chosen rather than a strictly proportional allocation to allow balanced statistical comparisons.

Within each selected household, the primary decision-maker regarding food and agricultural production was interviewed. Typically, this was the household head or another key farming member responsible for crop cultivation and consumption decisions. Interviewing primary decision-makers ensured that responses accurately reflected household farming and dietary behaviors, which is critical for understanding UC adoption (Knight et al., 2022). To enhance the accuracy and reliability of the collected data, several measures were implemented, such as enumerators undergoing rigorous training on data collection protocols, ethical considerations, and question clarification techniques. The questionnaire was pretested with 30 farmers to refine question clarity, language appropriateness, and survey structure.



3.3 Statistical analyses

Tables 1, 2 show the descriptive statistics of continuous and categorical variables used in the study, respectively. To assess multicollinearity among the independent variables, the study computed the Variance Inflation Factor (VIF). The VIF test is commonly used to detect correlation between independent variables in regression models, as high multicollinearity can distort parameter estimates (Streukens and Leroi-Werelds, 2023). A VIF value above 10 is typically considered problematic, indicating severe multicollinearity (Lavery et al., 2019). In this study, all VIF values were below 10, confirming the absence of multicollinearity and ensuring the robustness of the regression results. A T-test was done for the continuous variables, and a chi-square test was done for the categorical variables. The two tests were used to determine whether the consumers and non-consumers of UCs are statistically different.



TABLE 1 Chi-square test of categorical variables.
[image: Table showing the percentage distribution of various variables between non-consumers and consumers, along with categories, sample size, and p-values. Variables include marital status, education, access to credit, government grant, gender, willingness to buy, extension office visit, training, and farmers group membership. P-values indicate statistical significance at different levels, with notes on significance levels provided at the bottom of the table.]



TABLE 2 T-test results for continuous variables among non-consumers and consumers.
[image: Table comparing variables between non-consumers and consumers. For household size, non-consumers have a mean of 7.419 (std. dev. 4.213), consumers 9.091 (std. dev. 3.827), with statistical significance. Off-farm income is 2095 ZAR (std. dev. 1443.952) for non-consumers and 3056.127 ZAR (std. dev. 7097.813) for consumers, not statistically significant. ** indicates statistical significance at 5%, n.s. is not significant.]



3.4 Factor analysis

The first research question explored the influence of farmers’ attitudes and perceptions toward underutilized crops on their willingness to consume these crops. To address this, 24 attitude and perception-related questions were presented to farmers. To simplify the dataset and identify patterns in responses, the study employed Factor Analysis (FA). This statistical method reduces the number of correlated variables by grouping them into orthogonal (independent) factors (Kline, 2014). Before conducting FA, the suitability of the dataset was tested using the Kaiser–Meyer–Olkin (KMO) Measure of Sampling Adequacy and Bartlett’s Test of Sphericity. The KMO value was 0.766 (76.6%), indicating that the sample was adequate for FA (Qadar and Nawab, 2022). Bartlett’s Test of Sphericity was significant at 1% (p-value = 0.000; χ2 = 2672.72), confirming that the data had sufficient correlations to proceed with FA.

To ensure validity and reliability, the study used Cronbach’s Alpha Coefficient, which measures internal consistency among items within each factor. An alpha coefficient greater than or equal to 0.6 was considered acceptable (Nawi et al., 2020). Eigenvalues were computed to determine convergent validity, following Kaiser’s Criterion, where only factors with eigenvalues greater than 1 were retained for further analysis (Shrestha, 2021).

The FA identified four key perceptual dimensions influencing UC consumption (Table 3):

	• Consumer Perception on Production (12 variables, eigenvalue = 5.4407, variance explained = 22.67%).
	• Consumer Perception on Taste (6 variables, eigenvalue = 3.0475, variance explained = 12.70%).
	• Consumer Perception on Awareness (4 variables, eigenvalue = 1.8061, variance explained = 7.53%).
	• Consumer Perception on Availability (3 variables, eigenvalue =1.4732, variance explained = 6.14%).



TABLE 3 Factor analysis of attitudes and perception of underutilized crops.
[image: A data table displays various variables and their impact on four perceptions: production, taste, awareness, and availability. Numerical values in each column range from negative to positive, with several bold values indicating significant factors. Notable bolded variables include "Flavor intensity" on taste (0.5666) and "Distribution channel" on production (0.6140). Statistical measures, such as eigenvalues and proportions, are also included. Bartlet's test results are mentioned below the table for significance.]

The factor scores generated from these retained factors were incorporated into the Binary Logistic Regression Model as independent variables to analyze their influence on farmers’ willingness to consume UCs.



3.5 Empirical model: binary logistic regression model

To analyze the determinants of underutilized crop (UC) consumption, a binary logistic regression model was estimated, followed by the computation of marginal effects. Marginal effects measure the change in the probability of consuming UCs given a one-unit change in an independent variable, holding all other factors constant (Greene et al., 2023). This approach provides a more intuitive interpretation of the impact of each independent variable compared to raw logistic regression coefficients. The binary model is motivated by the fact that when faced with a decision regarding consumption, a farmer either consumes or does not consume. The logistic regression model was chosen because the literature shows that it can analyze farmer consumption decisions (Mutwedu et al., 2022; Omotayo and Aremu, 2020). The dependent variable for this study was the farmer being a consumer or non-consumer of UCs, with a value of 1 (if the farmer consumed UCs) and 0 (otherwise). The likelihood of the farmer consuming UCs is predicted odds ([image: I'm unable to view the image you're referring to. Please upload the image or provide a URL, and I can help generate alternate text for it.] that is, the ratio of the probability that[image: The image displays a mathematical expression with the variable Y set equal to one, enclosed in parentheses.] to the probability that Y ≠ 1 as it is specified in Equation 2:

[image: Odds Y is equal to the probability that Y equals one, divided by one minus the probability that Y equals one.]

The binary logistic regression model is specified in Equation 3. The natural log of Odds gives the logit (Y).

[image: Mathematical equation showing the log odds or logit function. It is expressed as the natural logarithm of the probability of Y equals one divided by one minus the probability of Y equals one, equal to log odds or logit of Y.]

This can be expanded as the Equation 4 below:

[image: Logit of Y equals alpha plus beta one X one plus beta two X two plus ellipsis plus beta n X n plus epsilon sub i, equation four.]

where Y = dependent variable (consumption) with 1 = consumer and 0 = otherwise; α = intercept,[image: The mathematical expression shows the Greek letter beta followed by the variable \( i \), an equal sign, and additional space for a continued equation or value.] coefficients of the independent variables,[image: \( X_n = \)] the independent variables;[image: The image shows the mathematical expression "P = the".]probability of farmer consuming underutilized crops; 1 – P = probability that a farmer does not consume underutilized crops; and ln = natural log.



3.6 Marginal effects calculation

While logistic regression estimates log odds, the marginal effects provide a more intuitive interpretation by measuring the change in the probability of UC consumption for a one-unit increase in an independent variable, holding all other factors constant (Greene et al., 2023). The marginal effect for each independent variable Xk is calculated as Equation 5:

[image: Marginal effect equation: ME subscript K equals partial derivative of P(Y equals 1) with respect to X subscript K, which equals beta subscript K multiplied by P(Y equals 1) multiplied by (1 minus P(Y equals 1)). Equation labeled as (5).]

This equation shows that marginal effects depend on both the coefficient [image: Greek letter beta followed by subscript uppercase K.] and the predicted probability of UC consumption [image: Mathematical notation showing the probability of Y being equal to 1, represented as P(Y = 1).], making them more interpretable than raw logit coefficients. In this study, marginal effects were computed after estimating the logistic regression model, allowing for a direct assessment of how changes in independent variables influence the likelihood of UC consumption. This approach provides clearer insights into policy implications by quantifying the effect of each variable in probability terms rather than log odds.



3.7 Justification for inclusion of hypothesized independent variables

The independent variables included in the binary logistic regression model were carefully selected based on a review of relevant literature, with each variable hypothesized to influence smallholder farmers’ decisions to consume underutilized crops (UCs) (Zulu et al., 2022), specifically taro roots and sweet potatoes as shown in Table 4.



TABLE 4 Justification for inclusion of hypothesized independent variables.
[image: A table presents variables affecting consumption patterns of certain dietary items. The columns include "Variable," "Type," "Expected Influence," "Justification," and "Reference." Variables like education level, household size, marital status, access to credit, and others are listed with different types, such as categorical or continuous, and their expected influence noted as positive, negative, or mixed. Justifications explain how each variable impacts consumption, supported by references from various authors.]




4 Results and discussion


4.1 Socio-demographic characteristics

The socio-demographic characteristics of the sampled farmers (n = 300) were analyzed to distinguish between UC consumers (89%) and non-consumers (11%). Table 2 presents the T-test results for continuous variables, and Table 1 provides chi-square test results for categorical variables.

The results of the T-test in Table 2 support the hypothesis of a significant association between household size and the decision to consume UCs at (p < 0.05) significant level. On average, UC consumers had larger households (mean of 9 members) compared to non-consumers (mean of 7 members). This supports the hypothesis that larger households require more diverse food sources, leading to a greater likelihood of consuming UCs to meet dietary needs.

The chi-square test showed a significant association between marital status and UC consumption decision (p < 0.01), as shown in Table 1. Unmarried individuals were more likely to consume UCs (96.17%) compared to married individuals (77.78%). Unmarried individuals have more autonomy over their dietary choices compared to married individuals, who may need to consider the preferences and dietary requirements of other family members, including spouses and children. This autonomy can lead unmarried individuals to explore a wider variety of foods, including UCs, which might be less conventional or familiar (Neergheen-Bhujun et al., 2020). The results also indicated a significant relationship between gender and UC consumption (p < 0.10). Female farmers were more likely to consume UCs (91.35%) than male farmers (85.22%). Women have a higher awareness of the nutritional benefits associated with UCs (Chivenge et al., 2015). Due to their role in nurturing and providing for families, female farmers are more proactive in choosing food options that promote health and wellness, which can include the inclusion of UCs known for their health-promoting properties (Chivenge et al., 2015).

The analysis identified a significant relationship between the willingness to buy UCs and the decision to consume them (p < 0.001). Among those who were unwilling to purchase UCs, 20% did not consume them, whereas 80% did consume them. Conversely, almost all farmers (98%) who were willing to buy UCs also consumed them. This pattern underscores that familiarity with UCs, including their flavors, culinary applications, and health benefits, significantly enhances the likelihood of purchasing and consuming them. Research by Knez et al. (2024) supports this, demonstrating that when consumers are educated about the health benefits and various uses of lesser-known foods, their propensity to buy and consume these foods rises substantially.

Farmers group membership also showed a significant association with UC consumption (p < 0.05). Farmers who were members of farmer organizations were more likely to consume UCs (95.65%) compared to non-members (87.01%). Group membership likely provides better access to information, resources, and peer support, encouraging greater consumption of UCs (Raneri et al., 2019).



4.2 Factor analysis of attitude and perception variables

Table 3 presents the results of the Factor Analysis (FA), which identified four key attitudinal and perceptual factors influencing underutilized crop (UC) consumption. Consumer perception on production accounted for 22.67% of the total variance, indicating that farmers’ views on the feasibility and productivity of UCs significantly shape their consumption decisions. Consumer perception of taste explained 12.70% of the variance, highlighting that sensory attributes strongly influence food choices. Consumer perception of awareness accounted for 7.53% of the variance, showing that knowledge of the nutritional and economic benefits of UCs affects consumption behavior. Lastly, consumer perception of availability contributed 6.14% of the variance, suggesting that access to UCs plays a role in determining their adoption of household diets.


4.2.1 Binary logistic results

Table 5 presents the parameter estimates for the logistic regression model. The results indicate that multicollinearity was not a concern, as all predictor variables exhibited VIF values below 10. This confirms that the independent variables were sufficiently independent, allowing for unbiased and reliable coefficient estimation in the regression model. Out of 15 identified socio-economic and demographic parameters, 11 socio-economic and demographic parameters had a statistically significant effect on the decision to consume underutilized crops. These parameters were consumer perception of higher production, consumer perception of taste, consumer perception of awareness of the benefits of UC, education, household size, marital status, government grant, gender, willingness to buy underutilized crops, off-farm income, and group membership.



TABLE 5 Binary logistic regression analysis.
[image: Table showing factors influencing the decision to consume, with columns for odds ratio, standard error, P-value, marginal effects, and VIF. Key factors include perceptions, education, household size, marital status, and government grants. Significant P-values are highlighted, indicating statistical significance. The mean VIF is 1.14.]


4.2.1.1 Perception of higher UC production

The logistic regression results in Table 5 demonstrate a significant and negative impact of the perception that UCs achieve higher production on the decision to consume UCs at a 1% significant level. This suggests that when farmers perceive UCs as highly productive, they consider these crops more suitable for commercial markets rather than for personal consumption. This observation aligns with the findings by Mayes et al. (2012), who reported that the commercial orientation of crop production can detract from local consumption due to market-driven cultivation practices focusing on profitability rather than local food security.



4.2.1.2 Perception of UCs has pleasant taste

The logistic regression analysis showed that a positive perception of the taste of underutilized crops significantly increases their likelihood of consumption. Specifically, for each unit increase in positive taste perception, the odds of consuming UCs increase by 1.373 odds. This finding implies that when farmers or consumers perceive UCs as having a better taste, they are more inclined to include them in their diet. This effect of sensory perception on food choice is well-documented, where taste is a crucial determinant in the adoption of new or less familiar foods (Senyolo et al., 2014).



4.2.1.3 Awareness about underutilized crops health benefits

The results in Table 5 show that an increase in awareness about the benefits of UCs paradoxically results in a statistically significant and negative impact (p < 0.1) on their consumption, with a decrease in the likelihood by 0.5% for each unit increase in awareness. This counterintuitive result suggests that while awareness of UCs health benefits is increasing, it does not necessarily translate into higher consumption rates. According to Nkwonta et al. (2023) cultural norms and perceptions play a significant role in food choices. Even when aware of the benefits, farmers may prefer staple crops due to traditional dietary habits or perceptions of UCs as “poor people’s food,” leading to their underutilization (Nkwonta et al., 2023). Farmers and consumers still undervalue these crops due to entrenched dietary habits or a lack of immediate economic incentives to switch from well-established agricultural practices to those involving UCs. Moreover, Mkhize et al. (2023) argued that for UCs to be more widely accepted, specific interventions are needed that address not only the gaps in knowledge but also the practical and economic barriers to their cultivation and consumption.



4.2.1.4 Education

Higher education levels positively influence the consumption of UCs, showing a statistically significant impact (p < 0.1) on their consumption. This indicates that for every single unit increase in education, there is a corresponding change of 0.007 in the predicted probability that an individual will choose to consume UCs. The result shows the role that education plays in enhancing understanding and appreciation of the benefits associated with UCs, leading to increased consumption. The positive correlation between education and UC consumption may be attributed to the fact that education tends to broaden individuals’ perspectives on nutritional diversity and environmental sustainability, which are key features of UCs. Educated individuals are more likely to be exposed to information regarding the health benefits and ecological advantages of diversifying their diets with UCs. Research conducted by Zulu et al. (2022) supports this finding, highlighting that educated farmers are more likely to adopt UCs due to their better understanding of the complex interplay between agriculture, nutrition, and health. These farmers are more receptive to new agricultural techniques and scientific evidence supporting the cultivation and consumption of UCs.



4.2.1.5 Household size

Household size had a statistically significant and positive impact on the consumption of UCs. For each additional member in the household, the likelihood of consuming UCs increases by 0.2%, with a significance level noted at p < 0.05. This outcome highlights the influence of larger household sizes on UCs’ dietary choices and consumption patterns. The increase in UC consumption with household size can be attributed to that larger households require a more diversified diet to meet the nutritional needs of their varied members, which include individuals across different age groups with differing dietary requirements (Zondi et al., 2022a,b). This necessity drives the exploration and inclusion of a broader range of food items, including UCs, which are nutrient-rich and can provide unique health benefits. Furthermore, larger households have a greater propensity to cultivate their food, particularly in rural or semi-rural settings where space and labor resources allow (Zondi et al., 2022a,b). Underutilized crops, which are typically less resource-intensive and adaptable to local conditions, become appealing choices for household cultivation due to their low maintenance and adaptability to diverse climatic conditions. This is supported by research, such as the findings of Zondi et al. (2022a,b), which observed that household size directly affects dietary diversity and the incorporation of UCs into regular meals, as larger families are more likely to engage in subsistence farming of diverse crop varieties.



4.2.1.6 Marital status

The results show that marital status had a positive and statistically significant impact on the decision to consume UCs (p < 0.001). The marginal effect shows that married farmers had a 3.9% increased probability of consumption. The results imply that having a spouse or partner provides social and economic support, allowing the farmer to take risks and try new things, such as planting and consuming crops that may not have been grown or consumed previously. A spouse or partner also provides additional labor and resources to help plant and harvest and ultimately cook for household distribution. These findings are aligned with the results of Zulu et al. (2022), who revealed that married farmers were more likely to consume UCs.



4.2.1.7 Off-farm income and government grant

Both off-farm income and receiving government had a negative and statistically significant impact on the decision to consume UC at a 5% significant level. The findings are consistent with the work of Jerop et al. (2018), who found that farmers with additional income sources have more financial stability. Moreover, the author highlights that farmers are more willing to take risks to explore options for crop diversification for planting and consumption. Off-farm and government grant income provide a farmer with additional resources, such as money to purchase seeds, inputs, and equipment, which makes it more feasible to cultivate these crop varieties. In addition, off-farm income also increases farmers’ awareness of the benefits of consuming UCs, which may be less known or expected in their area and not widely produced (Jerop et al., 2018).



4.2.1.8 Gender

The results in Table 5 show that gender demonstrates a statistically significant and negative impact on the consumption of UCs, with males showing a 1.9%-point decrease in the likelihood of consumption compared to females (p < 0.05). This gender disparity in dietary preferences may be influenced by cultural roles and nutritional awareness that typically differ between males and females (Brandt et al., 2025; Lombardo et al., 2024; Feraco et al., 2024). Females have primary responsibility for household meal preparation and decision-making about food, which leads to greater exposure and a more favorable attitude toward UCs, known for their nutritional benefits (Jerop et al., 2018; Brandt et al., 2025; Lombardo et al., 2024; Feraco et al., 2024). This involvement allows women to incorporate a variety of nutritious and diverse food options, including UCs, into their family’s diet more regularly. Conversely, men might not engage as frequently with meal preparation or dietary planning, which limits their exposure to and interest in UCs.



4.2.1.9 Willingness to buy

The odds ratio related to the willingness to buy UCs indicates a significant decrease in their consumption, with an odds ratio of 0.019. The results imply that individuals who are unwilling to purchase UCs are less likely to consume them, highlighting a strong negative impact on consumption likelihood due to purchasing reluctance. This reluctance stems from a variety of factors, including perceived cost, lack of availability, and unfamiliarity with their preparation and culinary uses (Mayes et al., 2012). Economic factors play a crucial role; if consumers perceive UCs as expensive or not providing sufficient value for money, they are less likely to make a purchase. Moreover, if UCs are not readily available in local markets or if consumers are not aware of how to prepare them, this can further hinder their willingness to buy (Mayes et al., 2012).



4.2.1.10 Group membership

Table 5 reveals that group membership had a significant decrease in the consumption of UCs, with an odds ratio of 0.184. This low odds ratio indicates that individuals who are members of farming groups are less likely to consume UCs, demonstrating a strong negative association between group membership and UC consumption. Farmers who are members of farming groups are less likely to consume underutilized crops (UCs) due to several factors, including economic incentives, risk aversion, conformity to group norms, and limited knowledge about these crops (Carnegie et al., 2020). Primarily, these groups tend to prioritize commercial crops that guarantee market stability and profitability, steering clear of UCs perceived as economically risky due to their lesser-known market demand (Carnegie et al., 2020). The collective decision-making processes inherent in these groups further exacerbate this trend, as individual preferences may be overshadowed by the majority’s choice, which typically leans toward crops with proven returns (Carnegie et al., 2020).






5 Conclusion and recommendations

This study examined the socio-economic, demographic, attitudinal, and perceptual factors influencing smallholder farmers’ decisions to consume underutilized crops (UCs), focusing on taro roots and sweet potatoes in KwaZulu-Natal, South Africa. The findings provide key insights into the drivers of UC consumption and their potential role in enhancing food security, nutrition, and rural development. The binary logistic regression analysis revealed that household size, marital status, gender, and perception of taste were positively associated with UC consumption. In contrast, a lack of awareness of the benefits of UCs and financial stability (government grants and off-farm income) were negatively associated. The findings indicate that while larger households tend to incorporate UCs into their diets, farmers receiving government support or off-farm income may shift away from UCs, possibly due to access to more commercially available foods. Furthermore, group membership was negatively associated with UC consumption, suggesting that collective farming structures may prioritize staple crops with stronger market integration.


5.1 Policy implications and recommendations

The findings of this study have significant policy implications for promoting the consumption of underutilized crops (UCs) among smallholder farmers. One of the key barriers identified was low awareness of the benefits of UCs, which suggests an urgent need for targeted educational programs to inform farmers about the nutritional, economic, and agronomic benefits of UCs. Agricultural extension services should incorporate UC promotion into training and outreach programs, while demonstration farms could showcase their production feasibility and market potential. These interventions can help shift perceptions and encourage farmers to integrate UCs into their agricultural systems. The study also highlights financial barriers as a potential deterrent to UC consumption.

Contrary to expectations, receiving government grants or off-farm income was negatively associated with UC consumption, suggesting that financial stability does not necessarily translate into increased adoption. Instead, this indicates that farmers with greater financial resources shift toward more commercially available food crops. To address this, policies should focus on integrating UCs into formal markets, ensuring that they are not perceived as inferior or last-resort food options. Governments and development organizations should provide subsidies and incentives that support UC commercialization, seed supply, and value-added processing, helping farmers recognize their economic potential.

Furthermore, social structures such as farmer groups play a crucial role in shaping agricultural practices, yet the study found that group membership was negatively associated with UC consumption. This may be due to group farming models prioritizing staple crops with stronger market integration. Policymakers should work toward introducing incentives that encourage farmer groups to integrate UCs into their production systems by linking them to UC-specific market opportunities, supply chains, and agro-processing industries. Furthermore, peer-led initiatives that focus on knowledge-sharing, collective marketing, and innovative recipe adaptation could help increase UC acceptance within farming communities. Gender dynamics also emerged as an important factor in UC consumption, with female farmers being more likely to consume UCs than their male counterparts. This underscores the need for gender-inclusive agricultural policies that recognize women’s role in household food security and nutrition. Interventions should focus on enhancing women’s access to agricultural resources, including land, financing, and training programs, to further support UC production and utilization. Promoting women-led agricultural cooperatives and strengthening community-driven nutrition education programs could also contribute to wider acceptance and adoption of UCs.



5.2 Limitations of the study

This study has some limitations. First, it lacks direct variables on households’ economic capacity and market integration in the regression model (Table 5). While off-farm income and government grants serve as proxies, they may not fully capture the ability to pay and food availability. Future studies should include household wealth indicators and market access metrics for a more comprehensive analysis. Second, the study focuses on two rural areas in KwaZulu-Natal, limiting its generalizability to other regions with different economic and agricultural conditions. Expanding research to other provinces or developing countries could improve external validity. Despite these limitations, the study offers valuable insights for policy and future research on promoting UC consumption.
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In Low-Income Food Deficit Countries (LIFDCs), there is a growing demand for ruminant livestock products due to population growth, urbanization, and rising incomes. However, smallholder farmers in these regions face constant challenges in securing reliable year-round feed supply, which affects animal performance and the ability to meet increasing demand for animal products. This comprehensive review thus explores the potential of fruit by-products, specifically cashew apples, papayas, and mangoes, which are often discarded and contribute to environmental pollution but can be valuable resources for livestock farmers. The review examines the current state of small ruminant livestock production in LIFDCs, particularly in Sub-Saharan Africa and adopts a systems thinking approach to consider using cashew apple, papaya, and mango by-products as a potential feed source. Small ruminant livestock production is highlighted for efficiently converting nutrient-rich food waste from fruits like cashew apples, papayas, and mangoes into valuable milk and meat products. The review also addresses the environmental aspect, pointing out potential greenhouse gas emissions resulting from improper disposal of fruit wastes and the urgent need to convert them into animal feeds. It provides data on processing, preservation techniques, chemical composition, and the limited available information on the impact of these fruit by-products on feed intake, growth, carcass quality, methane emissions, and overall well-being of small ruminants. Challenges related to the storage and feeding of these by-products are also discussed. Despite limited data and conflicting evidence, the review strongly advocates using cashew apples, papaya, and mango by-products as vital feed resources for small ruminants. It emphasizes the need for further research to determine their nutritional value in local contexts, establish optimal inclusion levels, and devise strategies for prolonging shelf life. This effort holds promise for addressing food deficits and enhancing food security in LIFDCs where these challenges are most acute.
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1 Introduction

Small ruminants play a crucial role in African food systems, providing high-quality protein, generating income, and serving as economic assets for rural communities. Additionally, they contribute to environmental sustainability by transforming crop residues and food waste, unfit for human consumption, into valuable products like milk and meat (Pulina et al., 2017; Wadhwa et al., 2015; Thornton, 2010). Demand for small ruminant products in Low-Income Food Deficit Countries (LIFDCs) in Sub-Saharan Africa (SSA) is rising rapidly, driven by population growth, urbanization, and increasing incomes (Pulina et al., 2017; Thornton, 2010). Meeting this demand is critical to addressing widespread protein and iron deficiencies prevalent in SSA, as well as supporting rural economies through income generation and job creation. However, projections indicate that ruminant product output must increase by 60–70% by 2050 to meet this demand, particularly in LIFDCs (Pulina et al., 2017; Thornton, 2010).

In semi-arid regions, small ruminants are better adapted to harsh climatic conditions, such as drought, high temperatures, and limited rainfall, making them integral to local livelihoods. Despite their resilience, their productivity is constrained by year-round feed shortages, which limit the quality and quantity of available feed. This prevents small ruminants from reaching their full genetic potential (Adzitey, 2013; Arowolo and He, 2018; Ates et al., 2018), undermining their contributions to food security and rural livelihoods. Addressing these feed shortages requires cost-effective, environmentally sustainable feed options that safeguard animal health and productivity.

The integration of agro-industrial by-products (AIBPs) into livestock diets offers a promising solution (Romelle Jones et al., 2023; Yafetto et al., 2023). By-products from mango, cashew apple, and papaya processing are particularly promising due to their abundance in SSA, where high fruit processing volumes and significant post-harvest losses generate millions of tonnes of waste annually (Aluko et al., 2023; Owino and Ambuko, 2021; Evans and Ballen, 2012; Barve et al., 2020; Millogo et al., 2024; Tesfaye, 2017; Magama et al., 2022; Tapsoba et al., 2022; Van Walraven and Stark, 2023). While some organic matter could be reintegrated into soils to improve soil health, excessive volumes pose environmental challenges, such as soil and water pollution, and require alternative solutions (Richard et al., 2018; Zahid and Khedkar, 2021).

Valorizing these by-products as livestock feed provides a dual solution: addressing feed scarcity and managing waste sustainably. Although preventing food losses through improved handling, storage, and distribution remains essential, some level of waste is unavoidable, particularly the inedible portions of fruits such as peels, seeds, and pomace. These by-products are rich in nutrients and bioactive compounds, making them suitable for inclusion in small ruminant diets. Studies show that mango peels, cashew apple pomace, and papaya seeds can enhance feed value and productivity, particularly in regions where traditional feed options are limited (Mirzaei-Aghsaghali and Maheri-Sis, 2008; Gupta et al., 2022; Jahurul et al., 2015).

This review explores the potential of mango, cashew apple, and papaya by-products as sustainable feed resources for small ruminants in semi-arid regions of LIFDCs, focusing on their role in improving food and nutrition security in vulnerable communities. To advance this field, the review moves beyond summarizing existing studies to propose inferences and hypotheses and guide future research, including:

	1. Optimizing feed efficiency through the incorporation of fruit by-products to improve rumen fermentation dynamics and nutrient utilization.
	2. Exploring the potential of bioactive compounds in reducing methane emissions, contributing to environmental sustainability by altering ruminal fermentation pathways.
	3. Assessing the economic benefits valorization strategies for smallholder farmers, including reduced feed costs, improved productivity, and income stability.

By adopting a systems-thinking approach, this review provides a comprehensive framework for leveraging fruit by-products as sustainable feed resources, addressing the interconnected challenges of feed scarcity, environmental sustainability, and economic development in LIFDCs.



2 Methodology

This review draws upon peer-reviewed journal articles, books, and other published materials sourced from databases such as Google Scholar, PubMed Central, and Scopus. It synthesizes the literature using a systems-thinking approach, with a focus on fruit by-product valorization, feed scarcity, and livestock productivity in LIFDCs. The review prioritizes studies relevant to Sub-Saharan Africa, particularly those addressing small ruminant production, nutrient composition, and environmental implications.



3 The context of livestock production in LIFDCs and its relevance in Sub-Saharan Africa

In LIFDCs, particularly in SSA, livestock production is a cornerstone of agricultural systems, primarily driven by smallholder farmers (Amejo et al., 2018; Erdaw, 2023). These farmers play a critical role in meeting the region’s growing demand for meat and dairy while providing income, sustenance, and nutrition for rural households (Erdaw, 2023; Fraval et al., 2019; Ransom and Stagner, 2020). Livestock serves as an economic asset, diversifying income sources and improving livelihoods (Neudert et al., 2020). However, the sector faces significant challenges, particularly due to the region’s heavy reliance on rain-fed agriculture (Descheemaeker et al., 2016; Thornton et al., 1934). Climate change-induced shifts in rainfall patterns and rising temperatures threaten forage availability and water resources, increasing the vulnerability of livestock systems and exacerbating food insecurity (Hidosa and Guyo, 2017; Amwata et al., 2016; Assan, 2022; Omotoso et al., 2023).

Smallholder farmers also grapple with limited access to essential resources and services. Constraints in acquiring quality feed, veterinary care, and improved livestock breeds, coupled with restricted access to credit and financial services, hinder investments and the adoption of improved practices (Kongolo and Dlamini, 2012; Langyintuo, 2020; Okpeku et al., 2019). Poor infrastructure, such as inadequate road networks, limits market access for livestock products (Chekol, 2021; Merkel, 2019; Sehar and Oyekale, 2022). Additionally, livestock diseases, including Foot-and-Mouth Disease (FMD) and African Swine Fever, cause significant economic losses, with FMD alone costing Zambia over $1.6 billion in export revenue (Armson et al., 2020; Campbell et al., 2021; Sinkala et al., 2014).

Despite these challenges, SSA holds considerable potential for improving livestock production. The region is endowed with extensive grazing lands and diverse livestock genetic resources (Seré, 2020). Sustainable intensification through improved feeding, breeding, and animal husbandry practices can significantly enhance productivity and resilience (Erdaw, 2023; Herrero et al., 2013; Rao et al., 2005). Integrating crop-livestock systems, such as agroforestry and mixed farming, provides additional pathways for climate-resilient agriculture (Rao et al., 2005; Sekaran et al., 2021; Powell et al., 2004; Brewer and Gaudin, 2020; Baiyeri et al., 2019). Moreover, rising domestic and international demand for animal-source foods driven by urbanization and income growth offers new market opportunities for smallholder farmers, fostering economic empowerment and poverty reduction (Erdaw, 2023; Steinfeld, 2003).

In summary, livestock production in SSA operates within a complex interplay of challenges and opportunities, including climate change, resource limitations, inadequate veterinary services, and market constraints. Addressing these barriers and leveraging the sector’s potential can drive poverty reduction, food security, and sustainable development in the region.


3.1 The problem of inadequate feed supply and its implication for small ruminant production

Feed scarcity is a major challenge in LIFDCs, significantly affecting livestock productivity, health, and the livelihoods of smallholder farmers (Adzitey, 2013; Arowolo and He, 2018; Ates et al., 2018). This issue is particularly acute in SSA, home to nearly 50% of LIFDCs, where seasonal feed shortages during the dry season exacerbate undernutrition and reduce livestock performance (Desta and Oba, 2004). Natural pastures and crop residues, the primary feed resources, decline sharply in quantity and quality during this period, creating a “Nutritional Feed Gap” that threatens food security and livelihoods (Cooke et al., 2024; Duguma and Janssens, 2021; Tolera et al., 2000). Contributing factors include limited availability and high costs of nutritious feed ingredients, such as grains and forages, compounded by droughts that often result in substantial livestock losses (Cooke et al., 2024; Lamidi and Ologbose, 2014).

Farmers adopt coping strategies such as adjusting feed resources, purchasing in bulk, or reducing herd sizes, but these measures often strain household productivity, especially for women and children (Duguma and Janssens, 2021; Tangka and Jabbar, 2005). Feed scarcity also drives seasonal price fluctuations in feed markets, further burdening smallholder farmers (Ayantunde et al., 2022).

Climate change exacerbates this challenge by reducing forage availability and quality, threatening livestock productivity and essential protein sources like meat, milk, and eggs, thereby intensifying malnutrition and poverty (Hidosa and Guyo, 2017; Abebe, 2017; Thompson et al., 2010; Balehegn et al., 2020; Smith et al., 2013).

Addressing feed scarcity requires sustainable feed production methods (Musundire et al., 2021), increased farmer knowledge (Balehegn et al., 2020), investment in research and development, and strengthening veterinary services (Duguma and Janssens, 2021). One promising solution is the valorization of fruit by-products as ruminant feed in LIFDCs. These by-products, generated during fruit processing—such as mango peels and pomace from juice production, cashew apples from nut harvesting, and papaya peels and seeds from fresh consumption or puree processing—are rich in nutrients and bioactive compounds. Incorporating these by-products into ruminant diets can enhance livestock productivity, reduce reliance on conventional feed ingredients, and address waste management challenges. This approach not only tackles feed scarcity but also improves food security, poverty reduction, and sustainable development in LIFDCs.



3.2 Environmental impact of disposing cashew apple, papaya, and mango wastes in landfills and their contribution to greenhouse gas emissions

When fruit by-products such as cashew apple, papaya, and mango are not repurposed as livestock feed and are instead disposed of in landfills, they present significant environmental challenges. These wastes, rich in organic matter and moisture, decompose anaerobically in landfills, releasing methane (CH₄)—a potent greenhouse gas with a global warming potential 27.9 times greater than that of carbon dioxide (CO₂) (Williams, 2008; Sunil and Tapan, 2008). This process contributes to greenhouse gas emissions, soil and water contamination and, ultimately, climate change (Richard et al., 2018; Zahid and Khedkar, 2021). Methane emissions from landfills play a considerable role in global warming, accounting for approximately one-fifth of anthropogenic climate impact (Groffman et al., 2010).

Globally, landfills emit an estimated 30–70 million tons of CH₄ annually, representing 6–18% of global methane emissions, with levels expected to rise in developing countries due to increasing waste generation (Rena et al., 2020; Robinson et al., 2003; Bingemer and Crutzen, 1987). Beyond methane, the high moisture content in cashew apple, papaya, and mango wastes may contribute to the production of leachate—a toxic liquid by-product of landfill decomposition (Venna et al., 2021; Chinwendu et al., 2019; Sharma et al., 2020). Leachate can contain heavy metals and pathogens, posing serious risks to soil, groundwater, and surrounding ecosystems (Iravanian and Ravari, 2020; Baderna et al., 2019). The presence of high concentrations of N and P in leachate can contribute to eutrophication if it enters water bodies, potentially causing algal blooms that disrupt aquatic ecosystems. Due to their rapid decomposition and high moisture content, these fruit wastes contribute disproportionately to methane emissions and leachate production, making them particularly problematic in landfills.

Repurposing fruit wastes within a circular economy framework provides a sustainable alternative that reduces the environmental footprint and enables productive reuse (Leong and Chang, 2022). By diverting these by-products as livestock feed, the demand for conventional feed is lowered while providing additional nutritional benefits (Leong and Chang, 2022; Tayengwa and Mapiye, 2018). Cashew, papaya, and mango by-products are rich in cellulose, polyunsaturated fatty acids, and phytochemicals, all of which can improve animal nutrition and productivity (Tayengwa and Mapiye, 2018; Jalal et al., 2023). Studies show that incorporating fruit by-products in ruminant diets improves digestibility, milk yield, and antioxidant levels in meat (Jalal et al., 2023; Sahoo et al., 2021). Transforming these fruit wastes into valuable feed resources aligns with circular economy principles, promoting sustainable agriculture, decreasing landfill dependency, and mitigating environmental impacts.



3.3 Systems thinking perspective of using fruit by-products as a sustainable solution to inadequate small ruminant feeds in LIFDCs

A systems thinking approach provides a holistic framework for addressing feed scarcity for small ruminants in LIFDCs. The integration of fruit by-products into livestock systems (Figure 1) provides a sustainable solution to seasonal feed shortages caused by dry seasons and erratic rainfall, which limit conventional feed availability and reduce livestock productivity.

[image: Flowchart depicting the interconnections in a small ruminant production system. Key elements include valorisation of fruit by-products, feed scarcity, animal performance, and improved farmer livelihood. Arrows indicate relationships, with nodes like meat consumption, waste management, and revenue generation. Factors such as dry season, demand for meat products, and nutrient access are also included.]

FIGURE 1
 A causal loop diagram depicting the beneficial role of fruit by-products in the meat industry value chain. The arrows represent causality, whereas the polarity indicators, + and −, represent positive and negative correlation. B stands for balancing system loops, and R stands for reinforcing loops.


Valorizing fruit by-products—transforming waste into nutrient-rich feed—presents an efficient way to address feed scarcity and manage agricultural waste. By-products like mango peels, cashew apple pomace, and papaya seeds, which are often discarded, can be repurposed as valuable feed resources rich in nutrients and bioactive compounds. This process supports consistent feed availability during periods of scarcity, as shown in Balancing Loop (B1) in Figure 1. Improved feed access enhances small ruminant productivity and health, resulting in higher meat quality and availability (Mayberry et al., 2018). This increase helps meet the growing demand for animal-sourced foods, driven by efforts to address protein and iron deficiencies in LIFDCs (Fairweather-Tait, 2023).

Integrating fruit by-products also creates a positive feedback loop, as depicted in Reinforcing Loop (R2) in Figure 1. This loop demonstrates how reduced waste and improved livestock productivity contribute to both economic and environmental sustainability. However, barriers such as limited processing infrastructure and low farmer awareness hinder widespread adoption. Policies that promote fruit by-product use—through subsidies, farmer education programs, and investments in preservation infrastructure—are critical for scaling up these practices.

The valorization of fruit by-products addresses feed scarcity, enhances meat quality, and improves household incomes while supporting environmental sustainability. Figure 1 encapsulates this interconnected system, illustrating how integrating fruit by-products into small ruminant production fosters mutual benefits for farmers, livestock, and the environment.




4 Overview of mango, cashew, and papaya by-products

Mango, cashew, and papaya by-products are particularly promising options for alternative livestock feed due to their abundance, nutrient content, and environmental benefits. These examples are drawn from their economic importance and substantial production volumes in tropical regions, especially in Low-Income Food-Deficit Countries (LIFDCs), where they contribute significantly to agricultural outputs. For instance, mango production generates 35–55% by-products as waste (Tesfaye, 2017), with potential quantities reaching 16,180 tons in some areas of sub-Saharan Africa (Millogo et al., 2024). Similarly, cashew nut production produces 36.9 million tons of cashew apple waste annually (Van Walraven and Stark, 2023), and papaya processing generates up to 20% of the fruit’s weight as by-products (Shaheen et al., 2023). These by-products—such as mango peels and seeds, cashew apple pomace, and papaya peels—offer a practical solution to feed scarcity faced by smallholder farmers in these regions. Rich in fiber, antioxidants, and essential nutrients, these by-products can enhance ruminant diets, with potential to improve animal performance and product quality. However, studies on their use in ruminant feed, particularly for small ruminants, remain limited, leaving gaps in understanding their effects on animal health and production. Incorporating such by-products into livestock diets also aligns with environmental goals, as it reduces landfill waste and supports a circular economy by transforming agricultural waste into a valuable resource.


4.1 Mango by-product

Mango (Mangifera indica) is the second most traded tropical fruit globally (Mwaurah et al., 2020). However, mango processing for juices, jams, and desserts utilizes only the pulp, leaving the seed and peel as major by-products. The seed, comprising the seed coat and kernel, accounts for 24–60% of the fruit mass, while the peel (exocarp) constitutes 7–24% (Mwaurah et al., 2020; Marçal and Pintado, 2021). Mango seed kernels contain approximately 15% oil, comparable to cottonseed and soybean oil (18–20%) (Mwaurah et al., 2020). The extracted oil has low free fatty acid and peroxide values, requiring minimal processing for use (Owino and Ambuko, 2021).

Mango peels, on the other hand, are rich in energy, dietary fibre, carbohydrates, protein, and lipids (Garcia-Amezquita et al., 2018; Marcillo-Parra et al., 2021). They are also a concentrated source of bioactive compounds, including anthocyanins, carotenoids, flavonoids, and polyphenols, which are known for their antioxidant activity and therapeutic properties (Ranganath et al., 2018; López-Cobo et al., 2017; Barreto et al., 2008; Serna-Cock et al., 2016; Asif et al., 2016; Dorta et al., 2012). Notably, mango peels contain higher polyphenol levels than mango pulp, making them a valuable feed resource for enhancing the nutritional quality of low-quality fodder, forage, and pastures fed to small ruminants.



4.2 Cashew by-product

Cashew (Anacardium occidentale) is a pseudocarp (false fruit) non-climacteric fruit grown in parts of South America, Asia, and most West African countries. Primarily cultivated for its nut, cashew ranks third globally after almonds and walnuts (Rajkumar and Ganesan, 2021; Preethi et al., 2021). The nut represents only about 10% of the fruit, leaving approximately 3 million tonnes of cashew apples discarded annually in sub-Saharan Africa after nut harvesting (Ahaotu and Ihekoronye, 2019; Aidoo et al., 2022; Deenanath et al., 2015). In Ghana, the cashew harvest season aligns with the dry season, a period of low forage availability and high feed costs, making cashew apples a valuable but underutilized feed resource for addressing seasonal feed shortages. However, their strong astringency, perishability, and limited processing infrastructure often lead to disposal (Akyereko et al., 2022).

Nutritionally, cashew apples are rich in sugars (fructose, glucose, and sucrose) ranging from 7.28 to 9.41%, providing a readily available energy source for livestock (Rithy et al., 2022). They are also high in vitamin C (200–300 mg/100 g), which is about five times that of citrus fruits and ten times that of pineapples (Preethi et al., 2019; Lowor and Agyente-Badu, 2009). This high vitamin C content, combined with phenolic compounds (221–325 mg GAE/100 mL), contributes to their strong antioxidant capacity (Rithy et al., 2022; Figueroa-Valencia et al., 2019). Notably, as the fruit ripens, phenolic content decreases while vitamin C levels and antioxidant capacity increase, potentially enhancing the health benefits for livestock (Gordon et al., 2012).

The primary flavonoids in cashew apples are myricetin and quercetin derivatives, known for their antioxidant properties (Gordon et al., 2012). Beyond antioxidants, cashew apples and their residues (pomace or bagasse) contain cellulose, hemicellulose, pectin, protein, carbohydrates, and essential minerals like calcium, phosphorus, and iron. For this review, “cashew by-product” refers to discarded cashew apple, pomace, or bagasse.



4.3 Papaya by-products

Papaya (Carica papaya) is a perennial herbaceous plant belonging to the family Caricaceae. The fruit, commonly called papua or pawpaw, is popular in almost all tropical countries. The global papaya production reached 13 million tonnes in 2017, with Nigeria being the leading producer in SSA countries (Altendorf, 2019). Papaya is most often consumed in the raw state or processed into jams, candy and other value-added products. The papaya plant is interesting because nearly every part of it, including the roots, leaves, peels, latex, flowers, fruits, and seeds, has nutritional and therapeutic value; thus, it earned the names “tree of health” and “fruit of long life” (Ali et al., 2011). Two important by-products of papaya are the seeds and peels, which represent up to 8.5 and 12%, respectively, of the total papaya fruit weight (Abdel-Hay et al., 2022).




5 Nutrient and bioactive profiles of mango, cashew apple, papaya by-products


5.1 Nutrient composition of cashew pomace, mango, and papaya peels

The crude protein (CP) content of mango peels ranges from 26.5–91 g/kg dry matter (DM), while cashew pomace ranges from 54.5–187 g/kg DM and up to 128–240 g/kg DM in certain varieties (Table 1). Papaya peels contain higher CP levels, exceeding 110–130 g/kg DM, sufficient for maintenance and moderate growth in small ruminants (Asaolu et al., 2011). However, mango peels and some varieties of cashew pomace require supplementation with other feed resources to meet the minimum CP requirement of 80 g/kg DM necessary for optimal rumen microbial activity (Asaolu et al., 2012). Insufficient protein reduces the efficiency with which growing animals utilize metabolizable energy (Ranjhan, 2001).



TABLE 1 Proximate composition1of Mango, cashew apple and papaya by-products.
[image: A table compares the nutritional content of different fruit peels: mango, cashew apple residue, and papaya. It includes moisture, crude protein, ether extract, ash, carbohydrates, crude fiber, neutral detergent fiber (NDF), acid detergent fiber (ADF), and energy content, measured in percentages or MJ/kg. The data is derived from various studies by researchers such as Marcillo-Parra et al. (2021) and Melesse et al. (2018). The table shows variations in nutritional values based on different preparation methods like freeze-drying, sun-drying, and oven-drying, with additional footnotes clarifying specific sample conditions.]

Mango peels have lower fat content than cashew pomace and papaya peels (Table 1), though all fall within the recommended range (<80 g/kg DM). Moderate dietary oil supplementation, up to 5% of dry matter intake, generally does not impair nutrient intake or digestibility, though higher levels can inhibit fiber digestion by suppressing cellulolytic bacteria (Cosgrove et al., 2008; Maia et al., 2012; Ibrahim et al., 2021). It is critical to limit dietary oil as ether extract (EE) levels above 5% of total energy intake may negatively affect carbohydrate digestion in the rumen (Bauman et al., 2003).

Fiber analysis of these by-products is limited, as shown in Table 1. Ensiled cashew pomace generally exhibits higher neutral detergent fiber (NDF) and acid detergent fiber (ADF) values compared to mango and papaya peels, which fall within ranges of 118–237 g/kg DM and 60.2–205 g/kg DM, respectively. These differences underscore the importance of further research to characterize fiber content and optimize their use in ruminant diets.

While limited information is available on the mineral composition of cashew pomace, mango, and papaya peels (Table 2), their calcium, phosphorus, and magnesium content generally align with the recommended maintenance needs of ruminants. For example, these by-products can support daily intakes of 15.4 mg Ca/kg, 16 mg P/kg, and 12–16 mg Mg/kg body weight, respectively (NRC, 2007; Bakshi and Wadhwa, 2013). However, the bioavailability of these minerals varies depending on their form and concentration. Minerals bound in complexes such as oxalates, phytates, or tannin-mineral complexes may have reduced availability, impacting nutrient utilization in the rumen. While rumen microbes can release certain minerals, such as phosphate from phytate complexes, others, like oxalates, remain less bioavailable, limiting absorption and utilization.



TABLE 2 Mineral composition of mango, cashew apple and papaya by-products.
[image: Table displaying the mineral content in different fruit residues: mango peel, cashew apple residue, and papaya peel. Columns show concentrations of sodium, magnesium, phosphorus, potassium, calcium, manganese, iron, copper, and zinc in milligrams per gram. Each row includes varying ranges of these minerals with corresponding reference studies listed, such as Kaur and Srivastav (2018) and Preethi et al. (2021).]

Additionally, these by-products, while rich in minerals, may fall short in key amino acids such as methionine and cysteine, which are essential for maintenance in ruminants (NRC, 2016). Addressing this limitation requires further research into their amino acid profiles and strategies to balance diets accordingly. The nutritional composition of fruit by-products is highly variable, influenced by factors such as fruit cultivar, maturity stage, soil conditions, production site, and processing methods (Alañón et al., 2019; Dorta et al., 2014). These variations highlight the need for thorough characterization of fruit by-products to optimize their use in small ruminant diets, improving nutrient utilization and feed efficiency.

The addition of cashew apple, mango, and papaya by-products to ruminant diets enhances nutritional balance by improving key feed characteristics such as dry matter (DM) content, acidity, and nutrient availability in silages and total mixed rations (Table 3). These by-products help maintain feed quality and consistency, promoting better digestion and nutrient absorption, even when partially replacing traditional feed ingredients. They also contribute to higher crude protein (CP) levels, making them useful for protein supplementation. For instance, dehydrated cashew apple and bagasse increase CP, enhancing protein availability, while mango meal and peel silage elevate CP when used as corn substitutes in mixed rations (Araújo et al., 2022; Guerra-Rivas et al., 2017; Pereira et al., 2013; Aung et al., 2024). However, these increases should be balanced to avoid excess nitrogen, which may reduce feed efficiency.



TABLE 3 Effects of cashew, mango and papaya by-products containing phytonutrients on the chemical and physicochemical composition of ruminant diets.
[image: A table listing various fruit by-products used in different study interventions, including cashew and mango derivatives. It shows inclusion levels, effects on parameters such as dry matter, organic matter, crude protein, ether extract, ash, fiber content, and nitrogen measures. Effects are indicated by symbols like increase, decrease, or not determined. The references are included for each study. Parameters like pH and ammonia nitrogen are also mentioned.]

By-products also raise ether extract (EE) levels, increasing the diet’s energy density. Cashew and mango by-products, such as cashew bagasse and mango meal, provide an energy source that meets high-demand requirements in ruminants, although excess fat should be avoided to prevent impaired fiber digestion (Pereira et al., 2013; Aragão et al., 2012; Bain et al., 2016). Effects on fiber fractions vary: cashew bagasse generally lowers neutral detergent fiber (NDF) and acid detergent fiber (ADF), improving digestibility, while mango meal may occasionally increase ADF, affecting fiber quality (Guerra-Rivas et al., 2017; Aung et al., 2024). Balancing fiber content is essential to support rumen function and digestion.

These by-products also influence rumen stability. Cashew apple silages combined with maize cobs and rice bran increase NH₃-N, enhancing microbial protein synthesis, while mango peel in multi-nutrient blocks lowers pH and NH₃-N, creating a stable rumen environment (Aung et al., 2024; Ferreira et al., 2015). Their inclusion in ruminant diets enhances protein and energy content while stabilizing key parameters like DM and pH. By-products such as mango pulp-peel mixes and papaya-based silages improve feed stability, palatability, and nutrient consistency (Sanon and Kanwe, 2010; Shwerab et al., 2023; Wimalasiri and Somasiri, 2021; Marcos et al., 2020; Tai et al., 2020).

Incorporating cashew, mango, and papaya by-products into ruminant diets offers a sustainable and cost-effective alternative to traditional feed resources. When balanced appropriately, these by-products optimize feed efficiency, maintain rumen health, and promote environmental sustainability in livestock systems.



5.2 Bioactive composition of mango peel, cashew apple, and papaya peel for potential use in small ruminant feed

The bioactive profiles of mango peel, cashew apple, and papaya peel present unique nutritional properties that could support the health and productivity of small ruminants, especially in feed-scarce regions. Cashew apple is particularly rich in phenolic compounds, ranging from 13.20 to 2070 mg GAE/g, as well as in flavonoids (up to 109.03 mg CE/g) and ascorbic acid (up to 1,063 mg AAE/g) (Table 4). These high antioxidant levels could enhance immune function in small ruminants by protecting against oxidative stress, a common challenge in arid and nutrient-poor grazing environments (Chauhan et al., 2014; Paul and Dey, 2015). Additionally, cashew apple contains adequate levels of carotenoids, which may support immune health and reduce inflammation (Paul and Dey, 2015; Oh et al., 2017), and it has moderate tannin and anthocyanin contents that could offer antimicrobial benefits (Pathak, 2013; Huang et al., 2018; Min and Solaiman, 2018). This robust bioactive profile suggests that cashew apples could improve overall health and resilience in small ruminants, potentially reducing reliance on medical interventions.



TABLE 4 Bioactive composition of mango peel, cashew apple, and papaya peel.
[image: A comparative table showing the chemical composition of mango peel, cashew apple, and papaya peel. Categories include total phenolics, flavonoids, carotenoids, antioxidant activity, tannins, condensed tannins, anthocyanin, ascorbic acid, and references. Mango peel shows a range in phenolics and flavonoids, with notable ascorbic acid content. Cashew apple displays high phenolic and flavonoid values, with carotenoids and ascorbic acid present. Papaya peel features lower phenolic content but has notable anthocyanin and ascorbic acid. References for each composition entry are listed per item.]

Mango peel has promising bioactive properties, with moderate phenolic content (16.14–100 mg GAE/g) and flavonoids ranging from 22.16 to 79.5 mg CE/g (Table 3). Its antioxidant activity, reported between 21.19 and 53.90 mM Trolox/100 g, is comparable to cashew apple, which could help mitigate oxidative stress in small ruminants. Additionally, mango peel provides ascorbic acid in the range of 349–392 mg/kg, offering a reasonable source of vitamin C. Although its carotenoid content is lower than cashew apple and papaya peel, mango peel’s antioxidant and anti-inflammatory properties could still support animal health, particularly during dry seasons when access to high-quality forage is limited. Mango peels also contain tannins (3.8–7.49 mg CE/g), which might contribute to gastrointestinal health by reducing parasite load, a common issue in small ruminants. Additionally, at appropriate concentrations, tannins can bind to dietary protein, protecting it from rumen microbial degradation and increasing the availability of protein for absorption in the animal’s lower digestive tract.

In contrast, papaya peel has a lower phenolic and flavonoid content but is exceptionally high in carotenoids (76.89–86.90 mg/g) (Table 4), making it a valuable source of vitamin A precursors. This high carotenoid concentration could enhance vision, immune function, and reproductive health in small ruminants. Papaya peel also exhibits substantial antioxidant activity, reaching up to 283.5 mg GAE/g, which may further protect against oxidative stress and support health in challenging environmental conditions. Although lower in ascorbic acid (13–252.62 mg/kg), papaya peel’s unique bioactive profile makes it a good supplement.




6 Influence of feeding mango, cashew apple, and papaya by-products on small ruminant nutrition


6.1 Influence on voluntary intake

Incorporating cashew, mango, and papaya by-products into ruminant diets presents promising opportunities to enhance nutrient intake while supporting sustainable agricultural practices. Given that nutrient intake, especially dry matter (DM), is crucial for ruminant growth and development (Weiss, 2015), these by-products are commonly used in total mixed rations (TMR) or silage, replacing conventional forages. Cashew apple pomace and mango by-products, in particular, have been included in ruminant diets at levels ranging from 100 g/kg DM to 600 g/kg of feed, and their effects on intake vary depending on inclusion levels and specific by-product type.

Research indicates that including cashew apple pomace and mango by-products at lower levels (up to 300 g/kg DM) tends to improve DM, crude protein (CP), neutral detergent fiber (NDF), and acid detergent fiber (ADF) intake in ruminants (Ferreira et al., 2015; Sanon and Kanwe, 2010; Table 5). The increased intake at these levels may result from enhanced silage fermentation, which reduces the moisture content and minimizes rumen distension, thus encouraging greater consumption. These by-products, when ensiled with forage, undergo a reduction in overall moisture content, supporting better fermentation and producing a more palatable, digestible feed that ruminants are more likely to consume. Ensiling fruit by-products alone may not achieve similar outcomes due to their high moisture content and limited structural fiber, which can negatively affect fermentation quality.



TABLE 5 Effects of cashew, mango and papaya by-products containing phytonutrients on nutrient intake and digestibility in ruminants.
[image: Table detailing the nutritional evaluation of fruit by-products for various livestock, including sheep, cattle, goats, and buffaloes. The table shows the effects on intake and digestibility measures such as dry matter, organic matter, crude protein, ether extract, and fibers. Specific studies and their findings, categorized by fruit type and livestock species, are referenced.]

In Ghana, small ruminants primarily graze on Napier grass, Bracharia, and Elephant grass. However, during the dry season, pasture availability declines, leading to nutrient deficiencies and reduced growth performance. Cashew apples, abundant during this period, offer an underutilized feed resource that can be preserved through ensiling. Feeding trials show that incorporating ensiled cashew apple and grass at inclusion levels of 20–30% improves diet quality, supports growth performance, and alleviates seasonal feed shortages.

Ensiling cashew apple with grass at these inclusion levels yields crude protein (CP) values of 7.00–8.32% and crude fiber (CF) content of 19.49–26.68%, improving digestibility and supporting higher average daily gain (Tompkins and Adger, 2004) and feed conversion efficiency (FCE). This makes cashew apple silage an effective dry-season ration, enhancing protein intake, reducing fiber content, and optimizing rumen fermentation for better nutrient utilization.

Valorizing cashew apples for livestock feed enhances small ruminant productivity, reduces waste, and promotes sustainability. Integrating these seasonal by-products into livestock systems strengthens smallholder resilience and aligns with circular bioeconomy practices.

At higher inclusion levels of cashew apple pomace with grass silage (above 300 g/kg DM), a decrease in DM intake in ruminants has been reported (Souza et al., 2020; Table 5). This reduction can be attributed to the increased concentration of condensed tannins, or proanthocyanins, which are primary phenolic compounds found in cashew apple pomace (Michodjehoun-Mestres et al., 2009). Tannins in high concentrations—exceeding 50 g/kg DM—may hinder feed intake by forming complexes with proteins (that do not dissociate in the abomasum), resulting in a dry, astringent mouth-feel that animals find unpleasant (Naumann et al., 2017). This astringency discourages consumption, but ruminants have developed adaptive strategies for tannin-rich feeds. Ruminants like sheep and goats produce proline-rich proteins in their saliva that bind to tannins, forming tannin-proline-rich-protein complexes that reduce astringency and facilitate higher feed intake (Huang et al., 2018). Goats, for instance, consistently produce these proteins, while sheep do so specifically when consuming tannin-rich diets. These adaptive mechanisms underscore ruminants’ resilience and ability to manage diets with moderate tannin levels.

Furthermore, these by-products contain beneficial phytonutrients, including antioxidants, which offer additional health benefits and can improve the quality of animal products. The antioxidant properties may enhance the health status of the animals, providing an added advantage beyond mere nutrient intake.

As shown in Table 5, the effects of cashew, mango, and papaya by-products on nutrient intake vary depending on the inclusion level, species, and specific by-product type. Moderate incorporation of these by-products improves DM and, either directly or indirectly, CP intake, provided the inclusion levels are carefully managed. Excessive amounts may deter intake due to tannin-related astringency, but the inherent adaptive strategies in ruminants help mitigate these effects. By balancing inclusion rates, livestock farmers can leverage these by-products to enhance productivity, animal health, and sustainable feeding practices.



6.2 Influence on nutrient digestibility

The incorporation of cashew apples, mango, and papaya by-products in ruminant diets has garnered attention for its potential benefits in nutrient utilization. However, digestibility outcomes vary widely, with numerous studies indicating that increased inclusion of these by-products, particularly above certain levels, can lead to declines in dry matter (DM), crude protein (CP), and neutral detergent fiber (NDF) digestibility (Table 5). Cashew by-products exhibit mixed effects on digestibility. Studies show that moderate inclusion (e.g., up to 14% in TMR) can improve DM and CP digestibility in ruminants, as seen with dried cashew apples in sheep diets (Ferreira et al., 2015). However, digestibility often decreases at higher levels, especially above 110 g/kg of feed. For instance, Rêgo, Neiva (Rêgo et al., 2010) and Souza, Moraes (Souza et al., 2020) reported that when cashew apple pomace is included at high levels in cattle diets, DM, CP, and NDF digestibility decreases.

This decline is attributed mainly to the presence of condensed tannins and other polyphenols, which form hydrogen bonds with proteins, carbohydrates, and fats, creating complexes that resist degradation in the rumen’s typical pH range of 5.7–6.7 (Naumann et al., 2017). However, these same tannins and polyphenols also have antioxidant properties that could offer health benefits by reducing oxidative stress and supporting immune function in ruminants. The antioxidant effects may be particularly beneficial at moderate inclusion levels, where they can enhance animal health without significantly impairing digestibility. Only when the feed reaches the abomasum (pH < 3.5) or duodenum (pH ~6) do these nutrient complexes dissociate, meaning fewer nutrients are available for absorption in the rumen, thus reducing overall digestibility. Balancing inclusion levels is therefore critical to maximize the antioxidant benefits of these by-products while minimizing any negative effects on nutrient availability.

Mango by-products, like mango meal and peels, show variable digestibility. At moderate inclusion levels, mango peels can enhance DM, OM, and CP digestibility due to their fermentable sugars, which stimulate rumen microbes (Aung et al., 2024). However, higher levels (above 110 g/kg of feed) tend to reduce digestibility, especially of fiber fractions like NDF. This reduction is partly due to tannins in mango peels, which exert antimicrobial effects on cellulolytic bacteria and protozoa—key contributors to fiber and protein breakdown in the rumen (Vasta et al., 2019; Christensen et al., 2017). Reduced protozoa populations, though not primary rumen microbes, can negatively impact digestibility as they play a complementary role in macronutrient degradation (Choudhury et al., 2015). Additionally, tannins may form complexes with proteins and other macronutrients, further limiting their availability for microbial utilization. Balancing inclusion levels is critical to maximize the benefits of mango by-products while minimizing negative impacts on nutrient digestibility.

Papaya by-products, particularly peels and pomace, demonstrate more consistent digestibility than cashew apple and mango. At moderate inclusion levels (10–30%), papaya peels improve CP and EE digestibility due to their nutrient composition, which supports balanced rumen fermentation (Azevêdo et al., 2011). However, at levels exceeding 11% (110 g/kg DM), diminished DM, CP, and NDF digestibility may occur, potentially due to higher tannin concentrations forming stable protein-polyphenol complexes. Naumann, Tedeschi (Naumann et al., 2017) noted increased fecal nitrogen excretion at higher tannin levels as an indicator of inhibited protein digestibility.

Cashew apple, mango, and papaya by-products can enhance digestibility in ruminants at moderate inclusion levels, but higher inclusions often yield diminishing or adverse effects on digestibility. The threshold appears to be around 110 g/kg, above which polyphenols and tannins exert pronounced effects on nutrient utilization, forming nutrient-binding complexes and reducing microbial populations essential for fiber and protein breakdown. This microbial reduction impacts cellulolytic bacteria and protozoa, subsequently lowering fiber, protein, and fat digestibility (Vasta et al., 2019; Choudhury et al., 2015).


6.2.1 Recommended inclusion levels of fruit by-products in ruminant diets

Careful attention to inclusion levels is therefore critical in harnessing the digestibility benefits of these by-products in sustainable ruminant diets. Given the nutritional composition and digestibility characteristics of mango, cashew apple, and papaya by-products, their strategic incorporation into ruminant feeding systems presents a viable approach to enhancing animal performance while mitigating food waste and promoting circular economy principles.

To provide clearer guidance, the following recommended inclusion levels are proposed for different ruminant categories:

	i. Pre-weaned and Growing Ruminants: Diets can include up to 20–30% mango peel silage in total mixed rations (TMR) to enhance dry matter intake (DMI), organic matter (OM) and crude protein (CP) digestibility in dairy calves (Aung et al., 2024). Similarly, up to 30% papaya pomace in concentrate mixtures supports nutrient utilization in growing buffaloes (Babu et al., 2006). Higher inclusion levels should be managed carefully to avoid tannin-induced protein-binding effects, which could reduce protein availability.
	ii. Fattening and Finishing Ruminants: Up to 33% cashew apple residue in TMR has shown no adverse effects on digestibility while improving neutral detergent fiber (NDF) digestibility, which is crucial for efficient fiber utilization (Araújo et al., 2022). Papaya peels, included at levels between 10 and 30%, have been found to enhance CP and ether extract (EE) digestibility in bovines (Azevêdo et al., 2011). Additionally, mango meal can replace maize meal entirely in lamb and sheep diets without compromising performance, making it a viable energy source (Pereira et al., 2013; Aragão et al., 2012).
	iii. Pregnant and Lactating Ruminants: Up to 30% mango peel or papaya pomace in multi-nutrient blocks has demonstrated improvements in digestibility without negatively affecting rumen fermentation, making them suitable dietary supplements for lactating animals (de Evan et al., 2022). Mango peels and kernels, when offered ad libitum, have also been reported to enhance nitrogen retention in sheep, optimizing protein utilization in dairy production systems (Sanon and Kanwe, 2010). Additionally, cashew apple silage at levels up to 75% in TMR can support increased protein intake and energy balance in pregnant and lactating animals (Tai et al., 2020).
	iv. Mature Ruminants: These animals exhibit higher tolerance levels for fruit by-products, allowing mango meal to replace maize up to 100% in TMR (Pereira et al., 2013; Aragão et al., 2012) and cashew processing products to be incorporated at similar levels (Souza et al., 2020). Such inclusion rates provide cost-effective energy sources while ensuring adequate fiber intake.

During periods of forage scarcity, particularly in dry seasons, high-fiber diets incorporating fruit by-products can serve as essential nutritional interventions. The use of cashew apple silage combined with maize cobs at inclusion levels of 75–100% has been shown to enhance crude protein and dry matter intake, providing a viable roughage alternative during seasonal feed shortages (Tai et al., 2020). Similarly, the inclusion of mango peel at up to 20% in elephant grass silage has been observed to maintain digestibility while offering a fiber-rich alternative to conventional forages (Sá et al., 2007).

The incorporation of mango, cashew apple, and papaya by-products presents a viable strategy for improving ruminant nutrition while promoting sustainability. To maximize their benefits, future research should focus on refining optimal inclusion levels, evaluating their interactions with conventional feed ingredients, and assessing their long-term effects on animal health and productivity. A well-balanced integration of these by-products into ruminant diets can enhance both nutritional efficiency and environmental sustainability.




6.3 Influence on rumen fermentation parameters

Limited research exists on the effects of cashew apple, mango, and papaya by-products in ruminant diets, particularly regarding rumen fermentation parameters (Table 6). However, existing studies show promising results, with rumen pH values generally within the optimal range of 5.5–6.9, supporting efficient fiber and protein breakdown by rumen microflora (Shwerab et al., 2023; Omer et al., 2019). Cashew by-products have minimal effects on fermentation, with high inclusion levels slightly increasing pH and ammonia but having little impact on other markers (Tai et al., 2020). Mango by-products, including peel and meal, boost total volatile fatty acids (TVFA) and reduce methane emissions in sheep and goats, improving nutrient utilization and environmental sustainability (Aung et al., 2024; de Evan et al., 2022; Jafari et al., 2020). Papaya by-products, particularly pomace, reduce ammonia levels and increase TVFA, enhancing nitrogen retention and fermentation efficiency without altering rumen pH (Babu et al., 2006). Replacing corn with ripe mango waste in lamb diets stabilized fermentation while lowering protozoal counts, suggesting benefits for microbial modulation (Espinoza-Sánchez et al., 2020).



TABLE 6 Effects of cashew, mango and papaya by-products containing phytonutrients on growth performance, rumen fermentation end-products, and methane production.
[image: Table detailing studies on various fruit by-products used in animal feed across species like cattle, sheep, and dairy goats. Columns include the fruit by-product, species, study details, feed level, and outcomes such as average daily gain (ADG), feed conversion ratio (FCR), feed conversion efficiency (FCE), pH, ammonia-nitrogen (NH₃-N), total volatile fatty acids (TVFA), and methane (CH₄) production. References are provided for each study. Data includes abbreviations for various measurements and effects, such as "increase," "decrease," or "not determined."]

Acetate and propionate, the primary volatile fatty acids (VFAs) produced in the rumen, play critical roles in energy utilization. Acetate supports fat synthesis, while propionate serves as the main glucose precursor, promoting growth and lactation. By-products rich in fermentable carbohydrates, such as mango pulp-peel mix, tend to increase propionate production relative to acetate (Table 5). For instance, mango pulp-peel mix at 290 g/kg in goat diets resulted in propionate levels of 12.8 mol/100 mol VFA and acetate levels of 68.6 mol/100 mol, lowering the acetate-to-propionate ratio, which supports efficient glucose synthesis (de Evan et al., 2022). This shift improves energy utilization and reduces hydrogen availability for methane synthesis, potentially lowering methane emissions (Wanapat et al., 2024; Van der Walt and Linington, 1989).

Butyrate production is generally enhanced by the inclusion of these by-products, supporting energy supply and rumen epithelial health, which benefits overall animal productivity. For example, mango pulp-peel mix in goats led to a butyrate concentration of 14.0 mol/100 mol VFA, contributing to improved energy distribution and a potentially well-balanced VFA profile, depending on the relative concentrations of acetate and propionate (de Evan et al., 2022). Cashew apple silage has also been associated with increased butyrate concentration in the rumen, where it aids in efficient microbial protein synthesis and nitrogen utilization in ruminants (Tai et al., 2020). The production of butyrate during the ensiling process may not directly affect microbial activity in the rumen but reflects fermentation quality, which influences the silage’s overall nutritional value.

Ammonia-nitrogen (NH3–N) is a critical parameter in rumen fermentation, as NH3–N levels directly influence microbial protein synthesis. Ideal NH₃–N concentrations for optimal microbial growth in the rumen typically range from 12 to 15 mg/100 mL, but this depends on the availability of fermentable organic matter (FOM) and the rate of its fermentation. These factors influence the energy available for microbes to convert NH₃–N into microbial protein (Shwerab et al., 2023). Mango by-products, particularly mango seed kernel, have been shown to support this range effectively. For instance, mango seed kernel included at levels of 50, 100, and 200 g/kg in sheep diets produced NH3–N concentrations of 13.23, 12.42, and 12.81 mg/100 mL, respectively (Shwerab et al., 2023). Similarly, an inclusion level of 225 g/kg of mango seed kernel in sheep diets resulted in an NH3–N concentration of 15.74 mg/100 mL, within the optimal range to support microbial growth (Omer et al., 2019).

The effectiveness of mango-based diets in promoting nitrogen retention may be due to their moderate protein content combined with bioactive compounds that influence rumen function. Mango by-products, especially seed kernels, contain polyphenols that can reduce the rate of protein degradation in the rumen, leading to a more gradual release of ammonia. This slower degradation may help maintain NH₃–N within the ideal range, allowing for steady microbial protein synthesis without excessive nitrogen loss. Furthermore, low-protein diets have been shown to promote nitrogen retention efficiency through enhanced renal urea reabsorption and the utilization of hydrogen by rumen microbes for the synthesis of methane or microbial biomass in goats (Zhang et al., 2023), which complements the use of mango-based diets. This synergy suggests that mango-based diets which complements the use of mango-based diets. This synergy suggests that mango-based diets are particularly effective not only in maintaining NH3–N within optimal levels for microbial growth but also in enhancing nitrogen retention and microbial protein synthesis, ultimately reducing nitrogen waste (de Evan et al., 2022). The combination of mango seed kernel’s protein content and polyphenolic compounds supports these processes, making mango-based diets a practical choice for optimizing nitrogen utilization and microbial efficiency in ruminants.

The sampling procedure significantly impacts fermentation measurements, affecting pH, VFA, and NH3–N concentrations. Rumen fluid collected through an oral stomach tube typically shows higher pH values (e.g., 7.19 in goats fed with mango pulp-peel mix) and lower VFA and NH3–N concentrations compared to rumen cannula sampling, although VFA proportions generally remain consistent (Ramos-Morales et al., 2014; Terré et al., 2013; de Assis Lage et al., 2020; Shen et al., 2012). Such differences emphasize the importance of standardized sampling to obtain accurate fermentation data.



6.4 Effects on methane production

Ruminant livestock are major contributors to global methane emissions, accounting for 35–40% of anthropogenic methane through enteric fermentation and manure. These emissions are a significant portion of agricultural methane output, alongside other major sources such as paddy rice production (IPCC, 2007; Aluwong et al., 2011; Charmley et al., 2008). Methane from enteric fermentation in ruminants is a natural by-product of their digestion, with cattle being the largest emitters, followed by sheep and goats (Broucek, 2014; Gupta et al., 2018; Cottle et al., 2011). In South Africa, enteric methane emissions exceeded 1171.56 Gg annually from 1990 to 2014, primarily from non-dairy cattle, while small ruminants contributed 15.6% of total emissions (Du Toit et al., 2013; Moeletsi et al., 2017). Methane emissions in developing regions have surged, driven by increasing livestock numbers, with emissions from African cattle, goats, and sheep projected to grow from 7.8 million tons in 2000 to 11.1 million tons by 2030 (Aluwong et al., 2011).

Methane emissions in developing regions have surged, driven by increasing livestock numbers, with emissions from African cattle, goats, and sheep projected to grow from 7.8 million tons in 2000 to 11.1 million tons by 2030 (Mitsumori and Sun, 2008; Morgavi et al., 2010; Baker, 1999). This specialized group of microbes, present in various anaerobic environments, including the rumen, fills a crucial ecological niche by utilizing H2 and CO2 (Moss et al., 2000). Methane emissions from ruminants and other anaerobic settings are major contributors to global warming (Moss et al., 2000). In rumen fermentation, acetate and butyrate promote methane production, whereas propionate formation competes for hydrogen, reducing methane output (Moss et al., 2000; Bica et al., 2022). Feed additives and diet composition can also influence rumen metabolite profiles, potentially altering methane emissions by modifying microbial activity within the rumen (Bica et al., 2022; Palangi and Lackner, 2022). Feeds that increase acetate and carbon dioxide production, such as Napier grass, lead to higher methane emissions and a loss of feed energy, making them less efficient for animal production (McDonald et al., 2011). In contrast, by-products like mango and papaya peels show the potential to reduce methane emissions in ruminant diets due to their bioactive properties, which can inhibit methanogenic archaea and improve rumen fermentation efficiency (Jafari et al., 2020; Okoruwa and Igene, 2014; Geerkens et al., 2013).

Research supports the methane-reducing effects of fruit by-products (Table 5). Okoruwa and Igene (Okoruwa and Igene, 2014) observed lower methane production from mango and papaya peels than from Napier grass, likely due to their influence on volatile fatty acid (VFA) pathways, particularly by redirecting hydrogen toward propionate production rather than methane. Bioactive compounds in mango peels, including phenolics and tannins, have selective antimicrobial properties (Asif et al., 2016), potentially targeting methane-producing archaea without significantly inhibiting other microbial populations. Similarly, papaya waste extracts and seeds contain bioactive compounds that may support fermentation efficiency by maintaining a balanced microbial ecosystem while reducing methane emissions (Sharma et al., 2020). Geerkens, Schweiggert (Geerkens et al., 2013) found that phenolic extracts from mango peels reduced methane emissions by 9% in hay-based diets, and a 20% inclusion of mango seed kernel in a corn-based diet reduced emissions by up to 40% in sheep, likely due to its high tannin content (Shwerab et al., 2023).

Although cashew by-products have been less extensively studied, their bioactive composition suggests potential impacts on methane production, though results are mixed. Studies with cattle indicate that methane emissions remain primarily unchanged with cashew by-product inclusion, suggesting limited effects on methane mitigation in some contexts (Souza et al., 2020). However, additional research could clarify their role in methane reduction, particularly in combination with other dietary factors.




7 Influence of feeding mango, cashew, and papaya by-products on small ruminant growth performance and health


7.1 Effects on growth and feed conversion

The influence of mango and cashew by-products on the growth performance and carcass traits of sheep and goats is multifaceted and contingent upon the inclusion level and processing methods employed. Studies (Table 6) indicate that moderate inclusion levels (15–30%) of by-products, like dried mango pulp, can enhance or maintain average daily gain (Tompkins and Adger, 2004; Tompkins and Adger, 2004) and feed conversion ratio (FCR) in sheep, serving as effective partial substitutes for conventional concentrates without compromising growth performance, particularly when traditional feed sources are limiting (Aung et al., 2024). Additionally, moderate levels do not negatively impact carcass weight or dressing percentage, making them cost-effective feed alternatives under conditions of feed scarcity (Table 5). Mango by-products, particularly mango peel silage and meal, consistently improve ADG in dairy calves and goats at levels up to 30% in total mixed rations, likely due to nutrient density and fiber that enhance rumen fermentation (Aung et al., 2024).

Cashew by-products, such as cashew fruit flour and apple silage, generally stabilize ADG without significant growth gains, while papaya by-products, like papaya pomace, support growth without notable improvement (Bain et al., 2016; Tai et al., 2020; Babu et al., 2006). Mango by-products also enhance FCR, likely due to bioactive compounds that support rumen function, though high inclusion levels (>30%) or tannin-rich, unprocessed by-products like mango peels may reduce FCR and ADG by inhibiting nutrient absorption. Similarly, highly fibrous by-products like papaya peels may reduce digestibility, requiring higher feed intake and worsening FCR (Babu et al., 2006).

Mango by-products emerge as the most promising for improving ADG and FCR, likely due to their high carbohydrate and fiber content, along with bioactive compounds that enhance rumen microbial activity and fermentation efficiency. The sugars and easily fermentable carbohydrates in mango by-products provide a readily available energy source that supports optimal microbial growth and protein synthesis in the rumen, improving nutrient uptake and overall efficiency compared to conventional forage or low-energy by-products. In comparison, cashew and papaya by-products serve more as maintenance feeds, providing stable growth support without significant efficiency gains. This suggests mango by-products are particularly valuable in enhancing growth outcomes, while cashew apple and papaya are reliable for supporting stable performance.



7.2 Effects on health

The introduction of mango, cashew, and papaya by-products into the diets of small ruminants offers a spectrum of potential health benefits, though accompanying drawbacks necessitate consideration. Mango and papaya by-products have shown antiparasitic properties that benefit ruminants when ingested (Guil-Guerrero et al., 2016). For instance, mango peel extract has been found to effectively reduce fecal egg counts in goats, likely due to its antioxidant, anti-inflammatory, and antibacterial phytochemicals, which support rumen health and production parameters (Prasetyo et al., 2024; Umamahesh et al., 2020). Mango peel powder has also been studied as a feed additive for promoting rumen health and reducing methane emissions, offering potential benefits for both livestock productivity and environmental sustainability (Okoruwa and Igene, 2014; Garavaglia and Tedesco, 2015; Cañaveral-Martínez et al., 2023). Papaya seeds and peels, similarly, exhibit potent effects against gastrointestinal nematodes such as Haemonchus contortus. This antiparasitic effect is primarily due to cysteine proteinases found in papaya latex, which disrupt parasite metabolism. Additionally, the carotenoids and polyphenols in papaya by-products enhance immune function and provide antioxidant benefits in dairy cows (Abouzed et al., 2019; Buttle et al., 2011). Nutritionally, both ripe and unripe papaya peels offer essential vitamins, minerals, and energy, enriching livestock diets and supporting overall health (Akintunde et al., 2022).

Cashew apple fiber has also shown promise as an anthelmintic agent against Haemonchus contortus in sheep, likely due to its phenolic compounds exhibiting antiparasitic effects (Lopes et al., 2018). Another possible explanation is the increased post-ruminal flow of protein, resulting from tannins complexing with dietary protein and protecting it from rumen degradation. This improved protein status may enable the animal to mount more effective immune responses. While these by-products have substantial benefits, caution is warranted with cashew apples, as they have been associated with toxicosis in ruminants, particularly cattle. This toxicity is likely linked to the presence of anacardic acid and related phenolic compounds, which are known to cause gastrointestinal irritation and other adverse effects in livestock when consumed in large quantities. Reports from Brazil document symptoms resembling alcoholic intoxication, such as lethargy and staggering, due to ethanol production during fermentation in the rumen (Assis et al., 2009; Filho and Soto-Blanco, 2012). Although these effects are typically reversible and non-lethal, the risk suggests carefully managing cashew apple levels. High levels of tannins in unripe mango peels can reduce feed intake, nutrient absorption, and digestibility, which lowers feed conversion efficiency in ruminants (Falusi et al., 2017; Frutos et al., 2004). Excessively fibrous by-products, may also reduce digestibility, necessitating higher intake to meet nutrient requirements (Mirzaei-Aghsaghali and Maheri-Sis, 2008). Further research into optimal inclusion levels and processing methods will help maximize these benefits and mitigate associated risks.



7.3 Effects on meat quality

The quality of meat from small ruminants fed mango, cashew, and papaya by-products is crucial for consumer acceptance and market value. Nonetheless, research on the effects of mango, cashew, and papaya by-products on carcass and meat quality in ruminants is limited but promising. In ruminants, mango meal can replace corn in lamb diets without negatively impacting carcass traits, though it may affect specific cuts, such as brisket and hindquarter weights (Neto et al., 2014). Cashew by-products, including dehydrated cashew bagasse (DCB), have also been tested in feedlot lambs, where replacing up to 24% of forage sorghum with DCB maintained the physical and chemical quality of the meat, with an 8% replacement yielding lower lipid content (Barreto et al., 2022). Similarly, sun-dried cashew pulp can be incorporated into West African Dwarf (WAD) goat diets at up to 30% without adverse effects on carcass characteristics or internal organs, providing a cost-effective feed alternative and helping reduce environmental waste (Okpanachi et al., 2016).

Research on alternative feed ingredients demonstrated promising outcomes for carcass quality and cost reduction in non-ruminants. For instance, mango-based diets produced leaner carcasses in pigs than traditional feeds (Kiendrebeogo et al., 2018). In poultry, papaya leaf powder did not negatively affect carcass quality (Laihad et al., 2019), and mango fruit waste was successfully incorporated up to 20% in broiler diets without impacting nutrient intake or growth performance (Emshaw et al., 2012). Incorporation of cashew by-products into poultry diets yielded mixed results. Cashew apple waste slightly reduced broiler performance (Swain et al., 2007), possibly due to its high fiber and tannin content, which may limit nutrient digestibility and energy availability. However, it did not affect carcass traits, suggesting that the composition of cashew waste primarily influences growth efficiency rather than final body composition (Swain et al., 2007). In contrast, dehydrated cashew apple meal, when included up to 25%, enhanced weight gain and meat-to-bone ratio, likely because dehydration reduces moisture content and concentrates nutrients, improving energy intake and overall feed efficiency (Ramos et al., 2006). For growing rabbits, dried cashew apple was included up to 30% in diets without adverse effects on performance, as rabbits are generally more tolerant of high-fibre diets, which align well with their natural digestive physiology (Fanimo et al., 2003).

Fruit by-products rich in polyphenols, such as grape pomace and citrus pulp, have shown potential to enhance the fatty acid profile and antioxidant activity in ruminant meat and milk without significantly impacting production (Correddu et al., 2023; Correddu et al., 2020). These by-products can also reduce lipid oxidation in meat during storage (de Evan et al., 2022) and improve meat color stability (Priolo and Vasta, 2007). Although condensed tannins in these by-products are poorly bioavailable, they may exert antioxidant effects through both direct and indirect mechanisms (Soldado et al., 2021). Additionally, tannins can influence ruminal biohydrogenation, increasing beneficial fatty acids such as conjugated linoleic acid and omega-3 fatty acids in milk and meat (Frutos et al., 2020). However, the impact of tannins on fatty acid profiles may vary depending on factors like dosage and animal species (Ponnampalam et al., 2024). Incorporating these by-products into ruminant diets presents a sustainable approach to enhancing product quality while reducing feed costs (Vastolo et al., 2022). Mango and cashew by-products have shown potential for enhancing ruminant meat quality, particularly by improving lipid profiles and antioxidant properties due to their polyphenolic content (Guil-Guerrero et al., 2016; Ponnampalam et al., 2024). However, direct studies examining these effects in ruminants are still limited. Similarly, while papaya by-products are rich in carotenoids and phenolics, specific evidence of their impact when included in ruminant diets on meat quality remains unavailable (Guil-Guerrero et al., 2016; Da Silva et al., 2014). The potential benefits of all three by-products, especially regarding their impact on meat quality, lipid profiles, and antioxidant properties, warrant further research to confirm their effects in ruminant diets.




8 Methods or techniques for preserving fruit by-products for feed

The nutritional quality of fruit by-products (FBPs) can be preserved or enhanced through various physical, chemical, and biological treatments, making them more effective as livestock feed (Balehegn et al., 2022). Physical treatments—such as chopping, pelleting, drying, and densification—reduce bulkiness, improving ease of handling and feed intake. Densification refers to the compaction of by-products into dense pellets or blocks to increase their bulk density, facilitating transport and storage. Chemical treatments use acids or alkalis to break down fibrous structures, enhancing digestibility and nutrient availability. Biological treatments, often involving specific microorganisms, promote beneficial fermentation that reduces anti-nutritional compounds while increasing protein content. However, fermentation typically reduces gross energy content due to energy losses during microbial metabolism.

Due to their high moisture content and bulk (>800 g/kg), fruit by-products require preservation methods to extend shelf life (Zhang et al., 2017). The two primary techniques—drying and ensiling—are widely used. Sun-drying is common for reducing moisture and preventing microbial spoilage (Gan et al., 2016) but can lead to nutrient losses, particularly in heat-sensitive vitamins and antioxidants, diminishing antioxidant and antimicrobial capacities (Chikwanha et al., 2018; Klava et al., 2018). Rapid drying to low moisture levels (~0.7 water activity) is essential to prevent mold and mycotoxin growth, particularly in humid conditions (Chiewchan et al., 2015; Chulze, 2010).

Ensiling, in contrast, preserves proteins and carbohydrates by promoting lactic acid fermentation under anaerobic conditions, creating an acidic environment that inhibits mould and mycotoxin growth. Although Tayengwa and Mapiye (Tayengwa and Mapiye, 2018) speculated that ensiling could negatively impact FBP quality and the environment, their study did not directly investigate these effects. On the contrary, other research indicates that ensiling improves FBP nutritional profiles (Wimalasiri and Somasiri, 2021; Santos et al., 2019) and is particularly beneficial during wet seasons when sunlight is insufficient for effective drying.


8.1 Effect of preservation technique on the quality of by-product

The choice of preservation technique significantly affects the quality of mango, cashew, and papaya by-products. While sun-drying is a practical and accessible preservation method, it can reduce levels of heat-sensitive nutrients, particularly vitamins C and E and carotenoids (Nagle et al., 2011; Kamiloglu et al., 2016; Ndawula et al., 2004). Rapid drying prevents mould and mycotoxin contamination, especially in humid conditions (Chiewchan et al., 2015). In contrast, ensiling has been shown to improve the quality of FBPs by preserving nutrients and enhancing palatability through fermentation, as demonstrated in studies on mango residues, persimmon peel, and grape pomace (Guzmán et al., 2010; Fitri et al., 2020; Mousa et al., 2019). Additionally, ensiling effectively reduces anti-nutritional factors, such as tannins in mango peels, mainly when additives like molasses and urea are included. (Couto Filho et al., 2007; Guzmán et al., 2012; Sruamsiri and Silman, 2009). For instance, ensiling mango residues with maize stover, molasses, and urea produces a stable feed with favorable fermentative and chemical characteristics suitable for animal consumption (Guzmán et al., 2010, 2012).

Ensiling also offers environmental benefits by potentially reducing methane emissions from ruminants due to changes in fibrous fractions during fermentation (Mousa et al., 2019). For mango residues, the ensiling process stabilizes fermentative characteristics within 14–21 days, after which fermentation activity slows significantly (Guzmán et al., 2010, 2012). While ensiling can improve protein solubility, excessive solubility may lead to rapid rumen degradation and increased nitrogen loss. However, if proteins form complexes with tannins present in the ensiled crop, solubility decreases, slowing protein digestion in the rumen and improving nitrogen capture efficiency. Incorporating Lactobacillus plantarum can enhance nutrient utilization and reduce methane emissions from ruminants (Zhang et al., 2022; Chen et al., 2022). Combining hydrolysable and condensed tannins at low doses can improve nitrogen utilization efficiency and mitigate methane production without adversely affecting ruminal fermentation (Chen et al., 2022). These ensiling techniques offer potential environmental benefits by reducing methane emissions from ruminants while improving feed quality, making them promising strategies for sustainable animal production (Zhang et al., 2022; Chen et al., 2022).

While dried by-products may have a coarser texture and reduced palatability, this can be mitigated by grinding or mixing with other feed ingredients. By understanding the impacts of different preservation techniques, producers can make informed decisions to optimize the nutritional value, safety, and palatability of these valuable feed resources, ensuring they meet quality standards and livestock dietary needs.



8.2 Problems associated with the storage and feeding of cashew, papaya and mango by-products

Using cashew, papaya, and mango by-products as feed offers benefits but comes with storage and feeding challenges. Their high moisture content can lead to rapid spoilage if not properly dried, increasing mold growth risks (Musundire et al., 2021). Inadequate storage may also cause unwanted secondary fermentation, reducing the nutritional value and making the feed less palatable due to odors. Proper storage, such as airtight containers, can mitigate these issues (Balehegn et al., 2020). The high sugar content in these by-products attracts insects and rodents, making pest control essential (Musundire et al., 2021). Nutritionally, while rich in certain nutrients, these by-products may lack others, requiring balanced rations to ensure animals receive complete nutrition (Balehegn et al., 2020). Livestock may initially reject these feeds due to unfamiliar tastes; gradual introduction can help (Musundire et al., 2021).

Additionally, some fruit by-products contain anti-nutritional factors, like tannins, which can interfere with nutrient absorption, necessitating further research and mitigation strategies (Balehegn et al., 2020). Seasonal variability in supply poses additional challenges, requiring farmers to plan and establish reliable sourcing networks (Musundire et al., 2021). Quality control during storage and processing is essential to prevent contamination and ensure livestock health, requiring collaborative support from agricultural, livestock, and governmental sectors to optimize the use of fruit by-products in livestock production.



8.3 Co-feeding strategies and nutrient balancing

Strategies for optimizing mango, cashew, and papaya by-products in ruminant diets focus on improved feed intake, nutrient utilization, and animal performance. Co-feeding strategies show the benefits of ensiling these by-products with low-quality roughages and additives to enhance digestibility and nutrient content (Table 7). For instance, ensiling mango peels with rice straw and legumes boosts dry matter and fiber digestibility in cattle, while papaya peels ensiled with pangola grass show improved fermentation characteristics and nutritional quality (Sruamsiri and Silman, 2009; Sánchez-Santillán et al., 2021). Cashew by-products, when ensiled with cassava peels or incorporated into broiler diets, have demonstrated improved nutrient intake and growth in both ruminants and poultry (Ferreira et al., 2015; Venkatramana et al., 2020).



TABLE 7 Co-feeding strategies and nutrient balancing for ruminants using mango, cashew apple, and papaya by-products.
[image: A table outlining strategies and research related to co-feeding, nutrient balancing, and rumen microbiome balancing in animal feed. It lists various by-products such as mango, papaya, and cashew, highlighting their impacts on digestion and nutrient utilization. Each aspect is supported by references to studies conducted between 1988 and 2024.]

Nutrient balancing is crucial for optimizing livestock productivity, especially in low-income food-deficit regions where by-products are often low in protein and minerals (Table 7). In these regions, limited access to diverse and high-quality feed resources exacerbates the challenge, making effective nutrient balancing essential to mitigate deficiencies and support livestock health and performance. Supplementation with protein-rich sources like legumes, oilseed cakes, or small amounts of urea can enhance protein intake, and mineral additions may address specific deficiencies (Abdelnour et al., 2018; Leng, 2004). These practices improve livestock productivity and nutrient utilization efficiency, supporting sustainable production (Leng, 1990; Makkar, 2014).

Finally, maintaining a stable rumen environment is essential for effective digestion (Table 7). Gradually introducing these by-products helps rumen microbes adapt to dietary changes, minimizing digestive issues and supporting a stable rumen pH, which is crucial for microbial activity and fibre digestion (Fron et al., 1996). Adding complementary by-products or feed additives, such as probiotics, supports microbial activity, improves nutrient breakdown, and can even reduce methane emissions (Ertl et al., 2015; Smith et al., 2020). Together, these co-feeding and nutrient-balancing strategies promote a more sustainable, efficient approach to livestock feeding in developing areas, maximizing the potential of fruit by-products as a valuable feed resource.




9 Policy implications for promoting the use of fruit by-products as livestock feed

To ensure the widespread adoption of fruit by-products as alternative feed resources in LIFDCs, targeted policies and interventions are needed at the policy, infrastructure, and community levels. These measures aim to increase the utilization of fruit by-products, enhance feed availability, reduce waste, and improve livestock productivity. Key strategies include:

	1. Incentivizing Valorization Through Subsidies: Governments can provide financial incentives or subsidies to fruit processors and farmers who engage in valorizing by-products into livestock feed. This could include grants for equipment used in drying, ensiling, or processing fruit by-products.
	2. Establishing Regulations for Waste Diversion: Legislation mandating the diversion of fruit processing waste from landfills to animal feed production could significantly reduce environmental pollution. These policies should include guidelines for the safe handling and processing of by-products to ensure their suitability for livestock consumption.
	3. Improving Infrastructure for Preservation and Distribution: Adequate storage and transport infrastructure are critical for ensuring that fruit by-products retain their nutritional quality and reach livestock farmers in remote areas. Governments and private stakeholders should invest in affordable preservation technologies, such as silos for ensiling and solar dryers for moisture removal.
	4. Strengthening Extension Services: Agricultural extension officers must be trained to educate smallholder farmers about the benefits of using fruit by-products as feed, along with guidance on how to process and balance these by-products in livestock diets. Community-level demonstration projects can also build farmer confidence in adopting these methods.
	5. Encouraging Research and Innovation: Funding research to optimize preservation methods, assess regional variations in by-product composition, and determine optimal inclusion levels for livestock is essential. Policies should also promote collaborations between universities, research institutions, and industry stakeholders to create innovative solutions.
	6. Fostering Public-Private Partnerships (PPPs): Collaborations between governments, NGOs, and private companies can accelerate the adoption of fruit by-product valorization strategies. For instance, fruit processing industries could partner with cooperatives to supply by-products to livestock farmers, creating mutually beneficial value chains.
	7. Incorporating Circular Economy Principles: Policymakers should encourage integrating circular economy models, where fruit by-products are not only seen as waste but as valuable inputs in livestock systems. This could include public awareness campaigns on sustainable waste management practices and their environmental and economic benefits.

By addressing these areas, the adoption of fruit by-products as livestock feed can move from isolated case studies to widespread practice, contributing to food security, environmental sustainability, and rural economic growth in LIFDCs. Such policy interventions could serve as blueprints for other regions facing similar challenges.



10 Concluding remarks

Valorizing fruit by-products such as mango peels, cashew apple pomace, and papaya seeds offers a transformative solution to feed scarcity in small ruminant systems within LIFDCs. These by-products improve feed efficiency, enhance livestock productivity, and mitigate environmental waste, aligning with sustainability and circular bioeconomy goals. Integrating fruit by-products into livestock diets supports smallholder resilience by reducing feed costs and improving meat quality. Bioactive compounds such as tannins also offer potential for methane mitigation, further contributing to climate resilience.

Despite these benefits, challenges such as nutrient variability, inadequate preservation infrastructure, and limited farmer awareness must be addressed. Targeted investments, policy interventions, and research innovations are essential to scale up adoption and maximize impact. By addressing these interconnected challenges, this approach can contribute to sustainable livestock production, improved food security, and rural economic development in vulnerable regions.
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Background: Using indigenous underutilized crops as a sustainable measure to mitigate food and nutrition insecurity is recommended globally. Few studies have explored the factors influencing the value placed on indigenous underutilized crops such as egusi in African food systems. Egusi, oleaginous edible seeds of cucurbitaceous plants with inedible pulp, are cultivated for the seeds and commonly used in West African cuisines.
Objective: This study investigates the sociocultural importance of egusi and its value to nutrition and food security in growing communities of northern Ghana. It further explores the gender underpinnings and influences on egusi production and use and evaluates the strategies indigenous smallholder egusi farmers use to cope with the current climate dynamics.
Methods: Gender and age-differentiated Focus Group Discussions (10) and Key Informant interviews (14) were conducted in Chereponi and Kpandai Districts of northern Ghana.
Results: Our findings show that the primary factors influencing the premium placed on the crop(s) differ between males and females. There has also been a change in the social construct of egusi in recent years due to the impact of climate-induced food insecurities. For Chereponi which is relatively drier than Kpandai, egusi is now a must-farm crop if one’s household is to survive during lean seasons. It is no longer viewed as a woman’s crop. However, Kpandai, with a relatively wetter climate, has other cropping alternatives. A unanimous response from all study participants reveals latent functions of cultivating egusi, which includes children’s education and reduced financial burdens.
Conclusions: This study underscores how egusi plays critical roles in the nutrition and livelihood of Ghanaian communities and can be the starting point for tailored and extensive investigations on the value of egusi to both enhance climate resilience and sustainable nutrition. The findings further demonstrate the critical need for a comprehensive study of the foodscapes of malnourished communities to enable appropriate policy directives for sustainable nutrition interventions.

Keywords
 underutilized species; indigenous crops; climate change; cucurbit seeds; egusi; nutrition; survey; farming communities


1 Introduction

There is a global need for diverse solutions to address food and nutrition insecurity. Sub-Saharan Africa suffers extreme food insecurity and poverty, making it necessary to employ various innovative measures to enhance food sufficiency and sustainable nutrition for its populace. Neglected and underutilized crops, especially those with high resilience against harsh weather and climate change, have been recommended as having substantial potential to contribute to food and nutrition security more than they are currently exploited (FAO, 2024; Padulosi et al., 2002; Mayes et al., 2012). However, as Hunter et al. (2019) pointed out, exploration of such crops will only be effective in transforming food systems if there is empirical data informing policy and strengthened coordinated engagements between the diverse stakeholders working with these species. Limited studies have explored the social underpinnings of their value in traditional food systems, restricting their optimal and accelerated exploitation in food and nutrition intervention strategies.

Egusi crops (Citrullus lanatus (Thunb.) Matsum. & Nakai var. lanatus) are largely oleaginous edible seeds of cucurbitaceous plants with inedible pulp. They are popular in tropical Africa and Asia but remain largely underexplored, although it is highlighted as a potential food security crop (FAO, 2024; National Research Council, Global Affairs, Security, and Cooperation, 2006; Koffi et al., 2008). Cucurbitaceae is a botanical family. The several reported common names are Citrullus Lunatus, Lagenaria siceraria, Cucumeropsis edulis, Citrullus vulgaris, Cucumeropsis manii, Telfaria occidentalis, Citrullus colocynthis, Cucumis melo, and Cucurbta pepo (National Research Council, Global Affairs, Security, and Cooperation, 2006; Zoro Bi et al., 2006). Each of these general terms has been referred to and used as egusi in sub-Saharan Africa, giving rise to the classification of egusi as a food category rather than as a botanical designation (Logan, 2012).

In West Africa, the commonly attributed species to egusi are Citrullus Lanatus Thunb, Citrullus lanatus (Thunb.) Mansf, CitrullusVulgaris Schrader, Citrullus vulgaris Eckl. and Zeyh. (also, watermelon), Colocynthis citrullus (L.) Kuntze, and Colocynthis citrullus Linnaeus (National Research Council, Global Affairs, Security, and Cooperation, 2006). Other authors have ascribed egusi to Citrullus colocynthis, Cucumis melo, Cucumeropsis edulis, Cucumeropsis manii, and Cucurbita pepo (Zoro Bi et al., 2006; Steiner-Asiedu et al., 2014; Akusu and Emelike, 2018), and these are largely classified into two: Egusi (for the climbing species) and Neri (for the creeping species) but more loosely, egusi, to encompass both types. There have been very limited studies to ascertain the true taxa of the varieties found in different localities in Ghana. The multiple landraces also have diverse local names, including ‘Akatuoa’, ‘Kel’, and ‘Agushie’ for the climbing type and ‘Wrewre/Werewere’ and ‘inabe’ for the creeping type. In this study, the term ‘egusi’ is used loosely to encompass the cucurbit species present in the study communities. Where necessary, a distinction is made using its morphological characteristics: climbing or creeping species, and the local name.

Ghana is among the major consumers of egusi in sub-Saharan Africa (National Research Council, Global Affairs, Security, and Cooperation, 2006). Its production is primarily concentrated in Northern Ghana, where many of the farming communities suffer high levels of malnutrition and food insecurity (National Development Planning Commission (NDPC), 2012; Amugsi et al., 2013) and are the most vulnerable to climate change impacts (Antwi-Agyei et al., 2012). While the crop has been consumed for many years, it has not received significant research and development attention despite its nutritional value, especially in rural areas (Fajinmi et al., 2022), and the growing urban consumer demand. The crop has also been noted as playing a critical role in ensuring food security and supporting livelihoods, particularly during the lean season. The different types of egusi are popular in making traditional soups and stews/sauces. In urban Ghana, the climbing types are best known for their importance in the popular “palaver sauce” and the creeping type for the special “werewere” soup. Both types are, however, used either for soups or stews in rural Northern Ghana. This research was undertaken to inform the exploration of egusi as a nutrition-security crop in rural Ghana. It was expedient to engage the growing communities of the crop and to ascertain the sociocultural factors at play in their food systems to inform the next steps in the food exploration of egusi. The objectives of this study were to (i) investigate the sociocultural importance of egusi and its value to nutrition and food security in growing communities of northern Ghana; (ii) explore the gender underpinnings and influences on egusi production and use; and (iii) evaluate the strategies indigenous smallholder egusi farmers use to cope with the current climate dynamics.



2 Methods


2.1 Study design and sites

The study was undertaken in two districts of Ghana, covering three communities, Mbowura in Kpandai district and Chombosu and Tambong in Chereponi district (Figure 1). These communities were selected based on the guidance from the Ministry of Food and Agriculture (MoFA) officials on the egusi-producing communities in Ghana and the reported malnutrition levels (Frempong and Annim, 2017).
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FIGURE 1
 The map of Ghana showing the locations of the study communities.




2.2 Participants and sampling method

A purposive sampling approach (Creswell and Poth, 2016) with assistance from the Agricultural Extension Officers (AEAs) from the districts was used to identify 14 key informants (KIs) along the egusi value chain for individual interviews. Semi-structured interview guides were used in all interviews and focus group discussions (FGDs).

Focus groups were disaggregated by sex and age with four FGDs in each community: adult male group, adult female group, youth female group, and youth male group, except for Kpandai, where two FGDs were held, one for female and one for male groups. Youth referred to ‘never married’ male or female participants from 18 to 35 years. The gender and age disaggregation was undertaken for two main reasons:

	1. to improve the participation of women and the youth by allowing them to express themselves freely.
	2. to elucidate the gender underpinnings in the local food systems. We ensured a representation of women, men, and youth in all engagements.

A total of 10 FGDs were held, lasting between 1 and 3 h. Fourteen key informant interviews (KIIs) were conducted, four from the Kpandai district and 10 from the Chereponi district. The selection considered social standing, occupation, and ethnicity to ensure that the in-depth information received from the key informants to triangulate and evaluate information from the FGDs was unbiased. Interviewees included community heads, experienced and respected farmers, egusi traders, and migrants to the communities.

The agriculture extension officers (AEAs) recruited all participants in the Chereponi district with assistance from their community contact farmers. The recruitment of participants was done ahead of the study visits. In the case of Kpandai, a gatekeeper in the Mbowura community supported the initial recruitment activities. The research team member went to finalize the process 2 days before the interviews. The themes were consistent across the populations, suggesting that participants were open about their experiences.

The number of FGDs was determined based on data saturation. All interviews and FGDs took place in a quiet, safe space identified by the community, including schools that were on recess.



2.3 Data collection

The research team comprised three female researchers (PI and two RAs) and two male RAs. Interpreters were used in the Chombosu and Tambong communities. The female researchers conducted the female FGDs. A male research assistant conducted the FGDs with men except for Kpandai, where the female research expert conducted both the male and female FGDs.

Data were collected in November 2022 and December 2022 for Kpandai and Chereponi districts, respectively. FGDs included seven to 18 participants. All interviews were recorded and transcribed into English. Each transcription was validated by the research team.



2.4 Data analysis

The data were analyzed through a qualitative thematic approach described by Braun and Clarke (2006). The data comprised transcripts from key informant interviews and focus group discussions, which were transcribed verbatim. The initial step involved familiarizing oneself with the data through repeated readings to gain an in-depth understanding. Following this, the transcripts were systematically coded using an open-coding process, where meaningful segments of text were labelled to identify patterns and themes related to gender roles, social norms, and cultural practices associated with egusi cultivation and use. These initial codes were then organized into broader categories, capturing the essence of the participants’ experiences and viewpoints. Themes including “gender-specific labor divisions,” “cultural significance of egusi,” “economic empowerment through egusi,” and “social barriers to equitable participation” emerged. The analysis also involved a constant comparison between data sets from different groups to highlight similarities and differences in perspectives. The thematic analysis gave a full picture of how gender and social norms affect the cultivation and usage of egusi. These findings are very important for creating agricultural policies and programs that are gender-responsive and nutrition-sensitive.



2.5 Ethical consideration

The KNUST ethical board approved the study (CHRPE/AP/831/22). Written informed consent was obtained from all participants after verbally explaining the purpose of the study. Participants were assured of anonymity and confidentiality. The lead facilitator for each interview clearly explained to participants and interviewees their right to stop participating. They were also free not to answer any question they were uncomfortable with.




3 Results and discussion


3.1 Demography of study communities and respondents

Three main ethnic groups, Konkomba, Nawuri, and Chakosi, dominated the studied communities, with the prevalent minor ethnic group being the Fulanis (Tables 1, 2).



TABLE 1 Demography of study communities and number of respondents in the survey on the value of egusi to food and nutrition security in Kpandai and Chereponi districts of northern Ghana.
[image: Table showing community demographics and focus group participation in Kpandai and Chereponi districts. Categories include estimated adult population, households, focus group participants, and key informants. Mbowura, Chombosu, and Tambong communities are detailed. Total adult population is two thousand five hundred seventy-three across four hundred twenty-two households. Focus group participants include forty-six males and fifty-seven females, with eight male and six female key informants.]



TABLE 2 Overview of the ethnicity of survey respondents who participated in focus group discussions and key informant interviews in the survey from three egusi-producing communities in the Kpandai and Chereponi districts of northern Ghana.
[image: Table showing the ethnic group representation by district, community, and differentiation. In Kpandai, Mbowura has 6 Konkomba males, 2 Nawuri males, and 6 Konkomba females. In Chereponi, Chombosu adults consist of 1 Kassina male and 12 Chokosi males, with Chombosu youths comprising 10 Chokosi males. Tambong adults include 14 Konkomba males and 12 Konkomba females, while youths have 7 Konkomba males and 13 Konkomba females. Totals are 27 Konkomba males, 2 Nawuri males, 1 Kassina male, 23 Chokosi males, 32 Konkomba females, 4 Nawuri females, 28 Chokosi females, 2 Fulani females, and 1 Basari female.]

Table 1 reveals the demographic data on the study communities and the allocation of respondents in the survey concerning the significance of egusi for food and nutrition security in the Kpandai and Chereponi districts of Northern Ghana. It covers the projected adult population and household figures for each municipality. The data further categories focus group discussions (FGDs) by community and demography (adult and youth), including the count of male and female participants. Furthermore, the table records and captures the number of key informants interviewed in each district. The entire sample comprises 46 male and 57 female FGD participants, with eight male and six female key informants across the two districts.

Table 2 presents a summary of the ethnic mix of survey respondents who engaged in focus group discussions and key informant interviews in three egusi producing communities in the Kpandai and Chereponi districts of Northern Ghana. It reveals a clear classification of the respondents by ethnicity and gender across different communities and discussion groups (adults and youths). The table highlights the representation of Konkomba, Nawuri, Kassina, Chokosi, Fulani, and Basari ethnic groups in the survey. The Konkomba respondents constitute the majority, with notable participation from Chokosi and Nawuri groups, reflecting the ethnic diversity of egusi producers and consumers in the study area.


3.1.1 Egusi production and identified seed types

Four landraces were identified in the survey (Table 3 and Figure 2); two creeping plants, inabe (also commonly referred to as Neri) and bidelab (called brown melon seeds); and two climbing types, tijakpori/ kel/ Karkar (called white melon seeds) and a unique variation of the tijakpori, locally referred to as bunacha. There is no official botanical classification of the species to inform their taxonomy. Unless otherwise differentiated, egusi is hereafter used loosely for either type of cucurbit.



TABLE 3 Identified egusi landraces in two major egusi-producing districts in northern Ghana.
[image: A table describes different types of egusi with categories for climbing and creeping species. Under climbing species, "Kel/Karkar/yirbondu" has white seeds known locally as Akatuoa or Agushie, requiring stakes for support, with soft seeded fruit turning yellowish-green when mature. "Bunacha" has seeds similar to bideleb but round with a black edge, hardy and bitter, with broad leaves. For creeping species, "Bideleb" has brown, pointed seeds, no staking needed, with broader leaves and first identified among the Bidelab tribe. "Neri/Narte/inabe" has small, rough-coated seeds, identified by size and was not available during data collection.]

[image: Various melon seeds and fruits are displayed. On the left, there are large and small Neri seeds. The middle sections show shelled and unshelled unique, white, and brown melon seeds. The right images depict white, brown, and unique melon fruits with distinct colors and patterns.]

FIGURE 2
 Images of seeds and fruits of the identified landraces of egusi in the Chereponi and Kpandai districts of Ghana Labels are authors’ own descriptors for ease of identification due to the lack of defined taxonomy for the landraces.


Respondents identified two types of the were/neri/inabe species, but an older woman said there are rather three types of the inabe, the third being an intermediate, in terms of seed size, of the two identified. The diversity of the varieties used as egusi in the study communities corroborates its classification as a food category rather than a single botanical designation (Logan, 2012). This further suggests the need for proper taxonomic classification and nomenclature of this food category to facilitate the exploitation of research data at the species level across different geographical areas and cultures.

All three studied communities cultivated egusi. Mborowa largely cultivated the climbing species (locally referred to as akatuoa/agushie/karkar/kel/tijakporo) and the creeping bidelab, whereas Chombosu and Tambong communities now cultivate largely inabe (Neri). According to most participants, they no longer grow the climbing type for two main reasons: lack of easy access to tree stumps for staking due to deforestation and decline in soil fertility, which makes it almost impossible to cultivate yams, which also require staking and so were previously intercropped with the climbing species. One key informant intimated: “the last person I knew still grew egusi was my mother. In fact, we liked the soup she prepared from it, but nobody else grew it. Now everyone grows inabe because if you look around you, all this place used to be trees, but it is now desert, so where will we get the sticks for the tijakpro.” The inabe is early maturing, requires very little rainfall, less fertile soils to grow, and no staking.




3.2 Value of egusi production and related gender dynamics

In the Kpandai district, egusi production is mostly in the domain of women and is a source of livelihood for women and their children. In a focus group discussion, one discussant intimated: “I stay with my husband and do egusi to help the children. The egusi money is for me, but I use it to help my children.” This indicates how women are empowered by egusi cultivation.

A crop is considered a male crop when it has commercial or economic value. For instance, male discussants in Tambong, when asked about the crops associated with men, listed maize and yam as the top two and intimated that maize is mostly used for feeding the family and for sales, whereas, in Kpandai, male discussants selected yam as the most important crop because “when you grow, you get money from selling.” Female respondents also supported this assertion, with some indicating its importance for the (male) youth: “I will choose yam first because it is important… So those (male youth) who do not go to school use yam farming as a source of employment” (female discussant). Thus, the categorization of crops into male and female is socially constructed by farmers.

The direct contrast between male involvement in the production of egusi between Kpandai and Chereponi districts confirms the strength of economic gain as a strong motivation for the value placed on crops, especially for men. Considering the amenability of male-dominated communities to monetary gains, it is critical that efforts seeking to mitigate community malnutrition with indigenous species evaluate the trade-offs between household consumption for nutrition and the indigenous species becoming a high-earning cash commodity that will attract male involvement and complete ‘take-over’. This is especially important for communities where access to land by women is limited.



3.3 Sociocultural importance of egusi and its value to nutrition and food security in growing communities

All respondents in the three study communities highlighted the importance of egusi to their communities’ social and cultural fabric. “Everybody eats it, everybody eats it.” These were responses from both female and male focus groups and key informants in all three communities. A clear demonstration of the sociocultural value of egusi was in the Chereponi district, where “gifting egusi” was a valued gesture. “If you are invited to a wedding or important celebration, it is egusi you take as a gift.” Moreover, a male key informant intimated that “with the gifts when you get visitors in your house you can share with the person as a gift, even at funeral times too we share them as a gift,” which shows the cultural value of egusi.

Respondents gave intriguing responses when asked what the most important crops to them were (Table 4).



TABLE 4 Gender ranking of the top three important crops in Mborowa, Chombosu, and Tambong communities of Kpandai and Chereponi districts in Ghana.
[image: Table showing gender-based crop rankings in three communities: Mborowa, Chombusu, and Tambong. For Mborowa, males prefer yam, cassava, and maize, while females choose yam, groundnut, and egusi. In Chombusu, males rank soybean, rice, and egusi. Females prefer maize, soybeans, and egusi. In Tambong, male preferences are maize, yam, and rice, while females choose maize, sorghum, and soybean. The table comments on focus group discussions, noting adult inputs and non-segregation by age in Mborowa.]

The table reveals that no disparities existed in the valuation of egusi between adult men and women in the Chereponi area since both demographics identified it as the third most significant crop. It is interesting to note that the decision was made after much deliberation, especially among female groups, as a section was of the opinion it should be higher up in importance. Similar sentiments were shared in the Kpandai district, although the male focus group did not rank it among the top three most important crops. Key informants’ opinions in both districts were not different from those obtained from the focus group discussions.

The selection of egusi as the most important crop by both youth groups in Chombosu presents good prospects for exploring egusi cultivation on a commercial basis to empower the youth economically while meeting the nutritional requirements of the community. This is so as more than 70% of the youth respondents presently grow egusi, and the few who do not grow it agreed to its important role in the economic livelihood and food value to indigenes. Similar sentiments were shared in Tambong as discussants and key informants emphasized its critical role during their lean seasons. “If you will not grow egusi, how will you survive the June/July where there no food?” This was the response of an opinion leader in Tambong when asked whether men grew egusi. It can no longer be called a woman’s crop because everyone grows it, he stated. Here, we see ‘value’ due to food use and this reveals the potential of the crop to the food baskets of the communities.


3.3.1 Change in the social construct of egusi

Both discussants and key informants in the climate-impacted Tambong and Chombosu communities intimated a change in the social construct of egusi in their communities. A previously underrated crop, assigned as a woman’s crop, it has gained economic and social importance among all genders due to its ability to withstand harsh weather conditions exacerbated by climate change influences. “Everyone grows it.” “It does not need much water and also matures very fast, so it is very important for the June–July [period of extreme hunger in the study communities]” and “if you do not grow egusi, what will you eat” are among the statements provided to show the important social value and role of egusi in ensuring food security. The findings demonstrate how the value of indigenous underutilized crops is realized; hence, it may not be too difficult to change the mindsets and behaviours of people towards its adoption and use. Thus, in seeking to explore the underutilized crop species, it is of utmost importance that the requisite empirical data are obtained per the needs of the targeted end users to tailor appropriate interventions to motivate and accelerate acceptance.



3.3.2 Food use of egusi and contribution to nutrition security

Egusi is a main ingredient for stews and soups; everyone consumes it across the communities. A discussant in the female focus group at Kpandai emphasized the importance of egusi to their nutrition in this way: Egusi is blood, Egusi is blood. When your child is sick, and the doctor says he does not have blood, prepare ‘karikari gen’ [translated egusi eggs - analogue-meat balls from egusi, spiced with pepper, salt and onion] for the child, and your child will get well within few days. An elderly woman in the group intimated that she has stopped eating meat but now consumes egusi as meat. A KI in Tambong summed up the value of egusi due to its food use in this way: “Everyone eats it, and everyone grows it. If you do not grow it, how will you survive the June–July”? When one discussant at Tambong was asked how he would rank egusi when given the opportunity, he intimated, “We will rank “egusi” second because anytime you boil yam, you will have to use “egusi for stew and also for soup.”—a confirmation of the food value to the community.

It is important to note that food ingredients available at a given time play a significant role in the choice of meals in the home and the nutrient value of the meals. During lunch in Tambong and Chombosu, the researchers observed that very small amounts of the sauces/soups were served as a side dish to the carbohydrate portions. Similar to other traditional dishes in Africa (Abu et al., 2019), the recipes used in the preparations lack standards in the ingredient quantity and processing protocols employed. The findings show the need for research investigations to standardize portion sizes and recipes from egusi for optimal exploitation of its nutritional benefits.




3.4 Gender perspectives of factors influencing the choice of major crop to farm

Economic gain, household food needs, level of need for agricultural input, yield, nutrition, and ability to withstand harsh environmental conditions were the factors that influenced the importance placed on crops in the communities (Table 5).



TABLE 5 Gender ranking on the factors influencing the premium placed on egusi in egusi-growing communities in Ghana.
[image: Table showing rankings of emerging factors from interviews by gender and study community in Chereponi and Kpandai districts. Categories include household food security, commercial and cultural value, level of need for agro-inputs, and yield. Rankings range from one to four, with one being most important and four least important. Chereponi adult females prioritize food security, while Kpandai adult males prioritize cultural value.]

Women, irrespective of age and marital status, generally selected household food security as the primary factor influencing the choice of major crop to farm. Commercial and cultural value (primarily economic gain) was the most important factor agreed upon in all the male FGDs. This supports the assertion that women should be supported in nutrition-sensitive agriculture interventions as they prioritize household food needs (Ruel et al., 2018; Heckert et al., 2019).

The land is a crucial deciding factor for crop production. In a male focus group, when asked who had the highest share of arable land, discussants intimated, “in this community, land is being possessed by men, so we use it to produce whatever we want to produce and give a small portion to the women to also produce what they would want to produce on it, so no matter the yield you will get will never match up with the men” (Male FGDs, Chombosu). This affirms inequality in patriarchal communities where land is owned by men. In this context, women are marginalized, heightening their vulnerability in crop production. Egusi production depends on the willingness of ‘husbands’ to either allow for it on their yam farms because of possible competition effect on the yams when not well managed or give a portion of land to the woman for cultivation because of land availability.



3.5 Egusi performs latent functions

The concept of latent function, derived from sociology, refers to the unintended or unrecognized consequences of an action or social structure; in the context of investigating the latent function of egusi, it involves exploring benefits beyond their primary obvious uses (Longhofer and Winchester, 2016). Probing the importance of egusi gave more insights into the value of egusi to the various communities. That is, in addition to the crucial role egusi plays in the diet of the people, it is also an important indirect contributor to promoting family stability and the economic and social livelihood of households. However, it is not a designated cash commodity.

Three latent functions of egusi were identified. The first was how heavily the probability of one’s children being educated depended on it. A discussant in Kpandai gave a succinct statement, “
No mother, no school
,” after the group had repeatedly emphasized the role growing egusi played in helping them get money for their children’s schooling. Similar sentiments were shared in all communities, with the male focus groups and key informants confirming the same. A male focus group discussant intimated, “As for the women, they are good with money; when they have money, they keep it and use it well.” Similar sentiments were shared among both male and female respondents. In an informal chat in Kpandai, a young man confirmed the same and intimated, “Here it is the practice for women to take care of their children’s education; if your mother cannot take care of you, then you cannot go to school..”

Second, “egusi resolves divorce.” “The reason why we are putting egusi first is that it also helps us to resolve divorce, because in the past when we were not producing egusi in this community during the lean season like the June/July/August there where our shortage of in terms of food in the households most of our parents like our mothers, they try to divorce our fathers because there is nothing for the father to give to her to prepare food for the children and the household at large, so they decided to go into egusi production which also matured early for them to sell and get money to buy maize to take care of the family and that’s why they are producing egusi
.”
 (FGD Male Youth Chumbosu). This function of egusi was corroborated in different ways throughout our interviews, spanning statements such as, when you let the women grow egusi, they have what they need to prepare food. Also, they can sell when they need to purchase things [Male FGD, in the Kpandai district where the crop is still largely viewed as a woman’s crop] to “well, I guess what they mean is that because we now grow egusi, you can have food in June–July and so you can provide food in the home, and there is peace” [KI in the Chereponi district where the social construct of egusi has changed].

Finally, the mitigating role of egusi to the financial burdens of households and men in particular was demonstrated. This, however, is presented in two opposite ways for the Chereponi and Kpandai districts. In the case of Kpandai, where egusi is still viewed as a female crop, the cultivation of the crop was an avenue of income where the women could have financial independence to largely provide for their children’s education and other household needs. In contrast, in Chereponi, men cultivate it to safeguard against poverty and household food scarcity during lean seasons.

These three highlighted latent functions underlie the value of the species and how its exploration for the Indigenes to obtain optimal benefits could ultimately provide holistic livelihoods in a more sustainable way.



3.6 Indigenous agronomic practices, challenges, and gender dynamics in egusi production

Land preparation, planting, weed control, harvesting, and pre-processing are the major activities listed as agronomic practices in egusi production. The practices, associated challenges, and local interventions employed to mitigate outlined challenges are summarized in Tables 6, 7.



TABLE 6 Agronomic practices and challenges in Egusi production.
[image: A table with two columns titled "Agronomic practices" and "Challenges/Limitations." It lists various stages of farming climbing egusi, including land preparation, planting, weed control, harvesting, and processing. Each section describes challenges such as labor intensity, intercropping difficulties, and health risks during processing.]



TABLE 7 Local interventions employed to mitigate challenges in egusi production.
[image: Table listing local interventions and their rationale. Interventions include inter-cropping, planting trees, reduced bush burning, and crop rotation. Rationales cover efficient land use, climate impact reduction, and sustainable agriculture practices. Local and government roles are highlighted, focusing on soil fertility and education against bush burning.]

Some limitations that cut across the two districts for egusi production were largely gender biases, primarily being access to adequate land (for women), followed by climatic conditions—erratic rainfall and declining soil fertility—being largely attributed to climate change, and lack of research interventions on improved varieties.


3.6.1 Access to land and gender dynamics

Farmlands allocated to women were inadequate to support large-scale farming. “In this community here, the land is being possessed by men, so we use it to produce whatever we want to produce and give a small portion to the women also to produce what they would want to produce on it, so no matter yield you will get will never match up with the men” (FGD Chombosu Adult Male). “Only strong women can hire land for farming,” said a male key informant in Kpandai. “By all means, the man will have more wealth than the lady. The woman can be wealthy but not like the man. This is because of the land.” A response to the differences in wealth of men and women in Chereponi.

Our findings show that egusi is intercropped with yam due to land scarcity—"Sometimes, land acquisition is very difficult here. Moreover, mostly women are the ones that farm egusi. We men do not often farm egusi like that. If the women want to farm it in abundance, they will not get land to farm the egusi separately, unless the husband has a farm, and when she gets a space, then she grows it.” This is a response to why egusi was not monocropped but intercropped with yams in Kpandai, despite the premium they place on it as a nutritious crop and serves as a household crop of choice for soups and stews.

In Spencer’s view (Barnett, 2022), this is a clear manifestation of the survival of the fittest, where the strong survive through land ownership, whereas the weak perish due to lack of access to land in patriarchal societies. The findings further show how the land tenure system of the study communities disadvantages women. Many women, particularly in Chereponi, farmed near the homes on their available acreage around residential neighborhoods. To circumvent land ownership issues, financially independent women buy farms far from their homes to work on. These norms of society reflect hegemonic masculinity, which supports men’s dominance in society and supports the subordination of ordinary women, making farming practices very difficult for women (Rowlands, 2021).



3.6.2 Climate change impact and coping strategies through egusi production

The different types of egusi were available at the Chereponi markets. However, respondents intimated that only one of the creeping species, neri/inabe, was grown locally and that the other types on the market were from other places. Indigenes attributed this mainly to declining soil fertility and less rainfall due to the impacts of climate change. An opinion leader in Chombosu intimated, “The last person who grew the climbing egusi in this community was my mother. When everybody else stopped, she grew it and we loved it. But now, because of climate change, the land is not good, and we do not have trees anymore or yam to stake them (climbing egusi).” One of the creeping species, inabe, is drought tolerant and requires less soil fertility to grow; hence, it is becoming the crop of choice for the Chereponi communities struggling with defined changes in their climate. The opinion leader further intimated, “Look around you. All these places used to be trees and you could not see far from here. But now look, there are no trees and everything is bare, and you can see very far, so the soil is no longer good.”

Coincidentally, one of the creeping species, inabe, is drought tolerant and requires less soil fertility to grow; hence, it is becoming the crop of choice for the Chereponi communities struggling with defined changes in their climate and associated impact on their food access. “If you do not grow egusi (inabe), what will you do for June–July?”—Key informant, Tambong. “Egusi is important for June–July” [Adult male and Male youth FGDs, Chereponi district]. “We [men] did not grow inabe but now everybody grows it…; if you do not grow it, June–July what will you eat?” [Key informant, Tambong]. When asked what other adaptive measures his community undertakes to mitigate food insecurities due to the changing climate, a key informant in Tambong elaborated how production and valorization interventions on sesame [an improved version of the marginalized local landrace, Kpeka] have supported their livelihood during the lean seasons. The findings show the importance of these marginalized resilient crops to the adaptive capacities of the studied rural communities to the changing climate. This empirical evidence supports the global recommendations on the critical role of marginalized/ underutilized indigenous crops in meeting food and nutrition security, especially among vulnerable communities (Hunter et al., 2019; Padulosi et al., 2011).

The Mborowa community in the Kpandai district cultivated all species but produced the climbing species on a larger scale. Kpandai receives more rain in a year and has more trees and more fertile lands, thus presenting fewer obstacles to the production of climbing egusi regarding soil fertility and rainfall needs. It is one of the major yam-growing areas in Ghana. A contract farmer, when asked whether growing climbing egusi (specifically the akatuoa) was a bother, intimated that “No, it is not. Well, I already have the stakes for the yams so the women can grow their egusi.” He was, however, quick to add that the egusi must only be grown when the planting activities for the yam are complete, so nothing interferes with the yam production, showing a lesser premium placed on the egusi than the Chereponi district where the egusi is a lifeline to everyone’s livelihood, especially during the lean season.



3.6.3 Agricultural (research) interventions

Despite the importance of egusi to the food needs of local communities, especially during climate-induced hunger periods, there has not been any agricultural intervention to promote its production. None of the focus groups nor key informants and opinion leaders knew of any improved variety of the crop, value-addition intervention, or technological advancements to facilitate production or processing. Respondents intimated that they stored planting seeds from the previous harvests when probed about where they obtained seeds for cultivation. The MoFA office confirmed the absence of any defined interventions to get improved varieties of the crop, although they were aware of its importance. Discussions with breeders from the research institutes confirmed the same.

Our findings show an urgent need for agricultural interventions for the optimal exploitation of the species. The situation is dire, as confirmed by the lamentations of a discussant at the end of a focus group in Kpandai after they had spent almost an hour discussing the value of egusi to their livelihood.

 “Tell your people to give us a machine to process egusi. We have machine for rice and everything… but nothing for egusi. We spend hours to process, and it does not help us.”



The nods of approval from other members confirmed the urgent need for technological interventions for optimal crop exploitation to safeguard these communities’ nutrition and food security.





4 Perspectives for improving production and utilization of egusi

Our findings show an increased awareness of climate change among community members. There is knowledge of changes in temperature, rainfall patterns, and also a decline in crop performance as indicators of climate change. However, farmers still engage in delimiting activities such as slash and burn and bush burning, exacerbating the climatic challenges, especially for the Chereponi district. When asked about the mitigating strategies they employed, respondents mentioned climate-smart strategies such as crop rotation, mixed cropping, and planting of trees.

Respondents in the FGDs could not recount any governmental intervention towards mitigating climate change in their community. However, an opinion leader in the Chereponi district mentioned an ongoing afforestation program but quickly added that not all community members adhered to the recommendations. A KI from the Ministry of Food and Agriculture (MoFA) corroborated this and mentioned the Ghana Productivity Sustenance project as distributing trees to farmers for planting. He further intimated that farmers involved in production along the water streams/dams resort to irrigation in the event of failed rains. Despite the knowledge about the consequences of felling trees, much has not been done to reduce the use of trees for fuel in the communities.

From the study, it was evident that although the importance of egusi to the food security and nutrition needs of the communities was unquestionable, discussants except the Chombosu youth (both male and female groups) placed other crops such as maize over egusi (Table 4). This suggests that a new policy framework to improve community nutrition in relation to egusi should explore innovative ways for success, especially in male-dominated communities. For example, nutrition-sensitive agricultural policies that create opportunities for women to access communal lands designated for growing nutrient-dense climate-resilient indigenous crops such as egusi would be a good starting point to facilitate production and use. Our suggested next steps for optimal exploitation of egusi for nutrition and improved livelihoods are summarized in Table 8.



TABLE 8 Next steps toward the optimal exploitation of egusi for nutrition and overall wellbeing.
[image: Table detailing challenges and interventions related to agricultural production. It includes columns for limitation/challenge, lessons learned, proposed interventions, anticipated impact, and responsible stakeholders. Key issues include access to land, erratic rainfall, declining soil fertility, drudgery in processing, and lack of value-addition interventions. Interventions involve intercropping, education, afforestation, crop rotation, technological innovations, and development of new food products. Stakeholders are mainly farmers, government, researchers, and donor agencies, focusing on improving productivity and sustainability in agriculture.]



5 Conclusion

This study emphasizes how important egusi is to food and nutrition security, especially in the expanding settlements in northern Ghana. Our results show that egusi is not only an important food item but also a valuable commodity, especially for women. Egusi has profound societal importance beyond its nutritional and financial worth, influencing family food plans and resilience to food insecurity due to climate change influences. Egusi’s function in sustainable food systems is highlighted by the fact that it acts as a vital buffer against hunger brought by climate change in major-growing communities such as Tambong and Chombosu in the Chereponi district. These findings highlight the need to implement policy changes that explore locally grown non-cash crops to improve nutrition and food security.

Again, the study found that gender dynamics underpin the production and use of egusi across the study areas. The findings showed that women put the food security of their households before economic gains, contrary to the men, whose primary decisions on the choice of crop to grow, all things being equal, prioritize the economic worth of a crop to its use as food for the home. Furthermore, since they have control over land access, men continue to dominate agricultural production decision-making. Notwithstanding the economic and nutritional importance of egusi to their homes, this structural imbalance restricts women’s capacity to grow it on their own, especially in the Kpandai district, where the social construct of the crop is unchanged, and egusi remains a woman’s crop. Based on the empirical evidence of this study, new ways of getting land, like shared farming areas, could increase egusi production in the localities where it remains a female crop to optimally explore its food and nutrition potential.

The conventional social structures around egusi farming have changed in certain areas due to climate change influences. Egusi, formerly assigned as a woman’s crop, is now grown by both men and women in response to rising food insecurity in climate-change-induced food-insecure communities in Chereponi district. This change emphasizes how indigenous crops are becoming more and more important in local climate-change adaptation plans. The empirical evidence from this study thus suggests the urgent need for policymakers to include these indigenous resilience strategies in larger frameworks for climate adaptation and food security, thereby designing lasting interventions to alleviate food poverty and malnutrition in communities at risk from climate change.

Ultimately, the shifting dynamics of egusi production, as a coping strategy against climate-induced food insecurity, underscore the pressing need for multi-stakeholder, inter-, and trans-disciplinary initiatives to fully realize the promise of native crops in addressing food and nutrition security. A critical first step in creating long-term, climate-resilient initiatives is a thorough analysis of what “food value” means in these communities. It is also crucial to investigate the cropscape of such vulnerable communities to inform appropriate solutions that are culturally acceptable and will last beyond project cycles.
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The structure and functioning of current African food systems, together with unfavourable terms of trade and climate change impacts, pose significant challenges to achieving sustainability and more equitable outcomes. A contextually grounded evidence base is essential to identify feasible and resilient transformation pathways. Global food systems research has focused on industrialised food systems, with less attention given to Africa and to other differently structured systems. A framework for food systems analysis in Africa is needed to guide analysis and promote transformation while ensuring equitable opportunities for vulnerable communities amidst diverse cultural contexts. The Food Systems Research Network for Africa (FSNet-Africa) project developed a tailored analytical framework aimed at enabling holistic African food systems analysis. A co-production, iterative approach that built on existing models, the research of twenty early career scholars, and feedback from African scholars culminated in the development of the FSNet-Africa Food Systems Framework presented here. The process has demonstrated the effectiveness of a co-creation approach in developing applicable conceptual models for African food systems research. The Framework describes, from the lens of African food systems, a set of food systems drivers, the food system itself, and food system outcomes. Applications of the framework in research, teaching and policy spheres has demonstrated its wide relevance and applicability to addressing complex issues across the African food system.
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1 Introduction

Food systems are integral to the achievement of many of the sustainable development goals (SDGs). Although only SDG 2 (No Hunger) addresses a direct food system outcome, goals relating to health, inclusion, responsible consumption, reduced inequality and the elimination of poverty, the environment and partnerships are all related to an efficient, sustainable and just food system. Food systems contribute to producing livelihood opportunities that are inclusive and equitable and can operate in a restorative manner concerning biodiversity and natural resources. Finally, food systems are central in addressing climate change and can provide increased resilience and adaptability to risks and shocks at multiple scales.

The multiple and interconnected linkages in food systems underscore the imperative to conceptualise and understand them further through research. Applying a systems approach to analysing food production, distribution, and consumption has a long history. An early example is Steinhart and Steinhart's (1974) analysis of the energy usage of the United States food system. Most studies focus on analyses that examine the value chains in the system as the link between supply (production) and demand (consumption) (Reardon, 2015). Demand-oriented approaches are common and focus on consumer behaviour, access to and affordability of food, and healthy and nutritious diets. These studies emphasise the nature of the food environment as an important factor shaping options and preferences. System-wide approaches are less common and are concerned with achieving responsive, adaptive food systems through improved governance to overcome trade-offs and leverage synergies (Brouwer et al., 2020).

Recently, food systems analyses have become widespread (Béné et al., 2019), with the 2021 UN Food Systems Summit demonstrating the extent of interest. One reason for this is that the approach provides deeper, more comprehensive, and actionable insights into complex global development challenges compared to focusing only on agriculture or nutrition. By understanding the interconnections within the food system, policymakers, researchers, and practitioners can develop strategies for more equitable, sustainable, and resilient food systems (Béné et al., 2019; Global Panel on Agriculture and Food Systems for Nutrition, 2025).


1.1 Food systems analysis in Africa

Historically, global food systems research has focused on industrialised food systems, with less attention given to Africa and other differently structured systems in which pre-existing ways of production, distribution and consumption were reshaped by colonialism and post-independence structural adjustment (McMichael, 2013). Much of the research in Africa has focused on agricultural production rather than the entire food system [FAO (Food Agriculture Organization), 2020a,b]. Limited resources have impacted the quantity and depth of food systems research, and the lack of reliable and complete data (Béné et al., 2019) has made it challenging to build a robust and evidence-based understanding of African food systems across diverse regions and cultures (Ingram, 2011).

Addressing food system challenges and promoting transformation in Africa is a pressing priority (Nature Food, 2023). According to recent estimates, one in five Africans experienced hunger in 2023, and hunger is increasing [FAO (Food and Agriculture Organization), IFAD (International Fund for Agricultural Development), UNICEF, WFP (World Food Programme), and WHO (World Health Organization), 2024]. With population projections predicting that 25% of people will live in Africa by 2050 [UN ECA (United Nations Economic Commission for Africa), 2024], the importance of African food systems and their resilience is further underscored.

But there is no single African food system. With over 2,000 languages, 3,000 ethnic groups, 54 countries, and 10 major agro-ecological zones, the continent contains a diversity of food cultures and food environments [Shoup, 2011; Duru, 2020; FAO (Food and Agriculture Organization) IIASA (International Institute for Applied Systems Analysis), 2024]. At the same time, African food systems are part of a global network shaped by the biosphere, political economy, and cultural globalisation (Inglis, 2009; Bernstein, 2016).

Several factors argue in favour of exploring the notion of a single conceptual framework to guide analysis of African food systems. The continent has a shared history of colonisation, underdevelopment, and limited inclusion in the world food system. There is an element of commonality in the investments, collaborations, and regulations carried out through pan-African governance, including institutional structures such as the African Union and increasing integration of countries that is recognized by recent initiatives such as the Africa Continental Free Trade Agreement. There is a shared vision of the challenges and opportunities which face its governments and citizens and how to address these, as captured by Agenda 2063, the “One Africa Voice” initiative, and the Comprehensive African Agricultural Development Programme (CAADP) (African Union, 2023), articulated at the CAADP Kampala Summit, “Africa's agricultural renaissance” where the 10-Year CAADP Strategy and Action Plan (2026–2035) was endorsed.

There are also characteristics of African food systems that distinguish them from industrialised systems. They have been shaped by the legacy of colonisation, in ways that continue to distinguish them from those of other world regions, creating spatially uneven agrarian structures and enduring inequalities in access to land (Cooper, 2019). These historical legacies have produced hybrid governance structures, spatial disparities in production potential, and a fragmented institutional landscape that remain evident in contemporary African food systems (Guyer, 2019; Ayeb and Bush, 2019).

Further, across the continent, land and livestock are not just economic assets but serve as crucial elements of identity, social status, and cultural heritage (Chigbu, 2013; Guyer, 2019; Zeleza, 1994). Women and youth are central to the functioning of African food systems, yet they face structural constraints that inhibit their full and equitable participation. Women contribute disproportionately to food production, processing, marketing, and household nutrition, yet are routinely excluded from decision-making, land ownership, credit access, and extension services (Doss et al., 2018). In both Francophone and Anglophone contexts, women are overrepresented in informal low-return parts of the food system and underrepresented in higher-value chains (Botreau and Cohen, 2020). These dynamics reflect entrenched gender norms and institutional barriers, which not only reproduce inequality but also reduce system-wide productivity.

Unlike many OECD countries, where food systems are capital-intensive and ageing, or Asian countries where food systems have experienced rapid intensification, and are also ageing, the exclusion of youth is a problematic and specific issue in Africa. With 60% of the continent's population under the age of 25, Africa has a demographic advantage that could be harnessed for agricultural innovation and food system transformation (Rocca and Schultes, 2020; Ahmed et al., 2016). However, young people often struggle to enter agricultural value chains due to a lack of access to land, finance, and market infrastructure, as well as perceptions that farming is unprofitable or socially undesirable (Mkandawire et al., 2021).

African food systems also differ significantly in their post-independence integration into global markets and their technological dependencies. Many countries remain exporters of raw agricultural commodities, such as cocoa, coffee, cotton, and cashew nuts, while relying on imports for processed foods, agricultural inputs, and farm machinery (Poulton et al., 2006; Bernstein, 2016). This is reinforced by unequal terms of trade and tariff structures that favour producers in the Global North (Clapp et al., 2022). African producers, lacking the subsidies and infrastructure available in Europe or the Americas, often struggle to compete, while capturing a minimal share of the value generated in agri-food chains.

Food value chains across Africa are also typically shorter, less integrated, and less regulated than in industrialised regions, relying heavily on smallholders, open-air markets, and informal retailers (Reardon et al., 2019). Value chains reflect a lower level of processing, fewer intermediaries and more direct transactions between producers and consumers [AGRA (Alliance for a Green Revolution in Africa), 2022]. Technologically, African agriculture remains under-mechanised and heavily reliant on imported inputs. African farmers on average have ten times fewer mechanised tools per hectare than their counterparts in Asia [ECA (UN Economic Commission for Africa), AUC (African Union Commission), AfDB (African Development Bank), and UNDP, 2021]. The Green Revolution, which reshaped food systems in Asia and Latin America, had limited impact in Africa due to ecological diversity, policy misalignment, and weak public investment (Jayne et al., 2010). Agricultural research and development remains externalised, with limited locally adapted innovation (Ayeb and Bush, 2019).

Food system transformation in Africa is already underway and is likely to take a different path from others (Global Panel on Agriculture and Food Systems for Nutrition, 2025). Driven by rapid urbanisation, shifting diets, and structural changes in value chains, informal and formal markets are expanding, especially in urban areas, while midstream actors such as processors and logistics providers are becoming more prominent. Policies aligned with CAADP and national development strategies have promoted value chain development, while digital innovations are improving access to inputs, finance, and market information. In 2023, 40 countries were on track to recommitting to the principles of CAADP to invest at least 10% of national budgets in agriculture, with an aim to achieve 6% economic growth. Other indicators suggested that several countries were also making progress in enhancing resilience to climate variability and strengthening mutual accountability for actions and results (African Union, 2023). Achievements in the past two decades of the CAADP process have led to renewed commitment in the form of the Kampala CAADP Declaration on Building Resilient and Sustainable Agrifood Systems in Africa (African Union, 2024a, 2023). The new agenda for the next decade sets ambitious targets related to agrifood growth and trade, inclusion and equity, and resilience and climate action. At the same time, civil society movements, including agroecology and food sovereignty advocates, are challenging dominant models of industrial intensification, calling for more inclusive and sustainable approaches. Land reforms and tenure formalisation efforts, though uneven, are also reshaping production systems.

African food system actors are likely to deepen their focus on climate resilience, with greater adoption of diversified cropping systems, drought-tolerant varieties, and sustainable intensification strategies. Changes to the food environment such as the expansion of supermarkets and greater integration into global markets also pose risks (Reardon et al., 2003; Minot, 2011). These effects may disproportionately impact smallholders, women, and youth, while increasing dependence on imported technologies. Growing awareness of these risks is evident among African governments, civil society groups, agroecology networks such as Alliance for Food Sovereignty in Africa (AFSA), and farmer associations in countries like Kenya and Ghana [AFSA (Alliance for Food Sovereignty in Africa), 2021; Beuchelt and Badstue, 2013]. The Africa Union, for example, hosted the Africa Fertiliser and Soil Health Summit in 2024, which is intended to culminate in a Declaration (African Union, 2024a,b). Some government agencies and researchers are also re-evaluating input-intensive models, advocating for sustainable, locally adapted alternatives that prioritise resilience and equity [HLPE (High Level Panel of Experts), 2019].

An analytical framework is needed to provide a heuristic that enables scholars, policy makers and practitioners to assess the trade-offs implied by policies and practices that seek to address these options with the intention of improving food system outcomes. This paper describes the preparation and application of such a framework that is both globally comparable, yet contextually nuanced enough, to account for the unique aspects of African food systems.




2 Developing a framework for understanding African food systems


2.1 An initial conceptualisation

In 2021, the University of Pretoria and the University of the Western Cape agreed to collaborate in the preparation of a tailored analytical framework for the Food Systems Research Network for Africa (FSNet-Africa) project. The FSNet-Africa project sought to strengthen food systems analytical capabilities in Africa through a structured programme of research leadership development. An important objective was to translate evidence generated from research findings into implementable policy solutions and practical interventions to support attaining the SDGs.

At the outset of preparing the FSNet-Africa food systems framework (the Framework) it was recognized that several analytical frameworks are also available for the analysis of food systems (Sobal et al., 1998; GLOPAN (Global Panel on Agriculture and Food Systems for Nutrition), 2016; HLPE (High-Level Panel of Experts), 2017; FAO (Food Agriculture Organization), 2018; Van Berkum et al., 2018; IFPRI (International Food Policy Research Institute), 2020). In general, these propose similar dimensions:

	• They identify external drivers of food system change;
	• They describe the components of the system, including the institutions, actors, and activities in food supply chains and the food environment;
	• They recognise a set of food system outcomes;
	• They encourage the development of policy levers that seek to improve both food system outcomes and its resilience.

The Framework was adapted from Brunori et al. (2015) TRANSMANGO that extends the well-known High-Level Panel of Experts framework [HLPE (High-Level Panel of Experts), 2017]. It adopts a socio-economic systems approach to African food systems that is underpinned by a scoping of the relevant literature concerning the challenges and knowledge gaps facing African food systems.

The resulting initial Framework (referred to in this paper as Framework v1) presented a conceptual overview of the components of, and linkages within, food systems, identifying the different levels at which food systems operate and how they transform (Bayat et al., 2023).



2.2 Applying the framework to expand the evidence base

The Framework v1 was conceptualised as a tool to guide the research of a cohort of twenty early career scholars recruited by FSNet-Africa for a structured 2-year capacity-building programme. Each scholar applied the Framework v1 to design their research project. The scholars were drawn from diverse disciplines in the natural and social sciences and from six African countries (South Africa, Zambia, Kenya, Tanzania, Malawi and Ghana). Many of the early career researchers have published their research work that was guided by the Framework (e.g., Anim-Jnr et al., 2023; Dorvlo et al., 2023; Kwapong et al., 2024; Lungu et al., 2024).

Framework v1 also guided the preparation of the South Africa Rapid Food System Assessment for the UN Food Summit [FAO (Food and Agriculture Organization), EU (European Union), CIRAD, and CoE-FS (DSI-NRF Centre of Excellence in Food Security), 2022].



2.3 Refining the framework

By applying Framework v1 to diverse projects in various disciplines and geographic contexts, the 20 early career FSNet-Africa scholars were able to provide feedback on its applicability and recommendations on how it could be adapted or extended. Feedback was obtained through a facilitated feedback session during a workshop with the 20 scholars with the focus on collaboratively refining the framework for improved applicability to African food systems research. The workshop was held after they had practically applied the Framework to their own research and thus could identify gaps, ambiguities and instances of redundancy. The feedback provided by the fellows was captured during the workshop, incorporated into the Framework, and based on the analysis of the senior researchers in the team, accepted as initial adaptations to the Framework.

After the conclusion of the FSNet-Africa fellowship programme, a purposively selected group of researchers (which included senior scholars and early career researchers) who were familiar with and had applied the Framework to their research, participated in an intensive week-long workshop to develop a synthesis of findings from the work of the 20 FSNet-Africa early career scholars. During this workshop, a further round of feedback and deliberations on the Framework resulted in the framework presented in this paper.

The relevance of the Framework for expanding the evidence base related to African food systems was tested through multi-disciplinary application and an iterative process of knowledge co-production. The process has highlighted the value of a co-creation approach to developing conceptual models for research to ensure their applicability and a common interpretation.




3 The FSNet-Africa food systems framework

The Framework (Figure 1) comprises three interconnected aspects—food systems drivers, the food system itself, and food system outcomes. The aspects (and their respective components) are connected by feedback and feed-forward loops that mitigate or amplify changes to conserve or disrupt the system's resilience. Thus, the Framework depicts a “complex, heterogeneous and circular system replete with linear as well as non-linear feedbacks” characterized by multi-causality “resulting from multiple interactions among interdependent components.” (Béné et al., 2019, p. 152).
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FIGURE 1
 FSNet-Africa food systems framework.



3.1 Food systems drivers

Béné et al.'s (2019) systematic literature review on food systems identified 155 proposed drivers of change. In addition to the impracticality of this large number of drivers, the authors point out the limited usefulness of food system drivers that lack clear definitions and conceptual precision. They propose that for “…a specific process to be considered as a driver, the effect of this process needs to be continuous over a certain period of time so that it effectively alters or influences the system durably and consistently” (Béné et al., 2019, p. 150). This definition allows processes (drivers) to be both exogenous (emanating from outside the food system) and endogenous (emanating from within the system).

The Framework, while seeking to ensure conceptual clarity in defining the drivers included, emphasizes drivers that are external to the food system. This formulation is consistent with the socio-ecological systems approach (Ostrom, 2009; Nassl and Löffler, 2015).

The Framework defines these drivers of food system change as consistent, long-running processes that may be social, economic or environmental (Tscherning et al., 2012). They apply pressure to the system that results in durable changes and, in turn, result in modifications to the food system outcomes (either favourably or adversely). Drivers of food systems can be intended/deliberate or unintended/accidental, and changes can result from the combination of two or more distinct drivers. Moreover, drivers may produce incremental change along a predictable pathway or may result in transformation: structural shifts with uncertainty about the pathway and consequences (Borel-Saladin and Turok, 2013).

Béné et al. (2019) reduced their extended inventory of possible drivers to a list of 12 that they argue meet the criteria of (1) being processes, (2) continuously exert an influence on the food system over a period of time, and (3) alter the food system durably and consistently. The Framework includes six food systems drivers: historical, demographic, environmental, sociocultural, political-economic and technical, and thus collapses and groups some of the drivers identified by Béné et al. (2019) while adding elements of relevance to the African context.


3.1.1 Historical drivers

Food systems across Africa have been shaped by the continent's history, from pre-colonial traditions through colonialism and the processes of democratization and engagement with the global economy during a period of neo-liberal policy (Hannaford, 2023). Each historical stage, along with its associated political, economic, and social drivers, has resulted in lasting changes in African countries' production and consumption environments. These historical trajectories still influence what food is produced and consumed, where it is produced, by whom, and for whose economic benefit. They have also shaped the productivity of food production systems and the extent to which value chains have developed and matured (Bjornlund et al., 2020).

While the specific ways in which history has shaped food systems vary across countries, a shared factor is the broad legacy of colonialism in most countries, and the subsequent cycles of liberation, conflict, and structural change.



3.1.2 Demographic drivers

Demographic drivers such as population size, urbanization, age structure, and migration patterns are particularly critical in shaping African food systems. These factors influence the amount of food required to ensure food and nutrition security, the structure of agricultural markets, and the types of food produced as consumer preferences evolve. Africa's population dynamics will significantly shape not only the continent's food systems in the coming decades, but also global economic, environmental, and social trends.

In 2023, Africa's population stood at approximately 1.4 billion [UN DESA (United Nations Department of Economic and Social Affairs), Population Division, 2024]. By 2050, Africa's population is projected to reach 2.5 billion [UN ECA (United Nations Economic Commission for Africa), 2024]. Rapid urbanization, a key feature of Africa's demographic transition, is expected to continue, with over 50% of the population living in urban areas by mid-century [OECD (Organization for Economic Cooperation and Development) and SWAC (Sahel and West Africa Club), 2020]. This shift has already begun influencing food consumption habits, with urban populations increasingly relying on processed and convenience foods. In addition to urbanization, Africa's diverse settlement patterns—spanning megacities, suburban, township, informal, and both dense and sparsely settled rural areas—affect food access, production, and market connectivity (De Bruin et al., 2021). At the same time, migration flows of some 21 million people within the continent influences preferences, provides opportunities for trade, and presents new challenges [UN IOM (United Nations International Organisation for Migration), 2024].

Africa's youthful population is distinctive, with around 60% of the continent's inhabitants younger than 25 (Rocca and Schultes, 2020). If well-managed through strategic investments in education, employment, and agriculture, this youthful population could deliver a demographic dividend, driving economic growth and food system transformation (Ahmed et al., 2016) through transformation of human-made assets.



3.1.3 Environmental drivers

The environment is a critical driver of food systems because it directly influences the availability of natural assets such as water, soil, and biodiversity, all of which are essential for food production. Environmental changes are already placing African food systems under significant stress (Pereira et al., 2020), and this pressure will increase in the future [IPCC (Intergovernmental Panel on Climate Change), 2023]. The sustainability and resilience of these systems will depend on effectively managing environmental challenges, particularly in the face of growing threats from climate change, resource depletion, and ecosystem degradation.

Although Africa is one of the lowest contributors to global greenhouse gas emissions, the continent has already experienced significant losses and damages attributable to human-induced climate change. Rising temperatures, increased frequency of heatwaves, and reductions in arable land is negatively affecting crop yields. At the same time, climate change is exacerbating health issues such as undernutrition, heat stress, and vector-borne diseases. Localized challenges, such as prolonged droughts in the Sahel, tropicalisation in East Africa, and rising sea levels in coastal regions, further stress food systems. Global warming between 1.5 and 2°C is projected to result in widespread and severe consequences, including reduced agricultural productivity, economic stagnation, rising inequality, and biodiversity loss [IPCC (Intergovernmental Panel on Climate Change), 2023].



3.1.4 Political-economic drivers

The inclusion of political-economic drivers in the Framework acknowledges the interaction of power and the operation of markets, and how this influences food systems and the provisioning of food (Fine, 1994). This driver refers to economic macro-drivers influencing the global food system, as well as to the microeconomics of food production, processing and distribution (Jayne et al., 2014). As Béné (2022) observes, the trade-offs between competing goals take place in the face of divided interests and unequal power dynamics. The decisions of all stakeholders, including governments, and researchers are influenced by these dynamics.

Political-economic drivers impact multiple aspects of the food system through changes to human-made assets and institutions, including food prices, availability, the length of supply chains and access to markets. They exert an influence on African food systems through the size and nature of markets; the availability and terms of financial resources required for private and public investment; the quantity and quality of the livelihoods that are produced by the food system; and availability of social protection and other components of the social wage (Niño-Zarazúa et al., 2012; Mogues, 2015; Greenberg, 2017). In the case of micro-drivers, enterprises in many African countries face limited or missing markets, especially in terms of finance, insurance, and inputs. This influences the operation of value chains and can exacerbate the impact of power inequalities (Poulton et al., 2006).

The increasing prosperity of parts of Africa's population is a key political-economic driver. The rise in the average per capita incomes of many countries previously classified as low-income means that more countries are now considered middle-income. Income growth has coincided with improvements in the business environments of many countries, improvements in physical infrastructure, a reduction in political risk, and the introduction of new technologies, particularly mobile phone penetration. An important consequence of this is changing consumer preferences with increased consumption of convenience food and animal protein (Sans and Combris, 2015; Komarek et al., 2021).



3.1.5 Technical drivers

Technical drivers are factors that trigger significant changes in the technological landscape, impacting food value chains and food production environments. These drivers include disruptive innovations such as precision agriculture, material advancements like biodegradable packaging, process innovations such as blockchain for traceability, and regulatory shifts that promote sustainable practices. As technology advances, food system enterprises must adapt to emerging and changing demands.

Digitally enabled agricultural transformation could lead to meaningful livelihood improvements for smallholder farmers (Tsan et al., 2019). However, technological adoption faces unique challenges, such as limited infrastructure in both urban and rural areas, uneven internet access, and high costs of advanced technologies. These factors can create a preference for low-cost, sustainable solutions that can overcome barriers to entry. For example, the proliferation of mobile technologies has been a significant shift in Africa over the past decades, providing farmers access to market information, weather forecasts, and financial services (Baumüller, 2018). At the same time, the growing digital divide between Africa and regions with rapidly advancing technologies poses a challenge to the continent's ability to transform its food systems (Revenko and Revenko, 2022). Addressing this divide will ensure that technological advancements can drive equitable and sustainable growth in Africa's food systems.



3.1.6 Socio-cultural drivers

Food systems in Africa are shaped by a variety of socio-cultural drivers, deeply intertwined with the continent's history, economic structures, and social transformations. Traditional food cultures and indigenous knowledge systems significantly shape the production environment through farming techniques and crop varieties, and the consumption environment through food preservation methods and dietary preferences (Scoones and Thompson, 2011). For instance, certain crops are valued for their nutritional value and medicinal properties, and some foods are consumed or avoided depending on cultural or life-stage considerations (Chakona and Shackleton, 2019).

In many African societies, women are the primary food producers, responsible for farming, food preparation, and household nutrition. Despite their central role, women often face significant barriers to accessing critical resources like land, credit, and technology. These gendered dynamics influence decisions about crop selection, food purchasing, and nutritional priorities within households, which in turn impact food and nutrition security (Meinzen-Dick et al., 2014; Njuki et al., 2016) and food system resilience.




3.2 The food system

The components of the food system in the Framework include institutions, natural assets, human-made assets, and the core food system. The latter contains the production environment, the consumption environment and the value chains that connect them, and all activities for managing loss and waste.


3.2.1 Institutions

Institutions are social structures that provide meaning and stability to social life, guiding behaviour and choices by developing, embedding and adapting rules, norms and values (Hallett and Ventresca, 2006). Institutions need to be backed by power and resources to be effective. Institutions can guide human behaviour by wielding this power to provide incentives, restrictions, and rewards.

In Framework v1, institutions were grouped into three pillars: regulative, normative and cognitive. This conceptualization is the same as the TRANSMANGO framework (Brunori et al., 2015), and institutions have remained a component of the Framework throughout its revisions.

Regulative institutions are “the rules of the game and consist of written and unwritten codes with enforcement mechanisms” (Scott, 2008). These institutions include organizations that engage in rule-setting, monitoring, and sanctioning or rewarding, and the means to enforce these (Douglass-North, 1990). The regulator element encompasses constitutions, legislative acts, by-laws, policies and programmes, directives and regulations. They may be global, such as those of the World Trade Organisation; regional, such as CAADP; national and sub-national, such as the zoning and advertising regulations adopted by municipal governments. In some instances, these institutions may be legally sanctioned, but they can also be self-regulating or voluntary (Brunori et al., 2015).

Cognitive institutions are akin to Veblen's (1919) “settled habits of thought,” dealing with how actors understand and make sense of their environment. They are the deeply embedded formal and informal rules that people internalize and that shape their paradigms and worldviews (Friel, 2017).

Normative institutions are “norms and values that structure choices, emphasizing how things should be done and defining legitimate means to accomplish them” (Friel, 2017). In food systems, norms and beliefs inform values that point towards what is preferred or desirable or norms concerning actions. They shape the roles played by different actors and how these roles are carried out. They confer rights and responsibilities as well as privileges and obligations. Normative institutions play a key role in African food systems. For example, in many parts of Africa, land and livestock continue to play multiple roles possessing both economic and normative value (Morris, 2000; Meinzen-Dick and Mwangi, 2009).

Gender norms are another important case, shaping expectations about how persons of different genders are expected to behave—dictating, for example, what is appropriate for men and women to do in terms of producing, cooking and eating food. Normative institutions also influence children's socialization regarding food behaviours based on gender (Polar et al., 2021; Ramirez-Santos et al., 2023). Within food systems, gender is a socio-cultural driver, with patriarchy being a normative institution, and gendered inequalities an outcome.

There is an important distinction between cognitive and normative institutions; the former shapes how we think and interpret the world, while the latter guides our actions by establishing rules and expectations. Both play a role in shaping behaviour and societal structures from different perspectives. They are related in that once a particular belief or value is widely accepted within a society (cognitive institution), it can lead to establishing norms and rules that dictate appropriate behaviour (normative institutions). In this way, normative institutions draw upon cognitive frameworks to define what is considered acceptable or expected.

In African food systems, coordination of actors is rarely driven by a single institutional logic, whether that of markets or government. Rather, it emerges from the interplay of formal state policies, customary norms, and market practices. For example, in land governance, formal titling systems coexist with customary tenure regimes, requiring farmers, traders, and governments to navigate hybrid institutional arrangements that influence access and investment decisions. Similarly, food safety standards in informal markets often rely less on state regulation than on reputational norms and shared understandings among traders and consumers. In urban food retail, informal vendors operate within contested spaces where municipal by-laws, collective organising, and social legitimacy interact to structure what is permissible. In these contexts, institutions coordinate activity by harmonising expectations, reducing conflict, and enabling cooperation, even in the absence of strong enforcement.



3.2.2 Natural assets

The TRANSMANGO framework (Brunori et al., 2015) described natural assets as encompassing the provision of ecosystem resources and services as identified by the Millennium Ecosystem Assessment, namely provisioning, regulating, and supporting services [MEA (Millenium Ecosystem Assessment), 2004]. The provisioning assets provide the food system with products from the ecosystem, such as fuel, food and fibre, fresh water, genetic resources and other renewable and non-renewable resources. These are frequently required as inputs to activities performed by actors. Natural assets are also regulators of processes within the food system—for example, they help maintain air quality, regulate climate, and receive and decompose waste. The supporting assets include, but are not limited to, the production of atmospheric oxygen, soil formation and retention, nutrient cycling, water cycling, and habitat provisioning (Brunori et al., 2015).

Natural assets interact with the core food system (through actors and the activities they undertake) and are impacted by the influence of drivers. Natural assets can be exploited by actors and activities in the food system or maintained sustainably. Changes in drivers can influence the creation or destruction of natural assets (Brunori et al., 2015).



3.2.3 Human-made assets

The TRANSMANGO framework (Brunori et al., 2015) describes human-made assets as those providing “actors with resources and services that influence the functioning of the food system”. The conceptualization is similar to Common and Stagl (2005), with human-made assets covering five typologies: physical, human, intellectual, social (including cultural) and financial assets. Physical assets are the components (e.g., tools, machinery, roads, dams, storage facilities, energy generation, etc.) that provide the infrastructure for activities in the food system. Human assets are learned knowledge and skills within individuals that influence the productivity of the food system (including through the supply of labour). Intellectual assets are built upon knowledge and skills that are not embodied in individuals but are available to actors (e.g., books, articles, magazines, websites, etc.). The functioning of the food system, especially related to consumption, is also conditioned by social assets. These are linked with the coordination of food system activities and tightly bound to human values and behaviour, as well as other human institutions and patterns of social, economic and political organization. Financial assets encompass everything that relates to financial resources and services.

The Framework adopted the construct of assets—natural and human-made—after considering other framings (Scoones, 1998; Steffen et al., 2020). Feedback from scholars confirmed the ease with which these constructs (natural and human-made assets) can be understood and applied within multidisciplinary teams.



3.2.4 The core food system

The HLPE's notion of food production and consumption environments [HLPE (High-Level Panel of Experts), 2017] was adopted in the Framework to draw attention to sociocultural practices and the specific attributes of territories and places. The components of the core food system in the Framework include the food production environment, the food consumption environment, the value chains that connect these, and the losses and waste that occur because of activities within the system.


3.2.4.1 The food production environment

Four key activities were identified on the production side of Framework v1—input and output markets, production and processing, logistics and distribution, and innovation and branding. These differed slightly from the TRANSMANGO framework to better align with recent agri-food value chain analysis (Barrett et al., 2022).

In the Framework, the terminology of food production activities as the component of the system responsible for food supply was reintroduced with activities specified: providing inputs, producing food, and logistics and distribution. Feedback that informed this, particularly from practitioners, was that excluding production terminology did not immediately make agriculture's role evident in the system. Obtaining inputs includes all activities linked to the input industry, such as procuring raw materials required for producing food. Food production involves diverse activities, from growing plants and producing livestock to collecting foods from the environment (e.g., wild food, fishing). Distributing food (and inputs) includes all activities and logistics that reduce the distance between the input industry and farmers, and between farmers and consumers.

Many African food production systems remain characterised by a lack of human-made assets through small-scale operations that rely on rain-fed farming practices, with little use of external inputs such as improved seeds, breeds and fertilisers, and limited mechanisation for preparing the land, harvesting and threshing (Jayne et al., 2019). Of concern is the limited change in access to technology and mechanisation. African farmers have ten times fewer mechanised tools per farm area than farmers in other developing regions, and access is not growing as quickly as in other regions [ECA (UN Economic Commission for Africa), AUC (African Union Commission), AfDB (African Development Bank), and UNDP, 2021]. However, current trends indicate a move towards capital-intensive, industrialised and highly concentrated commercial farming and the consolidation of farmlands, which has resulted in smallholder farmers becoming landless and resorting to poorly remunerated, insecure work on commercial farms or migrating to urban centres in search of economic opportunities [FAO (Food Agriculture Organization), 2016].



3.2.4.2 Value chains

Value chains link food production activities with the food consumption environment, encompassing all activities along the so-called farm-to-fork. The concept of value chains is useful for analysis as a value chain approach considers all activities and services that contribute towards moving products or services from their conception to their end use, identifying the relative benefit that accrues in each node along the chain. This type of analysis seeks to trace the patterns of value creation and the linkages between geographically dispersed economic activities and actors (Gereffi and Fernandez-Stark, 2016). Value chain analysis should reveal the power dynamics between nodes in the chain, exposing the feedback and feed-forward loops to the political-economic drivers of the food system.

The value chains in African food systems demonstrate considerable diversity. Tight and loose value chains can be identified, with the former based on formal contracts and the latter on informal exchange agreements between buyers and sellers. Many African food value chains are characterized by fragmentation, informality, and reliance on smallholder farmers, but they are also increasingly influenced by urbanization and growing consumer demand for processed foods, and by financialisaton (Reardon et al., 2019; Tschirley et al., 2010; Isakson, 2017).



3.2.4.3 The food consumption environment

Following Brunori et al. (2015), two activities were initially identified on the consumption side (consuming food and obtaining nutrients), but were then replaced with “food environments” as a concept representative of the activities in this component of the food system. Swinburn et al. (2013, p. 12) define the food environment as the “…collective physical, economic, policy and sociocultural surroundings, opportunities and conditions that influence people's food and beverage choices and nutritional status”. Following the feedback sessions, the descriptive elements of consuming food and obtaining nutrients were reintroduced into the Framework to improve conceptual interpretation of the diagram by non-experts.

The African consumption environment is changing. Projections show that African food markets are expected to grow six fold by 2025, with most of the expansion driven by urban demand for processed staples (Malabo Montpellier Panel, 2018). The implications of economic growth, urbanization, and rising incomes are complex as they relate to food consumption. One aspect that is well documented is the increasing consumption of animal proteins, a decline of starchy staples, and greater dietary diversity (Bennett, 1941). Urban consumers are more likely to prefer convenience foods that require less preparation time and increase their consumption of caloric sweeteners. Finally, 70% of African urban households purchase from vendors in the informal economy, and a significant share of this expenditure is on prepared food. Some of this food is minimally processed, but increasingly includes unhealthy processed foods with high trans- and saturated fat, sugar, and salt content (Frayne et al., 2010; Battersby and McLachlan, 2013).



3.2.4.4 Food loss and waste

From initial production to household consumption, food is lost or wasted throughout the supply chain. Food loss is the decrease in the quantity or quality of food resulting from decisions and actions by food suppliers in the chain, excluding retailers, food service providers and consumers. Food waste refers to the decrease in the quantity or quality of food resulting from decisions and actions by retailers, food service providers and consumers [FAO (Food Agriculture Organization), 2019]. The decrease (from food loss or waste) may be accidental or intentional, leading to less food available.

The TRANSMANGO framework (Brunori et al., 2015) identifies the food losses and waste actors generate through-out the food chain. However, they further their definition of loss and waste in the food system by adding other losses and waste (e.g., of inputs to production, packaging) and other activities such as recycling waste and disposing of waste to the environment. Framework v1 incorporated the concepts of food loss and waste and the final Framework is explicit about food loss and waste as per the initial conceptualization but does not adopt the broader definition.

Food loss and waste in Africa is a critical issue. Approximately one-third of all food produced on the continent is lost or wasted, primarily due to inadequate infrastructure, poor storage facilities, and inefficient supply chains [FAO (Food and Agriculture Organization), 2014]. Rural farmers often struggle with access to markets and modern technology, leading to significant post-harvest losses [FAO (Food Agriculture Organization), 2019]. Additionally, urban areas contribute to food waste through consumer behaviour and inadequate waste management systems. Addressing food loss and waste in Africa is essential for improving food availability and enhancing livelihoods and mitigating the environmental impacts associated with food production (Totobesola et al., 2022).




3.3 Food systems outcomes

The food system produces outcomes (results or consequences) that influence food system components and drivers with or without some time delay.

A review of the literature identified that although the classification of food systems outcomes varies from author to author, the outcome categories can generally be assigned to four broad groups: food and nutrition security (or health pillar) and the three pillars of sustainability, namely environmental, social and economic (Stefanovic et al., 2020).

The TRANSMANGO Framework (Brunori et al., 2015) included three outcomes—food and nutrition security, environmental sustainability and socio-economic welfare (including income, employment, wealth). Framework v1 made use of a recent Organisation for Economic Cooperation and Development [OECD (Organization for Economic Cooperation and Development), 2021] publication that provides useful insight into the outcomes of food systems. The report stressed that the food system impacts three conditions that are essential for human existence—food and nutrition security, livelihoods, and environmental sustainability. These are presented as a triple challenge since pursuing these goals can result in multipliers, trade-offs and externalities.

Framework v1 also argued that addressing territorial balance should be an additional outcome (David-Benz et al., 2022). Territorial balance refers to achieving greater equity in the resilience, diversity, and transformation of the other food system outcomes between regions. To achieve this governance may need to be polycentric where there are multiple interacting governing bodies who can make and enforce rules within a specific policy arena and geography (Schoon and Cox, 2018).

Five outcomes were included in the Framework which are deeply interconnected, influencing and shaping one another in various ways.


3.3.1 Food and nutrition security

Food and nutrition security has been the most studied food systems outcome until recently. Food security is defined as a situation “when all people, at all times, have physical and economic access to sufficient, safe and nutritious food that meets their dietary and food preferences for an active and healthy life” (FAO (Food and Agriculture Organization), 1996). The definition addresses four pillars of food security—physical availability of food, access to food (physical and economic), food utilization and stability of the food supply (FAO (Food and Agriculture Organization), 2008). However, since stability is interlinked with availability and access, sometimes the stability pillar is left out (Charlton, 2016). Recently added internationally accepted dimensions include agency and sustainability (Clapp et al., 2022). Going beyond this, nutritional security considers the consistent and equitable access to healthy, safe, affordable foods that are essential to optimal health and wellbeing (Ingram, 2020).

In Africa, food security remains a critical concern, with (as noted earlier), one in five Africans experiencing hunger in 2023, and hunger remaining on the rise on the continent [FAO (Food and Agriculture Organization), IFAD (International Fund for Agricultural Development), UNICEF, WFP (World Food Programme), and WHO (World Health Organization), 2024]. At the same time, the nutritional needs of the population in Africa are not being met equitably, leading to significant health challenges. There are indications of a triple burden of malnutrition (over-nutrition, under-nutrition, and micronutrient deficiencies) in an increasing number of countries, and especially in the North African region (Abrahams et al., 2011). In Africa, 28% of the adult population were overweight in 2016 and 11% were obese [WHO (World Health Organization), 2021].

The African Prosperity Report links the rise of an African middle class to expanded opportunities in the fast-food industry (Legatum Institute, 2016). A consequence of this expansion is the heightened risk of diet-related non-communicable disease (NCDs). Globally, diabetes accounts for the second largest share of the global burden of diet- and nutrition-related NCDs after ischaemic heart disease. This is set to increase [Wild et al., 2004; IDF (International Diabetes Federation), 2015]. This increase in diabetes is occurring in Africa. In 2000, an estimated 14 million African adults aged 20–79 had diabetes, representing a regional prevalence of 2.1–6.7%. This is projected to reach 18.6% in 2030, an increase of 162% and the second greatest increase after the Middle East (Wild et al., 2004). Similar trends have been found with respect to other NCDs, with, for example, the prevalence of cardiovascular disease increasing in Africa (Opie and Mayosi, 2005).

Food safety is also an issue and linked to health. Africa has the highest per capita prevalence of foodborne illnesses in the world, leading to over 137,000 deaths and 91 million acute illnesses in 2015 [GFSP (Global Food Safety Partnership), 2019]. Aflatoxins are a further food safety threat to Africa's food system (Chauhan, 2017). Of concern is that children are at particular risk of foodborne diarrhoeal diseases. This is a risk factor for the achievement of balanced diets, especially affecting children and women during pregnancy (Chambers and von Medeazza, 2014). Addressing these nutrition and health concerns through the food system is a clear clarion call on the continent.




3.3.2 Livelihoods

Livelihoods was an outcome included in all three versions of The Framework, and it is broadly aligned to the socio-economic outcome in the TRANSMANGO framework.

Food system livelihoods are essential for most African economies providing income and employment. Through agriculture, food processing, distribution, and retail, food systems offer both formal and informal economic opportunities that support household resilience, poverty reduction, and broader social wellbeing. Improving African food systems through better infrastructure, technology, and sustainability practices can enhance livelihoods but can also present risks, especially for vulnerable groups.

More than 60% of the population in sub-Saharan Africa is engaged in agriculture, either directly (as smallholder farmers) or indirectly (in associated industries such as food processing, input supply, and transportation). Urbanization and the demand for processed foods are also creating new jobs in food manufacturing, packaging, and retailing [FAO (Food Agriculture Organization), 2017]. In many African food systems, informal markets and street vending are key sources of income for low-income households, particularly for women. Small-scale traders, vendors, and food processors play a critical role in ensuring food availability and affordability, especially in urban areas [IFAD (International Fund for Agricultural Development), 2016].

As the debate shifts from agriculture increasing crop yields as a pathway out of poverty for small-holder farmers in Africa towards the opportunities in value addition and services across the entire value chain (Gassner et al., 2019), a focus on food systems analysis and interventions becomes increasingly important to realise the potential of the system for improving livelihoods.



3.3.3 Environmental sustainability

Environmental sustainability was an outcome included in all three versions of the Framework. While the environment as a driver of food systems highlights the role that natural resources and climate play in shaping agriculture and food availability, environmental sustainability as an outcome looks at how food systems can be managed to ensure long-term ecological health, addressing the environmental impacts of food production and consumption to create a more balanced and resilient system. As an outcome, environmental sustainability speaks to the proactive, deliberate strategies to manage and reduce the environmental impacts of food production, processing, and distribution.

Approaches such as climate-smart agriculture, regenerative agriculture, agroecology and a shift towards increasing utilisation of African indigenous and traditional crops are increasingly recognised as relevant solutions for ensuring sustainable and resilient food production and food security [HLPE (High Level Panel of Experts), 2019].



3.3.4 Territorial balance

Territorial balance was an outcome included in all versions of the Framework, although the first version used the terminology territorial balance and equity.

African food systems are characterized by distinct territorial imbalances that are apparent between regions, countries and within countries. Many of these form part of the legacy of colonialism (Roessler et al., 2020). In some cases, colonial land acquisition led to the relocation of indigenous populations into marginal “communal areas” where the climate and soils are not conducive to agriculture. Settler farmers occupied the best agricultural lands, which they devoted to cash cropping, horticulture, dairy and cattle farming, leading to the domination of agriculture in the economy. These areas also benefitted from infrastructural investment including roads and irrigation. Despite almost 70 years since decolonization, many countries in Africa continue to have islands of prosperity co-existing with marginalized areas.

Differences in under-5 child mortality (U5MR) can serve as a proxy for this spatial inequality and in an analysis of 35 countries Li et al. (2019) show considerable variation in the trends and levels of subnational U5MR across Africa. Satellite imagery of night-time light is another proxy, and Falchetta et al. (2020) report similar patterns of inequality.

Both the literature (David-Benz et al., 2022) and the feedback from the FSNet-Africa scholars agree that territorial balance should remain as an outcome in the Framework.



3.3.5 Inclusivity

Gender, as an aspect of socio-cultural drivers, shapes the roles, access, decision-making, and market participation within food systems, directly influencing food production, distribution, and consumption patterns. As a normative institution, gender reinforces societal expectations and rules regarding the roles of men and women in food systems, maintaining traditional hierarchies. As an outcome, food systems often reproduce gender inequalities in terms of economic status, nutrition, and empowerment, reinforcing existing gender norms and disparities. In these ways, gender is both a cause and consequence of the way food systems function in Africa, with implications for inequality, health, and economic opportunities across societies.

Resources and influence in value chains and food environments are unequally distributed across the food system. In general, women and youth throughout the continent face unequal economic outcomes in Africa's food systems. These constraints significantly impede their productivity and overall contributions (Doss et al., 2018). Women involved in agriculture and food production are often paid less than men for the same work. Women often have less access to lucrative markets and commercial opportunities, as men tend to dominate higher-value market chains. This limits women's income potential and economic empowerment (Botreau and Cohen, 2020).

In many cultures, women and girls eat last and least, particularly in food-insecure households. As a result, many women in African countries experience high levels of food insecurity, anaemia and nutrient deficiencies. Since women play a key role in children's nutrition, these gendered imbalances result in high levels of malnutrition and stunting amongst children, and in worst cases leads to high child mortality rates [UNICEF (United Nations Children's Fund), 2023].

The operation of food systems can reinforce these trends but can also present opportunities to address gender and generation inequalities (Mkandawire et al., 2021). Thus, researcher feedback proposed that gender and generation (im)balance be included as a separate outcome.

The final FSNet-Africa Framework (Figure 1) adopted the notion of inclusivity to encompass gender and generational aspects, and to acknowledge the need for a food system that ensures equitable participation and benefits for all stakeholders, particularly marginalized and vulnerable groups (for example persons living with disabilities, the elderly, farm workers, and nomadic pastoralists among others).




3.4 Feedback/feed-forward loops

Feedback loops in a food system refer to the mechanisms that allow the system to respond to disturbances or changes to maintain its health and functionality. These loops can be positive or negative. Positive feedback loops amplify or exacerbate changes within the system. For example, in the context of food systems, a positive feedback loop might involve increased food prices leading to more land conversion for agriculture, which in turn exacerbates environmental degradation. Negative feedback loops counteract changes. A negative feedback loop might involve regulatory measures that respond to overfishing by setting catch limits, which helps protect fish populations and maintain ecological balance. Both positive and negative feedback loops can either reinforce positive trends or lead to undesirable outcomes (Sundkvist et al., 2005).

Feed-forward loops are proactive mechanisms that anticipate system disturbances and allow for mitigating responses before these disturbances take effect (Lundberg and Johansson, 2015). In the context of food systems, feed-forward loops include early warning systems, scenario planning, and activities in the research and innovation ecosystem. For example, early warning systems monitor environmental conditions, market trends, or resource availability to predict potential disruptions to food production or distribution. This can include monitoring weather patterns to anticipate droughts and plan for water resource management. An example is the Famine Early Warning Systems Network (FEWS NET) that has been assessed to have achieved 84% accuracy over the decade from 2009 to 2020 (Backer and Billing, 2021).

By incorporating such feed-forward loops into food systems analysis, policymakers can make informed choices to mitigate potential risks and enhance the system's adaptability. This proactive approach helps ensure the long-term sustainability and resilience of food systems in the face of evolving challenges. Feedback and feed-forward loops permit responses to system disturbance to modify the system and so maintain the system's health and function (Casti and Fath, 2008).

Understanding the interrelationships in the system creates a framework within which trade-offs can be researched, understood and responded to. An example is urbanisation. Urbanisation in Africa is creating new jobs in food manufacturing, packaging and retailing. In many African food systems, informal markets and street vending are key sources of income for low-income households, particularly for women. Small-scale traders, vendors, and food processors play a critical role in ensuring food availability and affordability, especially in urban areas. The increasing urban demand tends towards processed foods that are linked to a rise in obesity, as well as non-communicable diseases. This is a negative trade-off for positive economic outcomes. Food safety in informal markets is often compromised due to limited infrastructure, lack of regulation, and poor hygiene practices posing risks for contamination and foodborne illnesses. This example demonstrates the value of an African framework for examining complexity to inform research, development and policy making.




4 Discussion

The evidence base related to African food systems remains underdeveloped, creating a critical gap in the region's ability to address food security and sustainability challenges. The Framework was developed as a tool for African food systems analysis to help identify key research gaps, highlight leverage points for transformative change, and address persistent food system failures. The Framework is distinct from other existing food system frameworks in its incorporation of historical drivers, its emphasis on inclusivity as an explicit food system outcome, and by highlighting the role of institutions and their diversity. While not necessarily uniquely African, the Framework has proven highly relevant and adaptable for identifying commonalities and specific challenges across East, West, and Southern Africa. In particular, opportunities related to indigenous crops and consequently indigenous knowledge and the importance of preserving and amplifying this knowledge were identified. Similarly, the framework has assisted the 20 FSNet-Africa scholars in unpacking the important and on-going role of small-scale farmers within the food system, particularly in mitigating climate change. The framework has also helped to better understand how to reshape consumer demand for healthier, safer and more affordable food that is environmentally friendly, and helped unpack challenges and opportunities related to governance within the African food system.

The Framework is intended as a heuristic model that enables analysts, educators, and policymakers to assess system dynamics and identify entry points for change. It provides a tool for facilitating cross-disciplinary collaboration and consensus-building among scholars. Its adaptability has been demonstrated through its application to a wide range of research areas, from plant and livestock science to gender studies and food system economics. This flexibility underscores its applicability to real-world problem-solving in diverse contexts. For example, the Framework has been applied by Anim-Jnr et al. (2023) to examine the potential of agroecology for sustainable small ruminant production in low- and middle-income African countries. Dorvlo et al. (2023) examined the pathways and interactions for integrating mechanisation into sustainable rice production in Ghana. Lungu et al. (2024) used the Framework to understand the potential of Moringa oleifera as a sustainable broiler feed additive in South Africa, while Kwapong et al. (2024) examined farmer's experiences with climate-smart agricultural practices. The Framework has been effectively utilised as a tool for teaching, analysis, and policy advocacy. It has been used to train and inform the research work of students at the Lilongwe University of Agriculture and Natural Resources in Malawi. It has also been applied to develop a doctoral level programme that will be offered by the Africa-Europe Cluster of Research Excellence in Sustainable Food Systems (CoRE-SFS). The framework has also been applied to identify evidence gaps within the context of gender and food systems. A literature analysis conducted by Mkandawire et al. (2024) revealed that while women's financing and entrepreneurship emerged as key gender policy priority, this area remains significantly under-researched. This application demonstrates the framework's utility in highlighting critical knowledge gaps, informing future research agendas, and providing a basis for aligning research efforts with policy priorities.

Beyond academia, the Framework has proven valuable for policy analysis due to its ease of understanding. It has been presented to policymakers and used to explore the potential impacts of emerging policies on food systems. For example, an ongoing study is applying the Framework to assess the effects of a net-zero emissions policy on food security and livelihoods, demonstrating its capacity to evaluate trade-offs and synergies in policy development. Given the shift towards a food systems approach in the new 10-year agenda outlined in the Kampala CAADP Declaration, the Framework offers a timely and practical tool for guiding policy and decision-making. It can support governments in conceptualising the complexity of food systems by providing a structured lens through which to understand the various elements and interdependencies. The Framework can be used to assess the potential trade-offs and synergies associated with specific policy decisions. It can facilitate the identification of gaps and opportunities for greater coherence through a systematic analysis of existing policies and the range of stakeholders engaged across different components of the food system.

While the framework incorporates context-specific nuances relevant to African food systems, it is primarily informed by the experiences and expertise of the 20 researchers involved in the FSNet-Africa project. As such, it does not claim to capture the full spectrum of issues shaping African food systems—for instance, emerging debates around the mega farm agenda or the impacts of migration and globalisation, which continue to exert significant pressure on the continent's agrifood landscapes. These limitations do not diminish the framework's utility. Rather, it should be viewed as a dynamic and adaptable tool—one that can be refined and expanded to suit the specific contexts and objectives of its application. In conclusion, the Framework has been tested and applied across multiple domains, making it a versatile tool for both research, teaching and policy analysis. Its utility in unpacking complex issues and contributing to sustainable food system transformations positions it as a critical asset for advancing African food systems research and policy.
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Existing trade policies in Tanzania can potentially boost or undermine Indigenous crop representation in both domestic and international trade. The trade potential is heavily reliant on the effectiveness of existing trade policies. This paper examines the existing trade policies related to indigenous crops in Tanzania, the challenges faced, and potential strategies to enhance their market integration and trade potential. It uses a mixed methods approach consisting of qualitative and quantitative trend analysis. A policy review process is used to assess the existing policies and their effectiveness in enhancing the trade potential of indigenous crops. The results suggest that existing policies do not sufficiently encompass indigenous crops and that the trade potential of indigenous crops still needs to be realized, with only three crops out of 28 (cassava, sorghum, cowpea) crops available in Tanzania having trade recognition in the international markets. Most indigenous crops remain in domestic markets, with very few reaching urban markets, while most remain in rural markets. Moreover, most of the policies and regulations available in Tanzania have yet to recognize these crops within the policies. This paper contributes to the development of policies that support the inclusion of indigenous crops in trade. It emphasizes the need for a comprehensive review of existing government policies to unlock the trade potential of indigenous crops, recognizing their critical role in Tanzania’s agricultural heritage and food security.
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Highlights

	• Limited policy support for indigenous crops creates barriers to their trade, hindering their potential for food security and climate resilience.
	• Research on indigenous crops, focusing on scalability, and market demand, is key to positioning them as premium products.
	• A supportive policy environment, including subsidies and international partnerships, is essential for overcoming market barriers and promoting sustainable growth.



1 Introduction

The value of indigenous crops is underestimated despite their known benefits. Akinola et al. (2020) highlight that, despite their known benefits for food and nutritional security, indigenous crops remain marginalized in agriculture due to underinvestment in research and development. Promoting the trade of indigenous crop has many potential advantages, such as protecting biodiversity, supporting small scale farmers livelihoods, and improving food security (Shelef et al., 2017). Indigenous crops, commonly known as orphan, forgotten or neglected crops, is a category of crops which are not traded globally in significant quantities, despite often playing a major role in supporting the diet and economy of local communities (Dwyer et al., 2022). Indigenous crops support a greater variety of plant species and are frequently well-adapted to regional climates and ecosystems, which contributes to the preservation of agricultural biodiversity. Indigenous crops, such as sorghum, millet, finger millet, amaranth, and various traditional vegetables, play a vital role in maintaining agricultural biodiversity, which is essential for ecosystem resilience and adaptability to climate change. This can lessen reliance on monocultures, which are more susceptible to pests and climate change, and increase the resilience of ecosystems.

The promotion of indigenous crops provides local farmers with opportunities to gain access to niche markets, allowing them to increase their incomes and sustain their livelihoods by giving them the chance to profit from specialized domestic and worldwide markets, which can enhance their standard of living and promote community growth (Johannes et al., 2016). Native crops improve food security and diversify diets while providing nutritional advantages, particularly in areas where food scarcity is a problem (Ravi et al., 2010). Furthermore, these crops are often more resilient to local climatic conditions and require fewer inputs than conventional cash crops, contributing to improved food security by diversifying diets and providing nutritional benefits. In Tanzania, indigenous crops are traditionally grown in various regions, showcasing rich agricultural heritage. Crops like sorghum and millet are particularly well-suited to arid and semi-arid environments, while finger millet and amaranth are valued for their high nutritional content and versatility in traditional dishes.

Given these advantages of indigenous crops, we argue that indigenous crops are the missing puzzle piece to key challenges in food and agricultural trade. Agricultural trading has been on major crops such as bananas, tea, coffee, maize, cassava, Beans, Potatoes, rice, Cashew Nuts, Tobacco, Cotton, Sisal, Sunflowers, and spices such as cloves (Mkuna, 2022). The majority of these crops are exotic, meaning they are non-traditional crops. Some if the indigenous crops include sorghum and millet but these commodities’ production and trade volumes are at very low levels with trade being targeted at small domestic traders [Food and Agriculture Organization of the United Nations (FAO), 2021]. Tanzania holds a huge potential for tradition in indigenous crops, which are traditional crops from specific regions where they originate. Such crops include cassava, a major traded crop in Tanzania. Other crops include cowpea, pigeon pea, sorghum and millet, which have already had recognition in the agricultural export market. However, the missing puzzle is the underestimated trading potential in other major indigenous crops that have not reached the export market. Such crops include vegetables and fruits such as Bambara groundnut, baobab and sesame.

The agricultural sector is dominated by small-scale farmers cultivating various crops, such as maize and rice, with increasing technological advancement to transform the sector and make it more productive and sustainable. Some efforts include expanding agricultural trade, leveraging various advancements and strategic partnerships to enhance productivity and market reach. Such advancements include participation in the African Continental Free Trade Area (AfCFTA), which aims to remove tariffs on goods and promote free access to goods and services, which is expected to boost agricultural exports of African countries including Tanzania1 [Food and Agriculture Organization of the United Nations (FAO), 2021]. Moreover, through bilateral agreements, the country has made efforts to enhance agricultural trade with Ethiopia, including cooperation in power generation, aviation, and joint market access for coffee and tea2 (World Bank, 2018). This continuous effort to expand trade networks highlights Tanzania’s commitment to leveraging its agricultural potential for economic growth.

Agriculture is the cornerstone of Tanzania’s food system and economy, providing livelihoods for 75% of the population (National Bureau of Statistics (NBS), 2021; Ndimbo and Haulle, 2024). In urban and peri-urban areas, agri-food systems are crucial for low-income households, providing employment in cultivation, livestock keeping, and food vending (Kissoly, 2023). It has been instrumental in providing the population with employment, income, and food, evolving over the years. The sector contributes around 28% of Tanzania’s Gross Domestic Product (GDP) (National Bureau of Statistics (NBS), 2021; Ndimbo and Haulle, 2024) and employs 65%–70% of the population, making it the main source of livelihoods for most Tanzanians (National Bureau of Statistics (NBS), 2021). There is still untapped potential of the agricultural sector through unexplored markets of neglected agricultural products.

To ensure sustainable trade, policies must balance economic growth with environmental conservation and equitable distribution of benefits. However, challenges exist, such as limited access to global markets for indigenous crops, the need for improved infrastructure, and the risk of commercialization overshadowing local consumption. Against this background, this paper reviews Tanzania’s agricultural trade status to identify opportunities to include indigenous crops in the trading market and increase their market potential. The specific objective is to review the current status of agricultural trade in Tanzania and its limitations for indigenous crops. This paper identifies key opportunities for including indigenous crops in the agricultural trade in Tanzania providing evidence that is instrumental in the development of a framework for ensuring the inclusion of indigenous crops in trade policies. It recommends a holistic approach to increasing trade potential of indigenous crops which us initiated by a review of government policies to ensure the inclusion of IC and their promotion in international trading markets.



2 Methodology


2.1 Case description

Tanzania’s agricultural trade landscape is shaped by a combination of domestic policies, regional agreements, and global market dynamics (Neema, 2024; Ouma, 2016). Despite the country’s rich diversity of indigenous crops, their integration into both local and international trade remains limited. This study seeks to evaluate Tanzania’s agricultural trade status, with a particular focus on identifying opportunities to enhance the market presence of indigenous crops such as cassava, sorghum, and cowpea (Msuya and Isinika, 2020). By assessing existing policies and trade data, the study aims to uncover regulatory challenges, market gaps, and potential pathways for increased trade participation.



2.2 Collection of policy documents

A systematic search was conducted to collect publicly available national policy documents related to Agriculture (defined broadly to include crops and indigenous crops), and Trade (in relation to export and imports of crops) published between 2010 and 2025 ensuring relevance to the study’s focus and recent policy developments. The search was performed using general search engines and key terms such as [“Agriculture” AND, “Trade and economy” AND “Industrial and Competitiveness” AND “indigenous crops” AND “Policy”]. The primary source for policy documents was Tanzania Revenue Authority (TRA), the Ministry of Agriculture, the United Nations Comtrade database, and the Food and Agriculture Organization (FAO). Where relevant policies were not found in these repositories, official national ministerial websites particularly those related to agriculture, trade, health, or economic development were systematically reviewed.

Key policy documents included national agricultural trade policies, regional trade agreements, and relevant international frameworks (United Republic of Tanzania, 1999, 2006, 2008, 2017, n.d.; Ministry of Agriculture, 2013; Southern African Development Community (SADC), 2014). The selection of these documents was guided by their relevance to trade regulations, market access, and agricultural development policies. Additional documents were retrieved from government portals and other reputable policy repositories to ensure comprehensive coverage. Textual analysis was employed to examine key themes, keywords, and policy narratives within the collected documents. This approach helped ensure rigor in assessing the policy landscape and its alignment with the current status of agricultural trade in Tanzania and its limitations for indigenous crops. Additionally, content analysis was applied to examine the extent to which indigenous crops are referenced within these policies. Specific attention was given to identifying supportive measures, regulatory constraints, and market barriers affecting indigenous crops. The findings provided insights into policy gaps and opportunities for strengthening the trade potential of indigenous crops.



2.3 Trade data analysis

To evaluate trade performance, statistical analysis of agricultural trade data was conducted. Data sources included official databases such as the Tanzania Revenue Authority (TRA), the Ministry of Agriculture, the United Nations Comtrade database, and the Food and Agriculture Organization (FAO). Key indicators analyzed included export and import volumes, trade values, and market destinations for selected indigenous crops. Trend analysis techniques were used to compare the trade performance of indigenous crops with other major agricultural commodities. This helped identify market gaps and opportunities for scaling up indigenous crop trade.

While the study provides valuable insights, certain limitations should be acknowledged. Policy documents may not always reflect the latest market conditions, and trade data availability may be constrained by reporting inconsistencies or delays. Additionally, the analysis focuses on select indigenous crops, which may not fully represent the diversity of traditional agricultural commodities in Tanzania. By integrating policy review and trade data analysis, this study offers a holistic understanding of Tanzania’s agricultural trade landscape. The findings aim to inform policymakers and industry stakeholders on strategies for enhancing the market potential of indigenous crops and fostering inclusive trade development.




3 Results and discussion


3.1 Current agricultural trade performance

Tanzania’s trade performance in 2024 reflects a dynamic and growing economy, particularly in terms of exports and imports (Aguiar et al., 2020). Historically, Tanzania has faced challenges in achieving self-sufficiency in the production of certain agricultural commodities, such as edible oils and sugar, leading to a reliance on imports to meet domestic demand (Peter Mgeni et al., 2019; Rweyendela and Mwegoha, 2020). In the year ending February 2024, exports of goods and services rose by 14.7%, reaching USD 14,274 million compared with the level recorded in the corresponding period in 2023. This growth has been driven by non-traditional exports such as oil seeds, horticultural products, and fish and traditional exports like gold, which remains a major contributor to Tanzania’s foreign exchange earnings (World Bank, 2021). Imports also increased, reaching USD 14.15 billion in May 2024, indicating strong domestic demand for intermediate and consumer goods. However, this growth has widened the trade deficit to approximately USD 3.13 billion. The economy continues to expand, supported by sectors such as tourism, manufacturing, and agriculture (World Bank, 2021).

The trade performance of indigenous crops in Tanzania remains underdeveloped despite their significant potential to enhance food security and livelihoods. Crops such as cassava, sorghum, millet, and African indigenous vegetables (AIVs) are predominantly traded in rural markets, with minimal penetration into urban or international markets. This limited market reach is primarily attributed to weak value chains, inadequate formal support, and insufficient market recognition, all of which hinder their commercial viability and broader economic impact. Strengthening these areas could unlock new opportunities for indigenous crops, fostering a more inclusive and resilient agricultural sector.

A few initiatives, such as the Good Seed Initiative (GSI), have improved indigenous crops’ production and market linkages, especially AIVs. Through better seed quality and farmer-to-farmer training, GSI projects have boosted the incomes of smallholder farmers in regions like Arusha and Dodoma. However, large-scale commercialization remains challenging due to inadequate infrastructure, limited awareness, and lack of value addition to these crops. Policy recommendations stress the need for Tanzania to integrate Indigenous crops into national trade policies, boost research funding, and promote marketing strategies to enhance their visibility in domestic and international markets (John et al., 2024). Indigenous crops like cassava and sorghum are recognized globally, but many others remain underexploited despite their resilience and adaptability to Tanzania’s agricultural environment.


3.1.1 Indigenous crop export and import

Countries in Europe, North America, and Asia often dominate as export markets for crops in Tanzania due to their interest in superfoods, health-focused products, and exotic ingredients. Specific trade agreements and diaspora communities also influence demand. Figure 1. Tanzania’s native agricultural products are gaining traction in international markets, with cassava being shipped to countries such as United states, China, Botswana, Congo, the European Union, and Southeast Asia. In 2022, Tanzania exported $13.9 million in cassava, making it the 18th largest exporter in the world. To increase the exports of cassava there is a need to strengthen the value chain through improved coordination, processing technologies, and market linkages that can enhance profitability and export opportunities for farmers. Pigeon peas are predominantly exported to China, Comoros, Congo, India, SA, Uganda and various nations within Europe. Tanzania experienced a significant increase in pigeon pea production, rising from 160,000 metric tons in 2018 to 250,000 metric tons in 2023, marking a 56% growth. During the period from 2020 to 2022, a substantial 95% of the country’s pigeon pea output was exported to India, while 3% was sent to the United Arab Emirates. The remaining production was distributed among Nepal, Kenya, and Belgium. Other crops such as Baobab-derived products are sought after in the European Union, the United States, and Japan, while shea butter is also exported to the European Union, the United States, and China. Moringa enjoys a robust market in the United States, the European Union, and Australia, paralleling the demand for indigenous fruits like tamarillo and jackfruit, which are similarly popular in these regions.
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FIGURE 1
 Indigenous crops and destination countries from 2015 to 2020. Source: NBS and TRA.


Figure 2 shows Tanzania exports a variety of indigenous crops to several international destinations. Oman, accounting for 15% of exports, primarily imports crops such as clove, sesame, and pigeon peas. Comoros, with 14% of the export share, receives vanilla, cloves, and cinnamon. The United Arab Emirates, representing 13% of exports, is a key market for baobab, tamarind, and moringa. The United Kingdom, which accounts for 12%, imports crops like teff, baobab, and cassava. India, with 8% of exports, is a major destination for pigeon peas, sesame, and millet. The Netherlands and Pakistan each account for 7% of exports, with the Netherlands importing baobab, moringa, and tamarind, while Pakistan imports pigeon peas and millets. Kenya, at 6%, primarily receives cassava, sorghum, and pigeon peas.

[image: Bar chart showing the percentage distribution of a variable across different destination countries. Oman leads with fifteen percent, followed by Comoros at fourteen percent, UAE at thirteen percent, and UK at twelve percent. Other countries include India at eight percent, Netherlands and Pakistan at seven percent each, Kenya at six percent, and Belgium, Germany, Nepal, South Africa, and Uganda each at four percent.]

FIGURE 2
 Destination countries for indigenous crops exports. Source: NBS and TRA.


Other destinations, including Belgium, Germany, Nepal, South Africa, and Uganda, each account for 4% of exports and receive a mix of baobab, teff, tamarind, and millet, depending on specific regional demand. Other countries include, France, Indonesia, Japan, Malawi Malaysia, Saudi Arabia, Spain, Thailand, Zambia, Bahamas, Bangladesh, Cape Verde, China, Denmark, Democratic Republic of Congo, Israel, Mozambique, Mauritius, Poland, Portugal, Rwanda, Singapore, Sri Lanka, Sweden, Switzerland, Taiwan, Province of China, United States, Vietnam and Yemen.

The main two indigenous crops imported into Tanzania are cassava and pigeon pea. These imports come primarily from neighboring countries such as Malawi, Mozambique, Nigeria, Uganda, as well as from the UAE, Vietnam, and Hong Kong (Figure 3). For crops like pigeon pea, the importation is largely driven by trade dynamics, particularly port issues in Tanzania. Malawi, for instance, is well-recognized for its large-scale production of pigeon peas, which are often exported via Tanzanian ports. However, due to logistical challenges at Tanzanian ports, pigeon peas are sometimes imported from Malawi and other neighboring countries, only to be re-exported to countries such as India, which is a major importer of this crop. This pattern of importation and re-exportation is also observed for other neighboring countries, where trade issues and port congestion in Tanzania can impact the smooth flow of goods.

[image: Bar chart showing the percentage of pigeonpea and cassava imported by six countries. Nigeria and Vietnam import 21% and 14% cassava respectively. UAE imports 21% pigeonpea. Malawi imports 14% pigeonpea. Hong Kong and Uganda import 14% and 7% cassava respectively. Mozambique imports 7% pigeonpea.]

FIGURE 3
 Indigenous crops imported. Source: NBS and TRA.


Moreover, these imports of indigenous crops often reflect the broader challenges facing Tanzania’s agricultural trade sector, including inadequate infrastructure, limited storage facilities, and inefficiencies at key transport hubs. As a result, countries like Malawi and Mozambique, which have more efficient agricultural production systems or trade routes, become key suppliers for Tanzania, even when these crops are produced locally. Additionally, some crops, like cassava, are imported from a variety of countries, including Nigeria and Uganda, due to similar issues surrounding trade facilitation and market demands across borders.



3.1.2 Comparing exotic and indigenous crops exports

In Tanzania, government policies play a crucial role in supporting the production and marketing of maize, a staple crop deeply embedded in the country’s food security and cultural identity (Batho et al., 2019; Lyimo et al., 2014). These policies prioritize maize due to its widespread consumption, particularly in the preparation of ugali, a popular Tanzanian dish. Efforts include subsidies on agricultural inputs such as fertilizers and seeds, alongside investments in extension services to improve farming practices (Alliance for a Green Revolution in Africa (AGRA), 2022; Santpoort, 2020). Additionally, strategic interventions aim to enhance access to domestic and international markets, ensuring a steady demand for maize production (Kanyangemu et al., 2019). The crop is also a key focus in agricultural research, with ongoing programs dedicated to breeding new, high-yield, and drought-resistant varieties, further boosting its productivity and resilience (Santpoort, 2020). The crop has significant value in its imports and export (Figure 4).

[image: Line graph showing export and import data from 2015 to 2022 in thousands. Exports (blue) increased significantly from 141 in 2019 to 511 in 2022. Imports (orange) fluctuated, peaking at 116 in 2017 and dropping to 15 in 2021, then rising to 62 in 2022.]

FIGURE 4
 Export and imports volumes (in tonnes) of maize (exotic crop). Source: FAOSTAT (2024), NBS, and TRA.


The robust policy support and cultural significance of maize have resulted in its dominance in both imports and exports compared to indigenous crops like pigeonpea and cassava (Laizer et al., 2023; Reincke et al., 2018). Tanzania’s maize exports significantly exceed those of pigeonpea and cassava, which, despite being nutrient-dense and climate-resilient, receive relatively limited policy attention (Figure 5). Unlike maize, pigeonpea and cassava are often grown by smallholder farmers for subsistence and localized markets, limiting their commercial potential. However, increasing interest in diversifying food systems and promoting indigenous crops could pave the way for more balanced trade dynamics (John, 2024). Targeted investments in research, production, and marketing of these indigenous crops could enhance their competitiveness, contributing to food security and economic diversification.

[image: Line graph showing the production quantities of maize, pigeonpea, and cassava from 2015 to 2022. Maize shows a significant increase from 57.8 tonnes in 2015 to 511.1 tonnes in 2022. Pigeonpea starts at 44.3 tonnes and fluctuates, reaching 108.2 tonnes in 2022. Cassava remains relatively stable, starting at 0.1 tonnes in 2015 and ending at 73.4 tonnes in 2022.]

FIGURE 5
 Export volumes (in tonnes) of maize (exotic crop), Pigeonpea, and Cassava (indigenous crops). Source: FAOSTAT (2024), NBS, and TRA.


Over the years, maize exports in Tanzania have consistently outpaced those of cassava and pigeonpea, reflecting its dominance as an exotic staple crop (John, 2024). From 2015 to 2022, maize exports showed a sharp upward trend, peaking at 511,068 tonnes in 2022, driven by strong policy support and high market demand (Figures 4, 5). In contrast, cassava exports, though increasing significantly in recent years, remained relatively low, reaching a maximum of 73,401 tonnes in 2022. This disparity highlights the prioritization of maize in agricultural programs and its broader appeal in global markets.

Pigeonpea, as an indigenous legume, showed competitive export volumes. In Tanzania, it accounts for 4% of the world’s pigeon pea production in inclusion to Malawi, Kenya, Mozambique, and Uganda (Vilakazi et al., 2025). Additionally, the crop is produced on 0.56 million hectares in Eastern and Southern Africa (Vilakazi et al., 2025). However, its exports fluctuated, reflecting challenges in market stability and policy support. Unlike maize, pigeonpea and cassava depend heavily on smallholder farming systems, limiting scalability. Despite their nutritional and climate resilience advantages, these indigenous crops require enhanced investment in production and market integration to compete effectively on international platforms (Gotor et al., 2020).

Looking at Figure 5, the exotic crop maize is performing well due to the fact that exotic crops often have better-established supply chain infrastructures, from post-harvest processing to export logistics due to supportive policies and structures for the crops such as crop boards like sugar, tea and coffee unlike indigenous crops that are integrated in one crop Cereals and Other Produce Regulatory Authority (COPRA) that regulates all crops including indigenous crops lacking specific crop focus (URT, 2024).

The consumption levels are also higher and integrated in the local and global supply chain for crops like maize, rice, and wheat benefiting from higher demand and international trade agreements (Chivenge et al., 2015). While, indigenous crops typically are sold in informal markets, needing formal marketing channels, making their trade informal and localized. According to Bellon et al. (2015), the lack of market awareness and consumer preference for more widely known crops contributes to the marginalization of indigenous varieties, further constraining their market growth potential (Magbagbeola et al., 2010; Tadele, 2019).




3.2 Policy and market support for indigenous crops in Tanzania

The Policy analysis revealed that the reviewed agricultural documents primarily emphasize enhancing productivity, market access, and infrastructure for high-demand cash crops like maize, coffee, and cashew nuts. However, there is limited direct support for the inclusion of indigenous crops in agricultural trade. Indigenous crops, such as millet, sorghum, and pulses, are often viewed as subsistence crops, facing commercialization challenges due to lower yields, inadequate market access, and underdeveloped value chains (e.g., ASDP). Nonetheless, ASDP II presents emerging opportunities to promote these crops due to their climate resilience, nutritional value, and potential in niche health markets, necessitating greater investment in research, processing, and market integration.

The National Agriculture Policy (United Republic of Tanzania, 2013) emphasizes diversifying agricultural production and promoting both food and cash crops. While it highlights major export crops like coffee, cashew nuts, and tea, it also acknowledges indigenous crops such as sorghum, millet, and pulses for their contributions to food security and climate resilience. However, the policy’s focus on these crops is limited due to inadequate commercialization, lack of research and development, and poor market access. Although it advocates for improving productivity and value chain integration of indigenous crops, there remains a gap in strategic focus to elevate these crops to mainstream agricultural trade.

The National Export Strategy aims to expand Tanzania’s export base, prioritizing major agricultural commodities while mentioning indigenous crops for diversification and accessing niche export markets. This is particularly relevant given their resilience and nutritional benefits. However, the policies stress the need for enhanced value addition, Agro-processing, and market development to fully incorporate these crops into the export market. The Tanzania Industrial Competitiveness Report (TICR) supports this, emphasizing the development of competitive agro-industries focused on indigenous crops to bolster their trade contributions. However, challenges persist in scaling production and attracting investments in these sectors.

The National Trade Policy 2003 (United Republic of Tanzania, 2023) highlights the importance of promoting indigenous crops as part of diversifying the export base and enhancing food security. It emphasizes the potential of crops like millet, sorghum, and cassava to improve climate resilience and rural incomes, tapping into niche international markets, especially in health-conscious regions. The policy encourages value addition, Agro-processing, and research on indigenous crops, advocating for stronger public-private partnerships to support commercialization and export growth.

Regional integration frameworks, such as the East African Community (EAC) (2004) Customs Union Protocol and the Southern African Development Community (1996) Trade Protocol, provide opportunities for Tanzanian farmers to access larger regional markets for agricultural products, including indigenous crops. However, these crops are often underrepresented in trade agreements, which tend to focus on major cash crops. Nevertheless, regional policies encourage agricultural diversification, which could benefit indigenous crops if supported by adequate market infrastructure, value addition, and cross-border trade facilitation.

The African Continental Free Trade Area (AfCFTA) Agreement and various Bilateral Trade Agreements (with countries like China, India, and the EU) aim to expand international market access for African products, including agricultural goods. These agreements offer new opportunities for Tanzania to export indigenous crops, especially with the increasing global demand for organic and climate-resilient foods. In particular, the AfCFTA promotes intra-African trade, which could stimulate demand for indigenous crops across the continent. However, to fully integrate these crops into global trade, Tanzania must enhance its Agro-processing capacity, improve quality standards, and strengthen market linkages. Bilateral agreements, especially with the EU, present niche market potential for organic and health foods derived from indigenous crops.

The World Bank’s “Tanzania Economic Update” and African Development Bank (AfDB) Agricultural Sector Reports underscore the significance of agriculture in driving Tanzania’s economic growth. While the focus has traditionally been on cash crops like coffee, tea, and cashew nuts, indigenous crops such as millet, sorghum, and legumes are recognized for their climate resilience and food security potential. Both institutions advocate for targeted investments, infrastructure improvements, and policy reforms to better integrate indigenous crops into broader agricultural trade, emphasizing the importance of enhancing productivity and market access through value addition and Agro-processing initiatives.

Reports from the Food and Agriculture Organization (FAO) and the International Trade Centre (ITC) recognize the untapped export potential of Tanzania’s indigenous crops, particularly in regional and niche global markets. They stress the importance of building capacity around value chain development, improving quality standards, and promoting awareness of the nutritional and ecological benefits of indigenous crops. According to the ITC, there are significant export opportunities for indigenous crops, especially in health-conscious markets in Europe and the Middle East, but achieving competitiveness requires better market linkages, infrastructure, and policy support.

Policy and regulatory frameworks, including the Seeds Act (United Republic of Tanzania, 2003), Plant Breeders’ Rights Act (United Republic of Tanzania, 2012), and Fertilizers and Agricultural Chemicals Act (United Republic of Tanzania, 2009), establish a foundation for agricultural development in Tanzania but provide limited direct support for indigenous crops. The Tanzania Revenue Authority (TRA) Annual Reports highlight ongoing efforts to promote agricultural trade, yet the focus remains predominantly on major export crops. These laws primarily address inputs, such as seeds and fertilizers, indicating a need for more specific provisions that prioritize indigenous crops, particularly in research, seed development, and access to improved technologies. Regulatory reforms and supportive policies could incentivize the inclusion of indigenous crops in formal agricultural trade by enhancing access to quality inputs, protecting plant varieties, and promoting sustainable agricultural practices.



3.3 Bridging the missing puzzle for indigenous crop development and trade

The missing pieces in achieving the full benefits of indigenous crops are evident in the key documents supporting Tanzania’s agricultural sector. To realize more benefits for the producers of these crops, it is essential to address these gaps by securing greater support from the government and other key stakeholders, including regulators, service providers, and producers themselves. The Agricultural Sector Development Programme (ASDP I & II), the National Agriculture Policy (United Republic of Tanzania, 2013), and various trade agreements predominantly focus on promoting high-demand cash crops while providing limited strategic attention to indigenous crops.

Although these documents recognize the potential of indigenous crops for enhancing food security and climate resilience, they often lack specific measures for their commercialization, value chain development, and market access. The absence of targeted investment and research into indigenous crop varieties, combined with inadequate promotion of Agro-processing and quality standards, hampers their integration into the formal agricultural trade system. This gap is particularly evident in the National Trade Policy and the National Export Strategy, which prioritize major export crops without sufficiently addressing the unique challenges faced by indigenous crops (Nigussie et al., 2025; Mdee et al., 2024). Addressing these issues requires a collaborative effort among all stakeholders to create a more supportive environment for indigenous crops, thereby unlocking their potential for economic growth and food security.

Moreover, in filling this gap, it is crucial to develop a comprehensive framework that supports the cultivation and commercialization of indigenous crops. This could include establishing targeted funding initiatives for research and development focused on indigenous crop varieties, improving market infrastructure to enhance access, and fostering partnerships between public and private sectors to promote Agro-processing. Additionally, integrating indigenous crops into regional and international trade agreements can help create demand in health-conscious markets, providing farmers with better opportunities for income generation. By prioritizing these actions, Tanzania can effectively leverage the resilience and nutritional value of indigenous crops, ensuring they play a vital role in the country’s agricultural trade and contributing to broader economic growth and food security.

Lessons can be learnt of the successful incorporation of indigenous crops into mainstream commerce has been evidenced in several nations, particularly Ethiopia, India, and Nigeria. These examples underscore the economic and nutritional advantages associated with indigenous crops, alongside the obstacles encountered in their commercialization. The subsequent sections delineate critical elements of this integration. In Ethiopia the commercialization of Teff Economic Significance with teff sustaining over six million smallholder farmers, serving as a vital source of income (Ochieng and Cho, 2023). Studies reveal that Ethiopian consumers favor the incorporation of teff in products such as pasta and baby food, with a strong inclination toward organic certification and local brands (Ochieng and Cho, 2023). The commercialization of teff has the potential to mitigate nutritional deficiencies and bolster local economies through the development of value chains (Ochieng and Cho, 2023). In India the revival of millets Nutritional Advantages are acknowledged for their superior nutritional profile and resilience to varying climatic conditions, positioning them as a sustainable option for food security (Onomu, 2023). Government initiatives aimed at promoting millets have been instrumental in revitalizing traditional agricultural practices and improving market access (Onomu, 2023).

In Nigeria the Importance of Cassava for Health and Economic Contributions is highlighted in Indigenous crops such as cassava being rich in essential micronutrients and playing a crucial role in alleviating poverty in rural communities (Agulanna, 2020). Despite their advantages, the commercialization of cassava encounters challenges, including limited market penetration and insufficient awareness of their potential (Onomu, 2023). While the integration of indigenous crops into mainstream commerce offers numerous prospects, significant barriers such as market acceptance and consumer awareness persist. It is imperative to tackle these challenges through strategic governmental policies and collaborative efforts among stakeholders to ensure sustainable commercialization.

Despite Tanzania’s rich diversity of indigenous crops, their economic contribution remains undervalued compared to exotic cash crops such as maize, coffee, and cashew nuts. Government policies and financial investments have historically prioritized these high-demand exports, leaving indigenous crops with minimal institutional support. This has created a misalignment between agricultural potential and national economic priorities, limiting the role of indigenous crops in contributing to GDP growth. In contrast, countries such as Ethiopia, India, and Nigeria have recognized the economic and nutritional value of their native crops—teff, millets, and cassava—by implementing targeted commercialization strategies (Ochieng and Cho, 2023; Onomu, 2023; Agulanna, 2020). These efforts have led to improved market access, increased income for smallholder farmers, and enhanced food security. If Tanzania adopted similar measures, indigenous crops could play a greater role in economic diversification, rural development, and sustainable agricultural growth.

While the potential benefits of greater investment in indigenous crops are evident, these opportunities must be approached cautiously. The complexities of funding mechanisms—whether through local financial mobilization, private sector involvement, or government support—require careful consideration in light of the shrinking donor space. Financially, increased trade and value addition would boost exports and attract investment in Agro-processing industries. This would generate employment opportunities, particularly for youth, by fostering entrepreneurship in food production, marketing, and value chain development. From a health perspective, promoting indigenous crops like sorghum, millet, and baobab could improve dietary diversity and address malnutrition through their high nutritional value. Additionally, these crops are naturally resilient to climate change, requiring fewer inputs such as water and fertilizers, thus contributing to environmental sustainability [Ochieng and Cho, 2023; Food and Agriculture Organization of the United Nations (FAO), 2021]. By aligning policies to support indigenous crops, Tanzania could leverage their economic.



3.4 Advancing indigenous crops through policy, market access, and innovation

Strengthening policy frameworks is essential for the successful inclusion of indigenous crops within Tanzania’s agricultural trade. Developing and implementing targeted policies that prioritize these crops within national agricultural strategies can significantly enhance their visibility and economic potential. This involves integrating indigenous crops into existing trade agreements, which can open new market opportunities and encourage investment. For instance, the National Agriculture Policy (United Republic of Tanzania, 2013) recognizes the importance of diversifying agricultural production, yet it requires further emphasis on indigenous crops to fully address their unique challenges (Ministry of Agriculture, 2013). Additionally, targeted measures for commercialization—such as financial incentives for farmers, research funding for crop development, and technical support for value chain enhancement—are crucial (African Development Bank, 2020). Ensuring that relevant policies specifically address barriers such as inadequate market access, limited research, and underdeveloped Agro-processing can help indigenous crops overcome systemic obstacles and thrive in both domestic and international markets (World Bank, 2021). By prioritizing these actions, Tanzania can unlock the full potential of its indigenous crops, contributing to food security and sustainable economic growth.

Improving market access and infrastructure is vital for enhancing the trade potential of indigenous crops in Tanzania. Investments in market infrastructure, such as transportation networks, storage facilities, and processing units, can significantly reduce post-harvest losses and increase the profitability of indigenous crops for farmers [Food and Agriculture Organization of the United Nations (FAO), 2021]. For instance, better road networks and transport systems can facilitate timely access to markets, allowing farmers to reach both local and international buyers more efficiently (African Development Bank, 2021). Additionally, creating strong market linkages that connect producers directly with consumers, wholesalers, and exporters is essential for promoting fair pricing and increasing demand for indigenous crops (International Trade Centre, 2024). Initiatives such as farmers’ cooperatives or digital marketplaces can empower smallholder farmers by providing them with greater bargaining power and access to wider markets (World Bank, 2021). By addressing these infrastructure gaps and fostering effective market connections, Tanzania can not only enhance the commercial viability of indigenous crops but also contribute to rural development and economic resilience.

Enhancing research and development (R&D) for indigenous crop varieties is crucial for improving their yields, pest resistance, and nutritional quality in Tanzania. Increased investment in R&D can lead to the identification and breeding of resilient crop varieties that are better suited to local environmental conditions and market demands [Food and Agriculture Organization of the United Nations (FAO), 2021]. Collaborating with research institutions, universities, and agricultural extension services can facilitate the dissemination of innovative practices and technologies that support sustainable cultivation methods (African Development Bank, 2020). For example, public-private partnerships can drive the development of new agricultural technologies and practices that are tailored to the unique needs of indigenous crops, thereby increasing their competitiveness (World Bank, 2021). Additionally, focusing on participatory research approaches that involve farmers in the innovation process can enhance the relevance and adoption of new varieties and practices (International Fund for Agricultural Development, 2019). By prioritizing R&D for indigenous crops, Tanzania can improve food security, boost rural incomes, and foster sustainable agricultural practices that benefit both producers and consumers.

Encourage the establishment of Agro-processing facilities to add value to indigenous crops. This can create jobs, increase income for farmers, and enhance the marketability of these crops in both domestic and international markets. Also, engage key stakeholders, including government agencies, NGOs, and the private sector, to create collaborative initiatives that support the commercialization of indigenous crops. By fostering public-private partnerships, stakeholders can share resources, expertise, and networks to drive the inclusion of indigenous crops in agricultural trade.

Incorporating indigenous crops into established trade frameworks presents an opportunity for Tanzania to broaden its agricultural export portfolio, diminish reliance on conventional cash crops, and engage with specialized health-oriented markets on a global scale. By advancing their commercialization through enhanced policies, improved market access, and the development of value chains, rural incomes can be elevated, job opportunities can be generated, and the agricultural sector’s overall impact on the national economy can be fortified. Furthermore, emphasizing indigenous crops is consistent with sustainable development objectives, promoting ecological equilibrium while simultaneously tackling the intertwined issues of malnutrition and poverty.

Future investigations and initiatives should concentrate on maximizing the market potential and trade integration of indigenous crops by addressing significant knowledge and infrastructure deficiencies. Conducting market analyses is essential to discern consumer demand patterns, pricing frameworks, and export possibilities, especially within health-oriented and specialized markets (Chisholm, 2011; Sundarrajan, 2023). Additionally, efforts must emphasize the development of value chains, which includes enhancing Agro-processing technologies, minimizing post-harvest losses, and improving packaging and branding to increase competitiveness. Upgrading infrastructure, such as transportation systems, storage facilities, and digital marketplaces, is vital for facilitating efficient trade. Furthermore, public awareness campaigns should be implemented to underscore the nutritional and ecological advantages of indigenous crops, thereby promoting greater consumer acceptance at both local and international levels (Akinola et al., 2020).

Equally important is the need to address policy and research deficiencies. In-depth studies should assess current agricultural and trade policies to pinpoint obstacles that hinder the integration of indigenous crops into formal trade frameworks, thereby informing targeted policy reforms. Investments in breeding initiatives and agronomic research can bolster the climate resilience, pest resistance, and overall productivity of indigenous crops, ensuring their competitiveness. Collaborations between public and private sectors, along with regional trade agreements such as the African Continental Free Trade Area (AfCFTA), can stimulate innovation, investment, and cross-border trade opportunities. Finally, examining the social and cultural importance of indigenous crops can facilitate the incorporation of traditional knowledge into contemporary agricultural practices, thereby creating distinctive selling propositions and preserving cultural heritage.




4 Conclusion

The overall objective of this study was to analyze the trade performance of indigenous crops in Tanzania and identify strategies for improving market access and value chains. The study revealed that despite their potential, indigenous crops face significant challenges in accessing both domestic and international markets. Our analysis indicates that targeted investments and policy interventions are necessary to unlock the economic potential of these crops. The policy review process indicates that there is limited policy support for the trade of indigenous crops in Tanzania with very few policies having the little or no elaborate details on indigenous crops as compared with other cash crops such as rice, coffee, and cashew nuts, wheat and maize. There is a lack of policies that prioritize indigenous crops as strategic commodities. This lack of institutional support creates challenges at farm level in the promotion of indigenous crops. Obstacles for farmers include inadequate market access, and a lack of knowledge about the potential of native crops. Because of the current market demand, export incentives, and government policy, cash crops continue to be prioritized by many farmers. This is the case even in the context of the growing concerns around climate change. Focusing on indigenous crops offers a sustainable way forward for food security as these crops are generally more resilient to drought and pests and could be vital in ensuring food security in the face of unpredictable weather patterns.

The study identifies several initiatives to enhance the trade of indigenous crops, grounded in the need for a supportive policy environment. Findings highlight that integrating indigenous crops into national agricultural strategies, such as Tanzania’s Agricultural Sector Development Program (ASDP), is a foundational step. The research points to the effectiveness of targeted financial interventions—including input subsidies for seeds and equipment, credit schemes with low interest rates, and tax incentives—as mechanisms to stimulate indigenous crop production. Furthermore, the study emphasizes the potential of niche international markets, particularly those demanding organic, gluten-free, and heritage crops. Positioning indigenous crops as premium products emerged as a key recommendation, requiring coordinated efforts among policy-makers, export promotion agencies, and trade missions. Importantly, the research underscores the necessity for evidence-based, actionable strategies derived from scientific inquiry to effectively promote indigenous crop systems.

Research on indigenous crops in Tanzania is essential for realizing their full trade potential, which could significantly contribute to food security, climate resilience, and economic growth. Several key research areas remain underexplored and require collaboration among various stakeholders to address gaps in the indigenous crops trade landscape. Cost–benefit analyses, along with studies on the scalability of their cultivation, are needed to quantify the benefits of transitioning to or expanding their production. A thorough analysis of the economic benefits of cultivating these crops, including cost–benefit evaluations of expanding or transitioning to indigenous crop production, is necessary. Additionally, the international demand for indigenous crops and their value-added products warrants investigation, focusing on trade barriers, certification requirements (e.g., organic, fair-trade), and identifying potential markets for crops such as baobab, teff, and moringa. By concentrating on these critical research areas, Tanzania can enhance the cultivation, commercialization, and sustainability of its indigenous crops. This research will be instrumental in devising solutions that contribute to improved food security, increased climate resilience, and the upliftment of rural livelihoods.
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1   https://www.tanzaniainvest.com/economy/trade/china-tanzania-nvestment-forum-2024
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The use of digital technologies in agriculture has resulted in an increase in productivity and market access worldwide. Large-scale farmers have successfully adopted digital technologies. However, smallholder farmers, especially in rural areas, face challenges that hinder the integration of digital technology. This review analysed available literature with the intention to assess the current state of agricultural digitization among smallholder farmers in South Africa and identify key barriers faced by farmers. The study highlights the potential benefits of digital adoption such as enhanced precision farming, improved resource management, and better access to markets. The analysis highlights the importance of multi-stakeholder collaboration and policy interventions to reduce the digital divide among farmers. The results confirms that the slow adoption of digital technology among smallholder farmer in South Africa is attributed to barriers such as poor infrastructure, limited access financial resources and low levels of digital illiteracy.
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1 Introduction

Advanced technology has provided resources for the digitization of agricultural processes, which refers to the use of digital tools such as sensors, mobile application and data platforms to enhance agricultural practices, has increased optimization by increasing productivity, market access and environmental sustainability (Bontsa et al., 2023). This innovation has primarily benefited large-scale farmers, especially in developed regions. However, many smallholder farmers in developing regions are still unable to adopt digital tools due to structural barriers (Abdulai et al., 2023). Thus, it results in a digital divide among farmers. Agriculture supports the livelihoods of approximately 8.5 million people in South Africa and contributes to food security (Born et al., 2021).

South African large-scale commercial farms and smallholder farmers highlights pronounced inequality in resource allocation and support from stakeholders and government (Thamaga-Chitja and Morojele, 2014). This inequality has excluded smallholder farmers from accessing advanced technology, resulting in reliance on traditional farming methods, which have limited their contribution to the national food security. Smallholder farmers represent approximately 5% of South Africa’s workforce. In this review, small holder farmers are defined as individuals who conduct agricultural practices in <10 hectares, primarily produce for local markets using family labor and having limited access to technology (Fanadzo and Ncube, 2018). These farmers are primarily based in rural areas such as in Limpopo, KwaZulu-Natal, and Eastern Cape. Agricultural policies have always favored established and commercial farmers, resulting in unequal resource allocation. For example, government subsidies and extension programmes have historically favored commercial farms through programmes such as the Comprehensive Agricultural Support Programme which have mainly benefited and large-scale producers (Thamaga-Chitja and Morojele, 2014; Srinatha et al., 2024). The use digital technology in agriculture presents an opportunity to empower marginalized farmers by reducing traditional barriers to productivity and market access through tools and platforms including e-commerce apps and sensors that have been reported to enhance productivity and strengthen the role of smallholder farmers in the national food system (Cebiso, 2022).

Digitalization in South African agriculture involves converting farming information and operations into digital formats and employing advanced technologies—such as IoT sensors, artificial intelligence, mobile platforms, and big data analytics—to enhance efficiency, productivity, market access, and sustainability (FAO, 2021). The pace of digital technology adoption varies widely across South African agriculture. Large-scale operations have integrated tools such as sensors, data analytics, and drones, it is typically not feasible and rational for smallholder farmers, who have limited income and often rely on social grant to invest in expensive tools due to high ownership and running costs which in turn make the investment in such tools unrealistic (Myeko and Rambe, 2024; Habiyaremye et al., 2024; Smidt and Jokonya, 2022; Thamaga-Chitja and Morojele, 2014). Although digital solutions for crop management, market analysis, and weather monitoring exist, their uptake among smallholders is hindered by poor connectivity, lack of awareness, and mistrust in technology (Mbatha, 2024; Bontsa et al., 2023). Government initiatives to expand rural broadband have the potential to bridge the digital gap in rural areas. For example, the SA Connect Phase project, launched in the Eastern Cape has substantially improved connectivity and reduced data costs.

Digital agriculture has enabled the optimization of agricultural process globally. For example, countries such as China and Germany have integrated unmanned aerial vehicle (UAVs) based weed detection and robotics in livestock management, respectively. Choruma et al. (2024) has highlighted an improvement in market access and advisory support for smallholders as a result of using mobile platforms and SMS-based services in sub-Saharan African countries such as Tanzania and Ghana. In contrast, smallholder farmers in South Africa face challenges in using digital tools (Mhlanga and Ndhlovu, 2023). Previous studies that analyzed the digitization of smallholder farming (e.g., Thamaga-Chitja and Morojele, 2014; Smidt and Jokonya, 2022; Choruma et al., 2024) have reported that insufficient infrastructure, gender inequality and affordability hinder access to digital technology. For example, Bontsa et al. (2023) reported that low monthly income was the main driver of non-adoption among smallholder farmers. There are gaps in the analysis and understanding of the role of socio-economic and cultural factors in the adoption of digital technology.

Smidt and Jokonya (2022) has recommended the use of high impact literature for an integrated review to address these gaps. This review analyses the current state of the digital tool adoption among smallholder farmers using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) method to ensure a rigorous, transparent, and comprehensive analysis of the most relevant literature from the past decade. Therefore, the main aim of this review is to systematically review digitalization in South African smallholder agriculture, identify region-specific barriers and opportunities, and inform research and policy in line with national strategies with the following objectives:

	• Provide an overview of the state of digital tool adoption in South Africa.

	• Identify the main barriers and opportunities in smallholder farming by using SWOT and PESTEL analysis, then highlight opportunities for smallholder farmers in the digital age.

	• Draw lessons from international experiences.

	• Highlight implementation gaps



This integrative approach aims to advance the understanding of the digital divide and enhance climate smart agriculture in South Africa. This review offers novelty by focusing on South African smallholder agriculture to identify region specific challenges that are often over looked by broad studies, which generalize challenges faced by African farmers. The systemic review integrates SWOT and PESTEL analyses while aligning findings with South Africa’s Agriculture and Agro-processing Master Plan.



2 Materials and methods

This review article uses a systematic and integrative approach analyse the challenges and opportunities that comes with the digitization of smallholder agriculture in South Africa (Figure 1). The methodology follows a systematic and integrative approach to ensure comprehensive coverage of relevant topics and perspectives.
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FIGURE 1
 Geographical location of South Africa.


This study used an integrative review methodology to synthesis and assess available empirical and theoretical literature on the adoption of digital technology among South African smallholder farmers. This approach includes the combination of different research designs to provide a holistic understanding of the current digitalization landscape in South Africa using results from case studies, grey literature and policy frameworks. The review process included: (1) defining the scope of the review, literature search, analysis and summarizing the findings, thus allowing us to provide insights relevant to the South African context. The integrative review approach was guided by established research synthesis methods (Cooper, 2010).


2.1 PRISMA-guided systematic review approach

This review followed the PRISMA framework to ensure a systematic screening, eligibility assessment and inclusion of relevant literature (Moher et al., 2009).



2.2 Literature search strategy

A comprehensive literature search of publications from 2014 to 2024 was conducted on the Web of Science and Scopus using combinations of predefined keywords such as “smallholder agriculture,” “digitization,” “digital agriculture,” “South Africa,” “precision agriculture,” “agricultural technology,” “challenges” and “opportunities.” Boolean operators (AND, OR) were used to refine results. All keyword combinations and search strings used are listed in Supplementary Table A2 for reproducibility (Bramer et al., 2017).



2.3 Inclusion and exclusion criteria


Inclusion:


	• Peer-reviewed articles and reputable grey literature were published between 2014 and 2024.

	• Studies focused on the adoption of digital technologies in South African smallholder agriculture, including land reform beneficiaries.

	• Studies addressing socio-economic, technical, or policy aspects of digitization in smallholder agriculture.

	• English-language publications.




Exclusion:


	• Studies focused exclusively on large-scale commercial farming.

	• Studies with no direct relevance to South Africa or smallholder farming contexts.

	• Publications before 2014 unless they had a significant relevance and were widely cited among South African smallholder farmers.





2.4 Inter-rater reliability assessment

The Cohen’s kappa statistic method was used to assess inter-rater reliability and objectivity in study selection. This helps measure the level of agreement between reviewers beyond chance (McHugh, 2012; Hanegraaf et al., 2024; Vieira et al., 2010).



2.5 Data extraction and narrative synthesis

Data from included studies were systematically extracted using a standardized form, capturing key information such as: (1) types and availability of digital tools in south African smallholder agriculture, (2) empirical evidence on tool usage, effectiveness, and adoption patterns, (3) identified barriers and opportunities, including infrastructural, socio-economic, cultural, and policy factors, (4) target populations (e.g., region, gender, farm size). These were summarized using a narrative synthesis approach, which included grouping the results according to main topics what highlight gaps, variation and agreement across the selected literature.



2.6 Case studies of successful digital implementation

A narrative synthesis was conducted to identify recurring patterns, gaps, and emerging trends, which structured the synthesis of results (Bontsa et al., 2023).



2.7 Quality assessment

The authors screened the selected literature. The selected studies were critically appraised for relevance using the Critical Appraisal Skills Programme (CASP) checklists [Critical Appraisal Skills Programme (CASP), 2018]. Limitations and biases are addressed in the discussion section. Three independent reviewers (authors) did screen all titles, abstracts, and full texts for inclusion. Any disagreements was resolved through discussion or by involving a fourth reviewer where necessary (2014–2024).

The available literature on South African agriculture highlights important themes for addressing the country’s challenges in the use of digital tools by smallholder farmers (Table 1). Utilizing a PRISMA approach (Moher et al., 2009), this review systematically maps the evolving research landscape, highlighting key areas of scholarly focus and their interconnections.


TABLE 1 Keyword occurrences and link strength in agricultural research.


	Keyword
	Occurrences
	Total link strength

 

 	south africa 	10 	26


 	sustainable intensification 	6 	25


 	food security 	8 	23


 	agriculture 	9 	20


 	smallholder farmers 	4 	19


 	sub-saharan africa 	4 	19


 	adaptation 	5 	18


 	conservation agriculture 	5 	18


 	climate-change 	3 	15


 	farming systems 	3 	15


 	adoption 	4 	14


 	productivity 	4 	13


 	soil fertility 	4 	12


 	yield 	3 	11


 	systems 	3 	8


 	management 	3 	7


 	agroforestry 	3 	6


 	livelihoods 	3 	6


 	poverty 	3 	6


 	irrigation 	3 	5


 	digitalization 	3 	4


 	maize 	3 	4




 

Figure 2 presents a network graph illustrating the relationships among major research themes in agriculture, irrigation, food security, and sustainability within South Africa. The color gradient (2014–2024) visually represents shifts in research priorities over time, with studies from 2019 to 2024 depicted in yellow and those prior to 2019 in blue. Network analysis reveals that keywords such as “South Africa,” “sustainable intensification,” and “food security” occupy central positions in recent literature, underscoring their significance in shaping both academic discourse and policy development. The prominence of these terms (as shown in Figure 2) reflects their critical role in informing sustainable agricultural practices and strategies across the region.

[image: Heat map displaying various agriculture-related terms such as "adaptation," "sustainable intensification," "food security," and "southern Africa." Terms in brighter areas indicate higher relevance or frequency.]

FIGURE 2
 Keyword density map of agricultural research in South Africa.


The thematic clusters identified in the network analysis (Figure 2) delineate the principal areas of focus in South African agricultural research:

	• Sustainability and productivity: this cluster includes keywords such as “sustainable intensification,” “soil fertility,” and “conservation agriculture.” These terms highlight ongoing efforts to enhance agricultural productivity while safeguarding environmental integrity.

	• Livelihoods and adaptation: although less frequently explored, this theme—represented by keywords like “livelihoods,” “adaptation,” and “smallholder farmers”—addresses the socio-economic dimensions of agriculture. It emphasizes the necessity of supporting smallholder farmers, who are often the backbone of South African food production, in overcoming persistent challenges.

	• Climate and technology: emerging research themes reflect increasing interest in the intersection of digitalization, technological innovation, and climate resilience. These studies signal a growing recognition of the potential for advanced technologies to bolster adaptive capacity in the face of climate change.



Table 1 provides a summary of selected keywords related to sustainable intensification, food security, smallholder farmers, and climate change, along with their frequency of occurrence and total link strength. High-frequency and strongly linked terms point to the most influential topics in the ongoing discourse on agricultural sustainability and digitalization.

Figure 3 further illustrates the frequency and significance of research topics across agriculture, irrigation, food security, and climate change in South Africa. Yellow circles denote areas of heightened research activity and focus. The relationships between keywords are depicted as nodes (circles) and edges (lines), with thicker lines indicating stronger associations. Thematic clusters are color-coded: red for climate change adaptation, green for agricultural sustainability, and blue for digital agriculture. Central keywords such as “South Africa,” “food security,” and “sustainable intensification” remain at the heart of contemporary research, policy, and sustainability discussions.
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FIGURE 3
 Network visualization of agricultural research themes in South Africa.


In summary, the network and frequency analyses demonstrate that while sustainability and productivity remain dominant themes, there is a growing emphasis on the socio-economic and technological dimensions of South African agriculture. This evolving research landscape highlights the need for integrative approaches that address both environmental and human factors to ensure resilient, climate-smart food systems.




3 Results


3.1 Study selection process

Three independent reviewers (authors) screened all titles, abstracts, and full texts for inclusion. Disagreements was resolved through discussion or by involving a fourth reviewer where necessary. A total of 1,230 documents were retrieved relating to the keywords. From which literature that was most relevant to South African smallholder farming were selected. From an initial pool of 1,230 articles identified across multiple databases, 631 duplicate records were removed, resulting in 599 unique articles for eligibility screening. Following the screening process, 542 records were excluded based on predefined inclusion criteria, leaving 57 studies for full-text assessment. A PRISMA flow diagram (Figure 4) is included to visually represent the study selection process, including the number of records identified, screened, excluded (with reasons), and included in the final synthesis. All sources included in this review were obtained from open-access databases, and full-text PDFs were readily available at the time of screening. As such, no additional retrieval process was required. All 57 eligible studies (see Supplementary Table A3 for a full list) were imported into the Zotero reference manager for organization and citation management. No studies were excluded during the full-text evaluation; consequently, all 57 papers were included in the subsequent thematic and network analyses. Analysis was conducted using NVivo software (QSR International), which facilitated the systematic coding and identification of key themes across the selected studies.
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FIGURE 4
 A PRISMA flow diagram summarizing the selection process, including the number of literatures at each stage (Tricco et al., 2018) and reasons for exclusion in the systematic review process.


Additionally, 37 studies from Web of Science and 20 more from Scopus were included in the review to ensure a robust review of diverse perspectives on the South African smallholder agriculture. For this review, articles relevant to South African smallholder agriculture were screened by the authors. The calculated Cohen’s kappa value was 0.78, indicating substantial agreement (Sun, 2011; Cole, 2024). This value demonstrates a high level of consistency in the screening process and enhances the reliability of the review findings.



3.2 Reviewed studies results

This heatmap (Figure 5) gives us a clear picture of where research on smallholder agriculture in South Africa has been most active over the past decade. Most of the 57 reviewed studies are clustered in the provinces of Limpopo, KwaZulu-Natal, North West and Eastern Cape as shown by the deep purple areas on the map. These regions stand out as research hotspots, while provinces like the Western Cape, Northern Cape, and Free State have seen much less attention, indicated by the lighter yellow shades. The colored dots also tell us when the studies were done: yellow for 2014–2018, green for 2019–2021, and purple for 2022–2024. It is easy to see that recent research continues to focus on the same high-density areas. Overall, the map highlights not just where agricultural challenges are likely most pressing, but also where researchers and resources have been concentrated in recent years.

[image: Heatmap of reviewed studies in South Africa highlighting concentrations in Eastern Cape, KwaZulu-Natal, and North West. Color gradients indicate study density, with darker colors representing higher densities. Study periods are classified by color-coded dots: yellow for 2014-2018, blue for 2019-2021, and purple for 2022-2024. Major regions, including Limpopo, Gauteng, and Free State, are labeled.]

FIGURE 5
 Geographical distribution of the reviewed studies from 2014 to 2024.


The results of this review underscore that digitalization in South African smallholder agriculture presents both significant opportunities and persistent challenges, particularly in rural areas. Bontsa et al. (2023) and Malele (2024) demonstrated that the integration of Information and Communication Technologies (ICTs), mobile applications, and digital platforms holds great promise for enhancing agricultural productivity, expanding market access, and promoting sustainable farming practices. However, the adoption of these technologies among smallholder farmers continues to be constrained by infrastructural, technological, and socio-economic barriers (FAO, 2021).



3.3 Overview of digital tools in south African smallholder agriculture

This review has identified digital tools that have been successfully implemented in smallholder agriculture in South Africa (see Supplementary Table A2 for more details). Notable examples include the electronic Rural Farmer System (eRFarSys), the Digital Agricultural Knowledge and Information System (DAKIS), and mobile-based weather and precision farming sensors. The use of these digital tools has contributed to optimal crop monitoring, water usage and evidence-based decision making. Basic technology such as SMS-based information services remains vital for disseminating agricultural advice for farmers with limited access to advanced digital tools (Von Maltitz et al., 2024).


3.3.1 Opportunities in smallholder agriculture digitalization


	1. Improved market access and reduced post-harvest losses



Farmer-centric approaches are important for including smallholder farmers in the adoption of digital tools. For example, the eRFarSys tool was used to facilitate real-time data collection, monitoring, and market linkages for farmers in Bushbuckridge, South Africa (Malele, 2024).

	2. Precision agriculture and sustainable practices



The use of digital tools enhances precision agriculture. Therefore, promoting affordable mobile applications with low data usage can improve digital adoption among smallholder farmers (Alfonsi et al., 2024). These technologies help optimize processes and improve resource management and environmental sustainability.

	3. Capacity building and digital innovation hubs



The development of Provincial Agriculture Digital Innovation Hubs and Extended District Agro-food Knowledge Centers were recommended to help improve the adoption of digital tools among farmers (Smidt and Jokonya, 2022). These hubs can provide farmers with necessary digital training, extension support and access to real-time data and recommendations.

	4. Food security and climate resilience



Systems such as the DAkis enhance climate smart agriculture by providing evidence-based decision support for soil moisture monitoring, pest control and crop disease management. Thus, enhancing food security and rural development.



3.3.2 Challenges in smallholder agriculture digitalization


	1. High costs and infrastructure deficits



Inadequate network infrastructure hinders real-time data access and the use of digital tools. Mazwane et al. (2022) charges that many smallholder farmers in rural areas lack reliable internet connectivity.

	1. 2. Low digital literacy and adoption barriers



The lack of digital illiteracy is a significant barrier to adoption, especially among older farmers and rural communities in South Africa. There is limited access to ICTs and training programmes (Morepje et al., 2024; Mabuza and Ndoro, 2023; Kapari et al., 2024).

	3. Limited financial inclusion and policy gaps



Smallholder farmers often lack the financial capacity to invest in expensive digital tools. Financial institutions often restrict access to affordable business loans for digital investments and smart farming technologies. Policy gaps and the absence of an inclusive framework affect the rate of digital transformation (Makamane et al., 2023).

	4. Digital divide and gender inequality



Women and marginalized farmers face additional obstacles in accessing digital tools due to socio-economic inequalities (von Maltitz and Bahta, 2023). This digital divide limits the equitable distribution of the benefits of smart farming across South Africa (Tibesigwa and Visser, 2016).



3.3.3 Summary of findings

The reviewed studies highlight the dual nature of digitalization in South African smallholder agriculture. While digital tools offer substantial opportunities for increased productivity, sustainability, and market access, persistent challenges—particularly regarding digital literacy, infrastructure, and affordability—continue to marginalize many farmers. Addressing these barriers will require comprehensive government support, including policy reforms, investments in rural connectivity, and targeted farmer training programs. Future research should focus on scalable digital solutions and foster collaboration between government and private stakeholders to ensure inclusive access to agricultural technologies, particularly in underserved rural areas (see Figure 4).

As seen in Table 2, the South African government has implemented programs such as the Provincial Agriculture Digital Innovation Hubs and the Extended District Agro-food Sustainable Knowledge Hubs to improve the access to technology in smallholder farming (Department of Agriculture and Rural Development, 2025). These programs aim to provide digital literacy and improve market participation among rural farmers, thus addressing the digital divide that often reduces agricultural productivity (Nemisa, 2022).


TABLE 2 SWOT analysis of the findings.


	SWOT analysis: digital solutions for smallholder farmers

 

 	● Strengths 	✅ Improved market access—digital platforms and e-commerce solutions help smallholder farmers connect with broader markets, increasing profitability and reducing post-harvest losses (Morepje et al., 2024; Pengelly et al., 2021).


 	✅ Enhanced productivity—ICT-based tools such as mobile apps and digital irrigation systems (eRFarSyS) improve precision farming and efficiency (Malele, 2024).


 	✅ Climate resilience and sustainable farming—digital solutions like the Digital Agricultural Knowledge and Information System (DAKIS) support farmers in adapting to climate change by optimizing water and soil management (Mouratiadou et al., 2023).


 	✅ Knowledge sharing and decision support—digital platforms enable smallholders to access real-time agronomic insights, financial services, and advisory support, empowering them with better decision-making tools (Mdoda and Mdiya, 2022).


 	🔴 Weaknesses 	❌ Limited digital literacy and adoption barriers
 Many farmers, especially in rural areas, lack the skills to use ICT tools effectively, leading to low adoption rates (Alfonsi et al., 2024; Department of Agriculture, Forestry and Fisheries, 2015).


 	❌ High cost of technology and internet access
 The affordability of mobile devices, software, and data remains a barrier for smallholder farmers, making digital solutions inaccessible for many (Mazwane et al., 2022).


 	❌ Poor digital infrastructure
 Weak internet connectivity and lack of stable electricity in remote areas hinder the effective use of digital farming tools (Morepje et al., 2024).


 	❌ Fragmented policy frameworks
 The absence of comprehensive policies to support smallholder digitalization results in slow technology diffusion and inconsistent adoption strategies (Bontsa et al., 2023).


 	● Opportunities 	🔷 Expansion of digital financial services
 Digital banking, microloans, and mobile payment systems can improve financial inclusion for smallholders (Mdoda and Mdiya, 2022).


 	🔷 Development of localized and affordable digital tools
 Creating user-friendly, low-data, and affordable mobile applications can increase adoption among rural farmers (Alfonsi et al., 2024).


 	🔷 Public-private partnerships
 Collaboration between governments, NGOs, and agritech companies can improve digital literacy programs and subsidize technology for smallholders (Mazwane et al., 2022).


 	🔷 Precision agriculture and AI integration
 The use of artificial intelligence, IoT, and machine learning in agriculture can help optimize resource allocation, enhance pest control, and improve yield forecasting (Morepje et al., 2024)


 	🔷 Sustainable knowledge hubs
 Government programs like the Provincial Agriculture Digital Innovation Hubs and Extended District Agro-food Sustainable Knowledge Hubs help improve technology access (Oyelami et al., 2022; Smidt and Jokonya, 2022).


 	⚠Threats 	⚡ Widening digital divide
 Socioeconomic inequalities, particularly affecting women and marginalized farmers, may limit their ability to benefit from digital agricultural solutions (Mouratiadou et al., 2023).


 	⚡Cybersecurity and data privacy risks
 Farmers may face data breaches, financial fraud, and misuse of agricultural data by corporations (Habiyaremye et al., 2024)


 	⚡Climate change and environmental uncertainty
 Extreme weather and unpredictable patterns could disrupt data-reliant digital farming models (Malele, 2024).


 	⚡ Resistance to change and cultural barriers
 Some smallholder farmers remain skeptical of digital tools, preferring traditional methods due to lack of trust (Malele, 2024).




 




3.4 Challenges and opportunities in integrating digital technologies into land reform and smallholder agriculture

The lack of structured policies and frameworks designed for digital agriculture poses a challenge to the integration of digital technologies into South Africa’s land reform programme (Habiyaremye et al., 2024). The land reform initiatives face a risk of being unable to maximize the benefits of smart agriculture (Mazwane et al., 2022) due to current policy frameworks.


3.4.1 Economic and infrastructure barriers

Economic factors significantly influence the adoption of digital tools among smallholder farmers. Limited funding opportunities and restricted access to financial resources discourage investment in advanced technologies (Smidt and Jokonya, 2022). While e-commerce platforms hold promise for improving market access and reducing post-harvest losses, widespread adoption is hampered by gaps in digital literacy and inadequate infrastructure (Manganyi et al., 2024). Persistent underinvestment in digital infrastructure particularly affects marginalized communities, where limited resources further constrain agricultural productivity (Manganyi et al., 2024).



3.4.2 Social and educational factors

Social factors, notably low digital literacy rates, also limit the effective use of mobile-based solutions among smallholder farmers (Table 3). As highlighted by Alant and Bakare (2021), mobile applications can play a pivotal role in adapting ICT solutions to local contexts, boosting market participation through knowledge-sharing and price tracking tools. However, perceptions of digitalization vary while some farmers recognize benefits such as improved market access and information sharing, others express concerns about job displacement and increased dependence on external services (Bontsa et al., 2024). Mobile-based agricultural extension services, like the Agricloud app, have demonstrated potential in bridging knowledge gaps by offering science-based, locally tailored advice (Walker et al., 2018).


TABLE 3 PESTEL analysis summary of literature.


	Factor
	Analysis

 

 	Political 	The AAMP prioritizes inclusive, market-oriented, and sustainable growth, with a focus on integrating smallholder and emerging farmers into value chains and ensuring equitable access to resources. (Mazwane et al., 2022; IFPRI, 2024).
 - Key policies such as land reform (PLAS) and district-based development aim to address historical inequalities, but slow and inconsistent policy implementation, especially at municipal levels, continues to hinder digital adoption and rural investment (Department of Agriculture, Land Reform and Rural Development [DALRRD], 2022).


 	Economic 	High costs of digitalization, limited access to finance, and underdeveloped rural infrastructure restrict smallholder adoption of new technologies (Smidt and Jokonya, 2022).
 - The AAMP calls for enhanced development finance, public-private partnerships, and targeted incentives to support digital transformation, competitiveness, and entrepreneurship among smallholders (Bontsa et al., 2023).


 	Social 	Socioeconomic disparities, low digital literacy (particularly among women, youth, and rural populations), and insufficient extension services limit technology uptake (Alfonsi, 2024).
 - The Master Plan emphasizes skills development, digital literacy programs, and improved working conditions to ensure inclusive participation and uplift marginalized groups (Bontsa et al., 2023)


 	Technological 	- The AAMP recognizes the need for technological innovation, including IoT, AI, and digital platforms, to enhance productivity and sustainability (Soeker et al., 2021).
 - Persistent gaps in rural broadband, electricity, and digital infrastructure remain major barriers; the Plan calls for investment in infrastructure and support for scalable, context-appropriate digital solutions (Department of Agriculture, Land Reform and Rural Development [DALRRD], 2022).


 	Environmental 	Climate change, droughts, and resource constraints create urgency for precision agriculture and climate-smart technologies (Born et al., 2021; Nxumalo et al., 2022).
 - The AAMP promotes sustainable intensification, resource efficiency, and resilience through digital tools and improved environmental management practices (CCARDESA, 2022).


 	Legal 	Outdated or fragmented legal frameworks regarding data protection, digital trade, and technology licensing create uncertainty for smallholder digitalization (Smidt and Jokonya, 2022).
 - The AAMP highlights the need for streamlined, inclusive regulatory frameworks to support digital agriculture, data privacy, and cross-sectoral collaboration (CCARDESA, 2022).




 



3.4.3 Technological adaptation and environmental considerations

Advanced technologies—including artificial intelligence, precision farming, and the Internet of Things (IoT)—offer opportunities for smallholder farmers to optimize value chains. However, adoption remains slow due to affordability concerns, poor rural connectivity, and compatibility issues with traditional farming methods. For example, the electronic Rural Farmer System (eRFarSys) has improved data management and irrigation efficiency for smallholders in areas such as Bushbuckridge (Malele, 2024). Digital tools have also been shown to increase agricultural resilience to climate change by improving water management, soil quality, and pest control, as seen in international contexts like China (Wang, 2024). Nevertheless, the increased use of digital technologies may introduce new challenges, such as higher energy consumption and e-waste management, potentially undermining sustainability goals.



3.4.4 Legal and regulatory challenges

The legal fraternity play an important role in South Africa’s smart agriculture. Data privacy and technology imports legislations pose challenges for smallholder farmers (Loffstadt et al., 2023). There are increasing concerns about data security and farmer independence due to limited knowledge regarding data use and protection (Mdoda and Mdiya, 2022). The absence of region-specific legal frameworks for digital agriculture further contributes to uncertainty and slows the adoption of advanced technologies (Mdoda and Mdiya, 2022).

In essence, the results show that while digital technologies offer transformative potential for land reform and smallholder agriculture in South Africa, their integration is hindered by economic, social, technological, and legal barriers. Addressing these challenges will require robust policy development, targeted investment in infrastructure and training, and the creation of supportive legal frameworks to ensure inclusive, sustainable, and climate-resilient agricultural systems.





4 Discussion

The digitization of agricultural processes represents an opportunity to transform smallholder agriculture, especially in developing countries such as South Africa. Digital technology can enhance climate-resilient agriculture and improving food security in South Africa by improving resource management and productivity (Matt et al., 2015). However, farmers experience persistent challenges that hinder the adoption of these innovations (Malele, 2024). This section discusses the benefits and challenges within the digitization of smallholder agriculture in South Africa.

South African smallholder farmers experience barriers in adopting digital tools despite global advancements. The results indicate that challenges such as the excessive cost of internet data and unreliable connectivity in rural areas hinder the use of digital platforms (Mdoda and Mdiya, 2022). Mazwane et al., 2022 reported that the lack of digital literacy and training has hindered the adoption of digital tools. While studies from other countries such as China and Ghana have emphasized the importance of digital education programmes and government support (Wang, 2024; Abdulai et al., 2023). South Africa can learn from these countries and adapt their successful strategies to suit local farmers. Digital literacy programmes that specifically focus on the practical use of mobile applications, precision farming tools and e-commerce platforms are important are important for equipping smallholder farmers with the necessary skills to effectively integrate digital solutions into everyday smallholder agricultural practices (Morepje et al., 2024; Mapiye et al., 2022). Integrating smart and climate resilient agriculture can help prepare learners for digital agriculture and share their knowledge with their families. Economic barriers can be mitigated by providing microloans and subsidies for digital tools, ensuring that all farmers benefit from technological advancements.

Structural barriers, including land tenure issues and economic inequalities, further limit smallholder farmers’ ability to invest in technology (Hawkins et al., 2022). Without secure land ownership or sufficient financial resources, smallholder farmers often do not have formal means (e.g., tittle deeds to their land) to use as collateral against loans, which makes them “high risk lenders” and ineligible for financial resources such as loans. Therefore, they are less likely to adopt long-term digital solutions due to high costs of digital tools and low income, exacerbating the digital divide within agriculture (Jumare et al., 2017). Addressing these challenges requires community engagement, which actively involves local organizations and smallholder farmers in the evaluation and implementation of digital agriculture initiatives. This is important for ensuring relevance, empowering smallholder farmers through digital literacy and bridge the rural–urban gap (Ncube, 2018; Slater, 2024).

Policy interventions and multi-stakeholder collaborations are essential for promoting digitalization in smallholder farming. Governments must partner with private sector actors to expand rural infrastructure and ensure affordable, reliable internet connectivity, potentially through subsidized data frameworks (Mazwane et al., 2022). Establishing Provincial Agriculture Digital Innovation Hubs can provide vital resources, training, and technical support for smallholder farmers (Smidt and Jokonya, 2022). These hubs can also drive innovation by developing digital tools tailored to the needs of smallholder farmers (Slater, 2024).

Targeted digital literacy programs are crucial for equipping farmers with the skills needed to leverage digital tools effectively (Mapiye et al., 2022). Training initiatives focusing on practical use of mobile applications, e-commerce, and precision farming technologies can help integrate digital solutions into everyday agricultural practices (Morepje et al., 2024). Incorporating technology and agriculture into basic education curricula will further enhance digital literacy, enabling young learners to support their families and preparing the next generation of digital farmers. Innovations in South African digital agriculture predominantly target planning, production, and market access, while comparatively fewer solutions address storage, transport, and post-harvest stages of the value chain (CCARDESA, 2022). Economic barriers can be theoretically mitigated by providing grants and subsidies for digital tools, ensuring that all farmers, regardless of economic status, can benefit from technological advancements.

Digital tool adoption among smallholder farmers is most studied and prevalent in the Eastern Cape, KwaZulu-Natal, and North West provinces (see Figure 5). These regions have been the primary focus of empirical research and pilot programs, reflecting both the concentration of smallholder activity and targeted government and NGO interventions (Bontsa et al., 2024). However, regional disparities persist; rural areas with poor infrastructure and high data costs face greater barriers to adoption, while farmers in peri-urban or better-connected districts are more likely to utilize digital solutions. Region-specific challenges in South African agriculture—such as variable climate conditions, fragmented land tenure, and disparities in infrastructure—require tailored solutions that align with the country’s Agriculture and Agro-processing Master Plan (AAMP). The AAMP emphasizes inclusive growth, sustainable resource use, and support for smallholder farmers. The reviewed literature emphasizes the need for region-specific adaptation strategies to address low productivity and climate vulnerability in the agricultural sector. Studies highlight the importance of sustainable practices, climate adaptation, and technological integration for building resilience among smallholder farmers. High-impact research underscores the role of integrated pest management, land tenure reform, remote sensing, and adaptive strategies in promoting sustainability. For example, remote sensing technologies are vital for monitoring land use changes, supporting sustainable development. Although remote sensing technologies (earth observation) offer valuable insights for agricultural monitoring, their effectiveness on smallholder farmlands in South Africa is often constrained by the limited spatial resolution of available imagery and the frequent cloud cover prevalent in many regions, which can obscure satellite observations (Atzberger, 2013). Other studies (Kom et al., 2022; Myeni et al., 2019) identify socio-economic and environmental barriers, recommending that future research focus on affordable, accessible solutions for smallholder farmers to enhance climate adaptation and food security.

This review offers practical insights for South African smallholder farmers by identifying key factors influencing agriculture and food safety, such as climate variability, access to resources, and government policy (Kapari et al., 2023). Notably, Sheahan and Barrett (2017) highlight that this kind of research plays a pivotal role in guiding advancements in farming practices and mechanization—developments that are essential for enhancing productivity, fostering economic growth, and reducing poverty among rural communities. Additionally, Jaffee et al. (2018) highlights the vulnerability of fresh produce supply chains, underscoring the need for robust regulatory frameworks to strengthen food safety systems in developing countries.

However, the assessment of tool effectiveness in the review is primarily based on a review of existing literature, which presents inherent limitations. Review-based assessments often synthesize findings from diverse contexts, making it difficult to generalize results to the unique socio-economic and environmental conditions faced by South African smallholders. Many studies cited are pilot projects or small-scale interventions, with limited longitudinal data on scalability or sustained impact. Furthermore, reviews may underreport localized barriers—such as digital literacy gaps, infrastructure deficits, and gender disparities—while overemphasizing success stories. As a result, while the review highlights promising outcomes, it cannot fully account for the variability in adoption, contextual challenges, or unintended consequences that only rigorous, context-specific empirical evaluations can reveal. In hindsight, while empirical evidence supports the effectiveness of digital tools in African agriculture, review-based assessments—such as those in this review article—are constrained by their reliance on secondary data, lack of context-specificity, and limited insight into long-term, scalable impacts.

Recent studies demonstrate that, although South Africa leads the SADC region in digital agriculture readiness (Earth System Governance Project, 2024), the operational implementation of digital technologies among smallholder farmers remains limited in comparison to commercial producers, who are more likely to adopt advanced tools such as precision agriculture and IoT-based systems (Choruma et al., 2024). Most smallholders rely on basic mobile applications for weather, market, and extension information, but their adoption is constrained by high data costs, limited rural connectivity, and low digital literacy (Mapiye et al., 2023; Gumbi et al., 2023). Despite the existence of more than 50 digital innovations in the country, only a fraction is accessible or relevant to smallholder contexts, and infrastructural gaps—such as unreliable electricity and internet—pose significant barriers to scalability (Fanadzo and Ncube, 2018; Kapari et al., 2023). To address these challenges and enable future expansion, research recommends the development of integrated, context-specific digital platforms, increased investment in rural infrastructure, and the rollout of targeted digital literacy programs tailored to smallholder needs (Choruma et al., 2024; Mapiye et al., 2023; Gumbi et al., 2023). Future research should focus on mapping the distribution of these tools and their adoption levels, while developing a widely accepted index to measure their impact and accessibility. Furthermore, policy coherence and multi-stakeholder partnerships are essential to ensure that digitalization efforts are inclusive, affordable, and capable of substantially improving productivity, resilience, and food security among smallholder farmers in South Africa (Fanadzo and Ncube, 2018; Kapari et al., 2023). Interventions should go beyond infrastructure and training to include support for building psychological and social capital (Wale and Mkuna, 2025).



5 Conclusion

The reviewed literature indicates that digital transformation of agriculture supports smallholder farmers by providing tools to enhance productivity, sustainability, and market accessibility. For example, the eRFarSys platform enhanced marked access in areas such as Bushbuckridge. However, barriers such as inadequate infrastructure and limited finances and digital illiteracy have hindered the rate at which farms adopt digital tools for agricultural practices. These barriers require a structured and inclusive adaptation strategy to help empower smallholder farmers and enhance food security using digital tools. This review highlights the need for region specific interventions such as digital literacy programs, improved rural internet infrastructure and multistakeholder incentives. Lessons from other developing regions suggest a collaborative approach which includes policymakers, private sector stakeholders and farmers to ensure sustainable digital adaptation. Future research should focus on the evaluation of South African digital solutions, financial strategies, and training programmes to help address the digital divide among smallholder farmers.

To accelerate digital transformation in South African smallholder agriculture, we recommend the following for future studies to analyse: (1) the expansion of rural broadband and electricity infrastructure, prioritizing underserved provinces and ensuring affordable connectivity for smallholder farmers, (2) digital literacy programs rolled out through local extension services, agricultural colleges, and innovation hubs, with a special focus on women, youth, and marginalized groups. (3) Regulatory frameworks that streamline technology licensing, ensure data privacy, and promote interoperability of digital platforms. Finally, ongoing monitoring and participatory feedback mechanisms to evaluate the impact of digital interventions and ensure they remain responsive to farmers’ evolving needs. Addressing these gaps will help bridge the digital divide and unlock the full potential of digital agriculture for smallholder farmers in South Africa.
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The transformation of global food systems is essential for achieving the Sustainable Development Goals (SDGs) and fulfilling the Paris Agreement commitments, especially in vulnerable regions like East and Southern Africa (ESA). In such regions, small and medium enterprises (SMEs) across food systems value chains can drive transformative innovations, but often require external support to build capacity. Business accelerators, originally from the corporate and tech sectors, have emerged as key players in supporting early-stage ventures, yet their role in agriculture and food systems remains underexplored. This paper presents findings from the first cohort of the CGIAR Food Systems Accelerator (CFSA), which supports agribusinesses in ESA in scaling climate-smart innovations. Through its science-backed, tailored approach, CFSA enhances investment readiness and technical capabilities among SMEs. The assessment, based on interviews with agribusiness founders (n = 10), reveals perceived improvements in entrepreneurial skills, partnership opportunities, and organizational capabilities, though challenges related to financial constraints and enabling environment remain. This study highlights the potential of non-profit accelerators in fostering food systems transformation through SME development, with important implications for poverty reduction, food security, and climate adaptation. Expanding such programs and studying their long-term impacts is crucial for driving sustainable growth in food systems in the Global South.
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1 Introduction

Transforming global food systems is essential to achieving the Sustainable Development Goals (SDGs) and the Paris Agreement commitments. Such transformation must span the entire food systems’ value chain, from food production to consumption and waste management. Furthermore, it must extend beyond purely technological advancements, requiring deep societal changes especially in lower-income countries, the most affected by climate change (Herrero et al., 2020). In East and Southern Africa (ESA), this transformation is particularly critical due to the region’s heightened climate vulnerability and structural challenges in agriculture and food security (IPCC, 2022; Sutton et al., 2024).

High-performing small and medium enterprises (SMEs) across the food systems value chain can play a critical role in developing and disseminating transformative bundles of technological, social and institutional innovations. However, early-stage SMEs often rely on external knowledge and support to build internal capabilities and resources, especially where entrepreneurial ecosystems are underdeveloped (Nuthalapati and Nuthalapati, 2021; Forrest et al., 2023). Over the past two decades, business accelerators have emerged, originally, from the corporate and technology sectors, as key support organizations in the survival and development of early-stage ventures (Pauwels et al., 2016). They have since expanded across sectors, industries, and geographies. However, studies in regions such as Latin America and Africa remain scarce (Aljalahma and Slof, 2022). Similarly, the work of accelerators sponsored by non-profit organizations is underrepresented in the literature, compared to their for-profit counterparts (Del Sarto et al., 2022).

This article presents the design and evaluation of the CGIAR Food Systems Accelerator (CFSA) first cohort in ESA, positioned as an interventional initiative aimed at strengthening investment readiness and technical capacities of early-stage agribusinesses. The evaluation draws on qualitative interviews with the ten participating agribusiness founders, representing the full cohort, for an in-depth exploration of perceived program outcomes. While not establishing causality, it acknowledges the influence of contextual factors—such as prior entrepreneurial experience and concurrent support mechanisms—that may have shaped outcomes. The study highlights the crucial role of non-for-profit and science-backed accelerators in transforming food systems and underscores the need to scale up these initiatives to achieve broader sustainability impacts, including poverty alleviation and food security, amid climate change.



2 The effects of climate change in East and Southern Africa

Climate change is significantly affecting ecosystems in ESA. The rate of surface temperature increase in the Africa region has been faster than the global average, with projections exceeding 4°C by the end of the century under worst-case scenarios (IPCC, 2021). Southern Africa is projected to have a reduction in annual mean rainfall, and considered the droughts ‘hottest spot’ in Africa (Liu et al., 2018; IPCC, 2021). Key sectors like agriculture and tourism already face significant impacts as a result of human-induced climate change, across biodiversity, water systems, food production, health and economic growth (IPCC, 2022). Increasing drought and aridity will intensify these pressures (IPCC, 2021).

Climate vulnerability in the region is shaped by multiple factors across the socioeconomic, environmental and governance dimensions. In sub-Saharan Africa, most of the workforce is employed in the agriculture sector, and practically all the cropland (95%) depends on rainfall irrigation (IPCC, 2022). The dominant farming system is mixed cereal–livestock, with greater crop diversity in ESA (Thornton and Herrero, 2015). Agricultural productivity growth in sub-Saharan Africa has been reduced by 34% since 1961 due to climate change – more than any other region – with maize crops among the most affected, particularly in ESA (Ray et al., 2019; IPCC, 2022). While some crops (e.g., cassava) will benefit from climatic changes in certain areas, overall, future warming threatens food systems by shortening growing seasons and increasing water stress. Climate change impacts across the value chain undermine food availability, access, and stability. Nutrient-rich foods often perish quickly, making them vulnerable to storage and transportation challenges (Ickowitz et al., 2019). Extreme weather can further decrease their availability and drive up prices (IPCC, 2022). Rural communities, especially female-headed households, face heightened food insecurity and livelihood risks due to climate hazards. Among households affected, children and pregnant women bear a disproportionate burden of adverse health and nutrition impacts (Garcia and Sheehan, 2016; Sorensen et al., 2018). Extreme climate events have been key factors contributing to acute food insecurity and malnutrition, with 62 million people in Eastern and Southern Africa requiring humanitarian assistance due to climate-related food emergencies between 2015 and 2019 (Gebremeskel et al., 2019; IPCC, 2022).



3 The need for a transformation of agrifood systems

Previous research highlights key priority areas for transforming food systems, including the empowerment of farmers and rural communities – particularly women and youth –, digital climate-informed services, climate-resilient practices, innovative finance, restructuring supply chains, knowledge transfer and innovation, and creating enabling environments (Dinesh et al., 2021). For farmers, expanding urban markets and diversifying production can raise incomes and improve resilience. Crop diversification can improve productivity and reduce pest outbreaks (Schroth and Ruf, 2014) while integrated systems combining crops, livestock, forestry, and aquaculture can enhance nutrient cycles, resource efficiency, and food security (Smith et al., 2019). Approaches like climate-smart agriculture (CSA) which includes climate information, agroforestry, drip irrigation, and erosion control enhance yields and resilience, and reduce greenhouse gas emissions (Lipper et al., 2014).

As post-farm gate activities grow, rural communities, particularly women and youth, can benefit from employment opportunities in logistics, processing and food preparation. However, these opportunities often require access to adequate infrastructure, specialized skills and equipment, presenting challenges in the inclusion of vulnerable groups (Reardon et al., 2019). Gender-responsive and equity-driven adaptation strategies can help mitigate these vulnerabilities (Andrijevic et al., 2020) by identifying and addressing specific needs and barriers in accessing information and services (Gumucio et al., 2020).

Achieving transformation requires significant public and private investment, particularly in underfunded value chain areas like processing and manufacturing (Stephens, 2021). De-risking adaptation strategies would include improving supply chain efficiency and reliability through producer aggregation, monitoring, and traceability (IPCC, 2022). Innovative finance mechanisms and insurance schemes can further de-risk agricultural production and food system investments by addressing market failures and helping small-scale producers managing short-term costs for long-term benefits (Millan et al., 2019).



4 Business accelerators as catalysers of food systems transformations

Business accelerators are considered a “new generation of incubators” (Pauwels et al., 2016), with distinct characteristics. While both types of organizations support startups and facilitate their market entry, incubators often prioritize infrastructure and services provision (i.e., shared facilities, business assistance, and networking opportunities). Accelerators, instead, aim to fast-track startups’ learning and funding opportunities through intensive, time-bound and cohort-based programs offering personalized advisory services and access to potential partners and investors. These programs often conclude in a “Demo day” where participants pitch their business model to investors and stakeholders (Pauwels et al., 2016; Newell et al., 2021).

Accelerators can significantly contribute to food systems transformation. As startups help mainstreaming innovations to close gaps across value chains, accelerator programs act as catalysts, by building SMEs capacity, facilitating knowledge exchange, and promoting networks’ among participants, funders, government and other stakeholders (Newell et al., 2021; Nuthalapati and Nuthalapati, 2021). While most accelerators continue to prioritize technology, communication, and finance sectors; initiatives targeting agriculture and food systems are emerging and showing promise (Bagnoli et al., 2020; Newell et al., 2021). In United States and Canada, agri-tech accelerators have supported startups in expanding markets and increasing sales (Connolly et al., 2018; Newell et al., 2021). In less industrialized economies, open innovation and accelerating initiatives have also showed positive effects in participants of these programs (Nuthalapati and Nuthalapati, 2021). Despite challenging conditions in such contexts, innovations emerging from startups across the value chain can drive better practices and technology adoption among farming actors. This, in turn, can generate broader sustainability impacts such as poverty reduction, food security and climate change adaptation (Swinnen and Kuijpers, 2019; Nuthalapati and Nuthalapati, 2021).



5 The CGIAR food systems accelerator in East and Southern Africa (CFSA)

The CFSA program was launched in 2023 as part of the Ukama Ustawi initiative, which seeks to promote climate-resilient agriculture and livelihoods in ESA through diversification and risk-reduction strategies to enhance food and nutrition security (CGIAR, 2023). In particular, the CFSA aims to support agribusinesses in ESA by enhancing their investment readiness and scaling climate-smart innovations through a science-backed approach. The CFSA promotes gender and social inclusion, and support to smallholder farmers, focusing on agribusinesses with innovations in thematic areas such as mechanization and irrigation, conservation agriculture, nutrition and agricultural risk-management. In its first version, the 6-month program was constituted by a cohort of 10 agribusinesses from Kenya, Rwanda, Uganda, and Zambia, with activities across the agricultural value chain such as farming inputs supply, agricultural services, product aggregation, processing and distribution, and waste management, among others. The program identified the agribusinesses needs and co-designed the technical assistance across four “standardized” components (i.e., gender equality and social inclusion, investment readiness, enabling environment, impact measurement and management) and one component tailored specifically to each agribusiness’ innovation thematic area. The intervention therefore combined universal elements—applied equally across the cohort—with case-by-case support adapted to the specific challenges and thematic focus of each participant. The delivery of the technical assistance was conducted primarily online through individual and group sessions, supplemented by field visits for needs assessment and solution demonstrations. The program leveraged a mix of entrepreneurs and academics as facilitators and mentors, ensuring a customized, science-based approach tailored to the specific needs of participants. At the end of the program, participants received monetary grants and pitched their business models to a panel of judges, founders and other stakeholders during a Demo-Day (Zulu-Hume et al., 2023).

As part of the collaboration within CGIAR centers, Worldfish conducted the CFSA program endline assessment. For this purpose, the first step was to develop a Theory of Change, which categorized the outcomes of the program into capabilities, performance improvements and sustainability impacts, depending on their expected timeframe (i.e., short, medium, long), and scope (i.e., individual level, intra-organization level, inter-organization level) (Supplementary Figure S1). This step served to identify the themes, scope and data collection methods for the assessment. As the expected progress at the conclusion of the program was limited to predominantly individual changes in founders’ capabilities, rather than more concrete performance improvements or broader sustainability impacts, it was decided to conduct semi-structured interviews with each agribusiness founder (n = 10). The sample size of ten reflects the total number of agribusinesses in the first cohort, allowing for full coverage and ensuring all participant perspectives were captured. The interviews focused on the founders’ perception regarding the progress in the attainment of specific capabilities and resources, the barriers and challenges perceived in this process, and their general satisfaction with the program. The semi-structured interviews allowed to establish pre-determined themes, and at the same time provide flexibility to obtain richer qualitative information from the participants (Lozano Lazo et al., 2023).

The interview protocol consisted in open, closed, and Likert-scale questions covering topics such as: respondent characteristics, business characteristics, entrepreneurial ecosystem characteristics, progress perceived in capabilities and resources from their participation in the program, barriers and challenges identified, and general satisfaction with the program. All the interviews were conducted through online one-on-one meetings between October and November 2023, close to the end of the program. Each interview lasted approximately 1 hour, with the audio being recorded to facilitate the data analysis. Respondents were informed and requested to provide their consent when they were invited to participate in the interview, and once again, before the interview recording started.

The interviews transcripts served to create codes that allowed to identify common themes across the different categories previously established. These codes were used to produce descriptive statistics of the most relevant topics identified, with quotes from the participants supporting and enriching the quantitative results. The Likert-scale questions served to estimate the average progress perceived by the participants across the different categories of capabilities and resources established. While the study did not aim to establish causality, it recognizes that external factors—such as prior entrepreneurial experience, existing networks, and exposure to other support programs—may have influenced the outcomes reported by participants.



6 The outcomes of the CFSA program endline assessment

This section presents a summary of the results of the CFSA endline assessment. Figure 1 displays the distribution of comments regarding perceptions of progress and challenges/barriers across the categories of capabilities and resources. In the case of challenges/barriers, the figure reveals that most of these challenges/barriers were related to the agribusinesses (e.g., internet connectivity, time availability), rather than the CFSA program itself (e.g., program content, program design). For the perceived progress, as expected, most of the comments described improvements in the individual capabilities of the agribusiness founder in terms of business expertise and soft skills, among others. These were followed by intra-organizational capabilities resulting from the participation of other members of the organization in specific activities of the program, like accountants participating in financial management sessions. The inter-organizational capabilities resulted from the participation of other stakeholders in specific activities (e.g., suppliers receiving a talk on better farming practices), or the improvement of aspects related to the agribusiness’ ecosystem environment.

[image: Flowchart depicting various factors like enabling environment, business expertise, and market intelligence on the left, linking to outcomes like agribusiness, CFSA related, and capabilities on the right. Paths illustrate relationships, with categories like progress and barriers highlighted.]

FIGURE 1
 Types of progress and challenges/barriers perceived by CFSA agribusiness founders.


The comparison of the average level of each capability before and after participation in the CFSA indicates that participants perceived improvements across all capabilities/resources areas (Figure 2). The greatest perceived improvement corresponds to the partnership opportunities, highlighting the importance of these types of programs in helping businesses build and expand networks with domestic and international actors. The second most mentioned type of progress corresponds to improvements in personal skills such as effective communication, leadership and self-confidence, which were achieved through one-on-one coaching sessions tailored specifically for each participant. On the other hand, the smallest improvement corresponds to the enabling environment category, which aims to support agribusinesses in challenges related to policy, regulations and governance. While the program contributed to create awareness of the importance of such variables and identifying the bottlenecks that affected each of the agribusinesses, participants recognized that the program was not able to significantly improve their capabilities or resources in this domain. This result reflects the difficulties that accelerators can face to deal with broader contextual issues related to the political landscape of each country.

[image: Bar chart comparing mean scores of capabilities before and after CFSA intervention. Categories include Financing, Personal Skills, Business Expertise, and others. Scores generally increase, indicated by blue (before) and green (after) dots.]

FIGURE 2
 Level in capabilities and resources self-assessed by agribusiness founders before and after CFSA.


While the overall feedback from participants was positive, they also identified several barriers and challenges that could limit their ability to fully benefit from the program (Supplementary Figure S2). Key challenges included the ongoing need for program support and assistance, as well as the financial and technological constraints to implement the strategies identified during the program. Some participants noted that achieving broader impacts in their specific contexts would require policy changes beyond the scope of the accelerator program. Additionally, a few participants mentioned that their ability to fully benefit from the technical assistance was influenced by individual factors such as prior knowledge, infrastructure and time availability. (Lozano Lazo et al., 2023).



7 Concluding remarks

In the face of climate change, food systems in the Global South will require deep transformations to enhance resilience, food security, and sustainability. Small and medium-sized enterprises (SMEs) play a pivotal role by reshaping food value chains through innovation, technology adoption, and sustainable practices (Reardon et al., 2021). As SMEs grow in prominence, supporting their development becomes essential, as they hold the potential to bring broader benefits to the entrepreneurial ecosystem and their communities through job creation, poverty reduction, and climate adaptation.

One key avenue for supporting these ventures is through business acceleration programs. Programs like the CFSA have demonstrated potential in transforming food systems by providing mentorship, technical assistance, and financial support. The findings from the CFSA cohort indicate that participants particularly benefited from enhanced partnership opportunities and personal skill development, underscoring the importance of networking and tailored coaching in accelerator programs. While still emerging, these programs offer crucial opportunities for agribusinesses to scale their impact. Expanding research into these initiatives is essential to identify and understand success factors, business resilience strategies, effective scaling practices, and lasting impacts on food systems.

To maximize accelerators’ impact, exploring science-focused models that extend beyond knowledge-sharing is critical. Central to this is understanding how to better integrate scientific research and development (R&D) to ensure scientists effective contribution to innovations in food value chains. Future accelerator models could benefit from structuring arrangements where scientists are active contributors throughout the product development lifecycle. Thus, stakeholders must rethink accelerator design to prioritize science-led innovation. Stronger partnerships between research institutions and accelerators could ensure R&D aligns with market needs, allowing more resilient, sustainable and scalable innovations.

In the case presented, despite progress, significant challenges remain. CFSA agribusinesses report financial constraints and limited ongoing support as key barriers to fully benefiting from the acceleration program. These findings suggest the need for accelerator programs to incorporate continuous post-program mentorship, facilitate access to financing, and consider technological support to overcome implementation barriers. Policymakers and practitioners should consider integrating continuous support mechanisms beyond accelerator programs, including post-program mentorship, access to financing and policy advocacy. Multi-stakeholder partnerships among governments, academia, and the private sector could help address systemic challenges like regulatory barriers and market inefficiencies. Moreover, the limited improvement in the enabling environment category highlights the necessity for multi-stakeholder partnerships among governments, academia, and the private sector to address systemic challenges such as regulatory barriers and market inefficiencies. Efforts to scale these initiatives could involve expanding the applicants’ numbers, increasing cohort sizes, and offering larger grants. Program design should also weigh trade-offs, such as selecting early- or later-stage ventures and balancing depth versus breadth of support, to enhance effectiveness. These improvements could enable more SMEs to access transformative opportunities, contributing meaningfully to sustainable food systems across East and Southern Africa, and other regions.

As new cohorts of the CFSA program are developed, there is an opportunity to conduct more robust and comprehensive studies involving participants from multiple cohorts. Such research could deepen understanding of contextual variables and participant-specific needs, enabling future interventions to be better tailored and more effective in supporting agribusiness growth and food systems transformation.
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Background: Africa has a triple burden of malnutrition. The private sector can affect the nutritional status of the population. To improve nutrition, civil society and development agencies are developing initiatives to engage these actors. The objectives of this study were to (a) identify and describe these initiatives and (b) understand their successes and challenges.
Methods: An exploratory research design, including an online search, the author’s knowledge, and generative artificial intelligence, was used to develop a list of potential nutrition initiatives. Publicly available data on these initiatives was included in an Excel template. Initiatives with a nutrition focus were shortlisted using an inclusion and exclusion criterion. In-depth review of data and semi-structured interviews were conducted with shortlisted nutrition initiatives for further insights.
Results: Forty-eight initiatives were identified. Of these, twenty-four were multi-country with African presence, and twenty-four were Africa-only. Eight initiatives were shortlisted for in-depth review. Three more were added based on advice from an interviewee. Most initiatives were founded between 2011 and 2015. Private sector actors of varied sizes, operating in diverse food value chains, were engaged by the lead agencies. However, these actors were focused on food processing and manufacturing, with only some initiatives engaging the food retailers. The civil society and development agencies worked with the private sector through convening meetings, collaboration on projects, capacity building through training, and encouraging the private sector to make public commitments and monitoring them. Frequently reported initiative successes included an increased recognition by governments on the need to engage with the private sector on nutrition improvements. Frequently shared challenges were limited resources (financial and human) and an unclear business rationale to invest in nutrition. Key recommendations for the future were to ensure an appropriate structure with the right partners, an aligned vision, a robust governance process, and regular communication.
Conclusion: Multi-country initiatives led by civil society organisations or development agencies are engaging the private sector to improve nutrition in Africa. These initiatives operate using different approaches to influence private sector actions. This study fills an important knowledge gap by identifying and describing such initiatives and presenting their successes and challenges for future initiatives design and execution.
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1 Introduction

Food has been recognized as a human right since 1948, when it was included in Article 25 of the United Nations (UN) Declaration of Human Rights. However, this has not solved the ongoing problem of food insecurity, hunger, and malnutrition. In 2015, the Sustainable Development Goals (SDGs) were set by the United Nations General Assembly (UNGA), with SDG 2 (Zero Hunger) focused on ending hunger and all forms of malnutrition (UNGA, 2015), without which none of the other SDGs can be achieved (Lile et al., 2023). Not only is the elimination of hunger a key element for good health, but it is also a crucial element in the economic growth and development of countries (Unicef, 2023).

Despite these global efforts, the number of people globally affected by hunger and malnutrition is still high. The State of Food Insecurity and Nutrition in the World 2024 (SOFI) estimated that between 713 and 757 million people may have faced hunger, which is approximately 1 out of 11 people in the world (FAO, IFAD, UNICEF, WFP and WHO et al., 2024).

Many countries in Africa continue to face widespread malnutrition for several reasons, including limited food availability, lack of access to and unaffordability of healthy diets, unhealthy food environments, etc., which is further exacerbated by conflicts, economic slowdowns, and high and persistent inequality. Five years from 2030, malnutrition is still on the rise in Africa, with 20.4 percent of the population undernourished. One out of every five people were reported to be undernourished in 2023 (298.4 million people). It is projected that more than half of the 582 million people who will be chronically undernourished at the end of the decade (2030) will be in Africa (World Health Organization, 2024). Additionally, anaemia affects an estimated 40.4 percent of women of reproductive age, 13.7 percent of infants have a low birth weight, among children aged under 5 years, the average prevalence of overweight is 5.3 percent, stunting is 30.7 percent, and wasting is 6.0 percent. The adult population also faces a malnutrition burden: an average of 10.0 percent and 9.0 percent of adult (aged 18 and over) women and men live with diabetes, and 20.8 percent of women and 9.2 percent of men live with obesity (Development Initiatives, 2022).

A healthy diet is critical to achieving and sustaining adequate nutrition. Food and drink, the mainstay of the diet, are primarily provided by a broad range of private sector actors across Africa. Thus, the private sector has an important role to play in ensuring food supply chains and environments are delivering healthy diets (Levine and Kuczynski, 2009). Indeed, diverse private sector actors, including micro-small and medium enterprises (MSMEs), not just food and beverage companies, have considerable potential to ensure that food systems and environments are providing nutritious foods. Furthermore, these private sector actors have significant power across the food system, with involvement in almost all aspects of the production, processing, distribution, marketing, and sale of food and beverages that consumers eat and drink every day (Dukeshire, 2013; Clapp, 2017; Fanzo et al., 2020; Nduhura et al., 2022; Smyth et al., 2021; Aseete et al., 2023). Recognising the significant involvement and power of diverse private sector actors across the food system, the Scaling Up Nutrition (SUN) Movement started in 2010, emphasising the need to establish multi-stakeholder initiatives (MSIs). It encouraged the governments, United Nations (UN) agencies, and civil society organisations (CSOs) to strategically and tactically engage various private sector actors to improve global food security and nutrition (Scaling Up Nutrition, 2025).

In recent years, MSIs led by civil society and development agencies have emerged as potential mechanisms for transforming food systems and improving nutrition. These initiatives are increasingly being developed in alignment with global guidelines and frameworks that promote inclusive and sustainable approaches to food system change (UNDP, 2023; Lie and Granheim, 2017; Food Forward NDCs, 2024; UNEP, FAO and UNDP et al., 2023).

A growing collection of literature has begun to explore and analyse these efforts. A 2024 study identified 30 MSIs involved in food system transformation (Van Den Akker et al., 2024), while another examined the influence of ultra-processed food corporations within multi-stakeholderism, cataloguing 45 relevant initiatives (Slater et al., 2024). Earlier documentation includes a 2011 inventory of 18 multi-stakeholder sustainability alliances in the agri-food sector (Dentoni and Peterson, 2011). Further, a 2018 report by SustainAbility and WWF assessed how MSIs addressing sustainable food systems and diets operate across different stakeholders, commodities, issues, and geographies, identifying critical gaps and offering recommendations for future action (Harvey and Trewern, 2018).

The High-Level Panel of Experts on Food Security and Nutrition (HLPE) provided, in its June 2018 report, a comprehensive list of institutions, programs, and MSIs, including those based in Africa. The report recognises that MSIs have emerged quite recently as a topic mobilizing scientific communities beyond social sciences and that such communities are still small. Evidence and data are limited in time and scope and quickly evolving. It reported that it is difficult to find detailed and publicly available data on existing MSIs. The report identified five main domains of intervention for MSIs: (i) knowledge co-generation and capacity building; (ii) advocacy; (iii) standard setting; (iv) action; and (v) fundraising and resource mobilization. It also recognises that MSIs face major challenges and limitations in the realization of their potential, such as tensions among partners because of mistrust or diverging views in various areas. Tensions can also be generated by conflicts of interest in the MSI and power asymmetries (HLPE on Food Security and Nutrition, 2018).

Emerging evidence from developing countries further enriches the understanding of MSIs in practice. One study explored eighty-nine multi-stakeholder platforms across Bangladesh, Vietnam, Ethiopia, and Nigeria, identifying enabling conditions and bottlenecks that influence their effectiveness in addressing food and nutrition security. The noted bottlenecks were—lack of awareness among stakeholders on healthier diets, weak connections between the private sector and the initiative, poor collaborations between MSIs, poor leadership, etc. (Herens et al., 2022). In addition, country-level reports from Bangladesh, Kenya, Mali, Nepal, and Rwanda provide practical insights and recommendations for designing, implementing, and monitoring MSIs aimed at transforming food systems and improving nutrition (USAID, 2016; SUN, 2023; Kar, 2014; Gaihre et al., 2019; Initiative, 2016; Rural21, 2019).

Within Africa, the evidence on MSIs engaging farmers is also expanding. A 2021 systematic review documented knowledge co-creation processes within MSIs in sub-Saharan Africa. The study noted some positive results of what MSIs could achieve, including increased yields and income for farmers, policy, regime, and institutional changes, and changes in environmental sustainability. Several limitations were also reported, including limited attention for scaling up and a lack of sustainability due to dependency on donor funding. It also noted limitations related to the evidence base on MSIs (Van Ewijk and Ros-Tonen, 2021). Another study assessed the feasibility of generating timely and reliable evidence on the effectiveness of MSIs as drivers of agri-food system transformation. It illustrated the challenges and progress of MSIs in achieving their intended outcomes by using initiatives such as Bonsucro and the Farm to Market Alliance (FtMA) as examples. Challenges like managing multiple short-term pressures, such as creating the right governance structures, supporting an enabling environment for collaboration, and demonstrating accountability to funders, were noted for FtMA (Thorpe et al., 2022).

Despite this growing body of evidence on MSIs for food system transformation, there remains a gap in research on nutrition initiatives led by civil society and development agencies engaging the private sector in Africa. Understanding how these agencies engage and influence the private sector to promote more focus on nutrition is crucial for forming similar future initiatives. Therefore, this study seeks to identify and define civil society and development agencies-led initiatives aimed at influencing private sector actions to improve nutrition in Africa and to understand their successes and challenges for consideration by future initiatives. Two key questions that this study aims to address are:


	1. What are the major initiatives through which civil society and development agencies engage with the private sector to improve nutrition across Africa?

	2. What are their key successes and challenges that can inform the design of future nutrition-focused initiatives?





2 Methods


2.1 Identification of nutrition-focused initiatives

A search strategy to identify potential initiatives was developed using the PRISMA extension for scoping reviews (Tricco et al., 2018), the online template from Open Science Framework (OSF) Registries, and through discussions with researchers at Tufts University. Since the Scaling Up Nutrition (SUN) Movement, launched in 2010, had inspired a new way of working collaboratively with the private sector to end malnutrition, initiatives established after 2010 till March 2024 were included. An initial scan to identify the initiatives was done using the search term ‘multistakeholder initiatives for food and nutrition’ on Google. The first 10 pages were screened for relevance by reviewing the titles, as the following pages did not provide any added data. This approach was used to identify any existing literature or reports on civil society and development agencies-led initiatives engaging the private sector to improve nutrition. Through this search, we identified a review conducted by the World Wildlife Fund (Harvey and Trewern, 2018). This reference was used to begin the identification of potential nutrition initiatives engaging the private sector in Africa.

A secondary search was conducted using the study protocol as guidance on the Summons discovery service at the University of Reading, U.K. This provides a comprehensive search across a wide range of library resources, including e-books, journal articles, newspaper articles, and more, through a single search box (University of Reading, 2025). For the search in Summons, 18 search terms were used as shown in Annex I. This search resulted in 62 peer-reviewed articles. Titles of these articles were reviewed for relevance, and 17 articles were shortlisted for abstract review. After removing duplicates, 11 full-text publications were reviewed to identify relevant initiatives.

An additional Google search was conducted using the search term ‘multi stakeholder nutrition.’ The first one hundred titles were reviewed for relevance, as no additional data was being identified thereafter. This search identified a further 29 articles and reports, which had some data on multi-stakeholder initiatives. Few initiatives were included based on the author’s knowledge of this field. Generative artificial intelligence (Chat GPT) was also used to complement the search and identify additional initiatives. The list of questions used in Chat GPT is provided in Annex I.

If any initiative included a nutrition topic, it was added to the list of initiatives. Once the list of potential nutrition initiatives was ready, detailed data from online documents was reviewed and added to a pre-designed Excel template. The completed Excel template is included in Annex II.



2.2 Shortlisting of nutrition-focused initiatives

Potential initiatives included in the list were screened using the following inclusion and exclusion criteria:

Inclusion:


	• Led by civil society alone or civil society with support from development agencies.

	• Large scale, with an emphasis on Africa.

	• Primary focus: Influencing private sector actions for improving nutrition.

	• Private sector actors engaged: Food processors, manufacturers, retailers.



Exclusion:


	• Initiatives led only by the private sector for lobbying purposes (for example, trade associations).

	• No African presence.

	• Primary focus: Agriculture, emergency food relief, or promoting nutrition activities mandated by the government (for example, food fortification).

	• Private sector actors engaged: input suppliers and farmers



This study was part of a larger project—The Food Prices for Nutrition, which shows how the cost and affordability of healthy diets can be used to monitor food access and guide intervention (Friedman School of Nutrition Science and Policy at Tufts University, 2025). Since the project focused specifically on ‘Nutrition’, only initiatives with a direct nutrition-related approach were included. Initiatives targeting food production and working with farmers were excluded, as their main objective was to boost production and resilience among farmers. Even when nutrition was part of some initiatives, it was aimed at the farmers themselves rather than consumers in the market.

Once the shortlist of 11 initiatives was created, an additional search of the initiatives’ websites, publications, project reports, and monitoring and evaluation frameworks was conducted. Any additional data identified was added to the Excel template (Annex II).



2.3 Key informant interviews and analysis

A qualitative interview template was developed, and a mock interview was conducted with an expert at Tufts University before the submission and approval by the Institutional Review Board (IRB) of the University (Annex III). The authors agreed that the interviews would be iterative and used the template for guidance purposes only.

The key individuals from civil society and development agencies who were identified for the shortlisted initiatives were approached via LinkedIn or email (June 2024) to confirm their interest and availability for an interview and discuss their initiative in detail. The interview questions were shared in advance so that the contacted representative could recommend the best person within the organisation to answer the questions. Interviews with private sector representatives from the shortlisted initiatives were not conducted, as a separate agency was handling that work as part of a parallel project.

One initiative declined to participate, and no response was received from another initiative. Nine semi-structured virtual interviews were conducted between June and July 2024. The interviews were recorded and transcribed. The transcripts were used to create a summary of responses to the interview questions. All interview transcripts and notes were anonymized and stored in secure files for data confidentiality. The interviews provided an opportunity for an in-depth understanding of the initiative.

A thematic analysis was conducted to analyse the interview data on factors contributing to the development and function of the initiatives. Data from the interview transcripts was read and re-read by the authors to become familiar with the content. The authors highlighted meaningful segments of data and labelled them in three overarching themes: successes, challenges, and recommendations, aligned with the interview questions. Each sentence in the interview transcript was reviewed and color-coded to identify sub-themes within the three overarching themes. Five sub-themes were identified for success and challenges, respectively, and eight sub-themes were identified for recommendations. The sub-themes for successes and challenges are arranged in descending order, with the most frequently mentioned appearing at the top.

To minimize bias and validate the accuracy of the findings, one author coded the in-depth interview data on success and challenges for all shortlisted initiatives, and another author coded data on recommendations. An independent review of the data coded by both authors was conducted by the third author. Any disagreements among authors were resolved through discussions. Data from the interviews was cross-validated and triangulated with data from websites and other descriptive documents for similarities and differences.




3 Results


3.1 Nutrition-focused initiatives: identification and description

We identified 3 potential initiatives from the review by Harvey and Trewern (2018). No additional nutrition initiatives were identified through Summons. 11 initiatives engaging the private sector for improving food security and nutrition were identified through a secondary online search. A further three initiatives were added based on the author’s knowledge of the field. Thirty-one additional initiatives were identified using generative artificial intelligence. A total of 48 potential nutrition initiatives were identified and added to the Excel template provided in Annex II.

Figure 1 outlines the results of the shortlisting of nutrition-focused initiatives. Of the 48 initiatives, 24 were multi-country. The other 24 initiatives were Africa-only, which were focused on agriculture and engaged farmers, and were not included. From 24 multi-country initiatives, five (5) initiatives were shortlisted for in-depth review based on the defined inclusion and exclusion criteria:


	• Access to Nutrition Initiative (ATNI)

	• Business Call to Action (BCtA)

	• Zero Hunger Private Sector Pledge (ZHPSP)

	• Private Sector Mechanism (PSM)

	• Scaling Up Nutrition (SUN) Business Network (SBN), Global.



[image: Flowchart depicting the evaluation process of 48 initiatives, split into 24 multi-country and 24 Africa-focused. From the multi-country group, 16 were excluded, and 8 were shortlisted for in-depth evaluation, with recommendations to add 3 more African initiatives. One initiative declined participation, and another did not respond. An in-depth evaluation was conducted on 11 initiatives, with interviews held for 9, including 6 multi-country and 3 African-only linked to a global initiative.]

FIGURE 1
 Search results for shortlisting nutrition-focused initiatives.


Three (3) others were added considering their potential to influence private sector actions, even though they did not qualify the inclusion criteria:


	• Global Nutrition Report (GNR) and its Nutrition Accountability Framework (NAF)

	• Food Systems Dashboard (FSD) and its Food Systems Countdown Initiative (FSCI)

	• Business Platform for Nutrition Research (BPNR)



Additionally, three SBN country-level initiatives (Ethiopia, Nigeria, Tanzania) were included, given their relevance to this study and suggestions by SBN Global. This was crucial to obtaining a better understanding of the activities of these initiatives at the country level. Therefore, a total of 11 nutrition initiatives engaging the private sector in Africa were shortlisted.

An overview of these 11 initiatives is provided in Table 1 and described below.


TABLE 1 Overview of civil society and development agencies-led nutrition initiatives engaging the private sector in Africa.


	S. No.
	Name of the initiative, year founded, brief description
	Host organisations
	Overall goals (vision/mission)
	Geographical focus
	Profile of the private sector engaged (size, value chain position)
	Mode of private sector engagement
	Donor/Funder of the initiative

 

 	1 	Access to Nutrition Initiative (ATNI), 2013
 Assesses and ranks the world’s largest food and beverage manufacturers on their contributions to addressing global nutrition challenges. Encourages companies to improve their products, practices, and policies to support healthy diets and combat malnutrition. 	Access to Nutrition Foundation (Global nonprofit) 	A world where markets contribute to providing access to nutritious and affordable diets for all, aiming for at least half of all food & beverage sales to be derived from healthy products by 2030. 	Developed: United States, United Kingdom, Germany
 Developing: Asia: Bangladesh, India
 Southeast Asia: Indonesia, Vietnam
 Africa: Kenya, Nigeria, Tanzania 	Multi-national food and beverage companies
 Food processing and Food retail 	Collaboration & Convening (CC)
 Commitments & Monitoring (CM) 	Bill & Melinda Gates Foundation
 Global Alliance for Improved Nutrition (GAIN)
 Irish Aid
 PICTET
 Rockefeller Foundation
 UK Aid
 Waterloo Foundation
 World Health Organization (WHO)


 	2 	Business Call to Action (BCtA), 2010
 A global initiative that encourages businesses to develop innovative business models that contribute to the achievement of the Sustainable Development Goals (SDGs). It promotes inclusive business practices, including initiatives that improve access to nutritious food and address malnutrition in underserved communities. 	United Nations Development Program (UNDP) 	Encourage businesses to take collective action to improve the lives of people in low- and middle-income markets and contribute to the Sustainable Development Goals 	Africa: Burkina Faso, Kenya, Niger, Nigeria, South Africa, Somalia, Senegal
 Asia: India, Bangladesh, Indonesia
 Latin America: Ecuador
 Middle East: Jordan 	Works with businesses of all sizes from micro-small and medium enterprises to multi-national companies
 All segments of the food value chain 	Collaboration & Convening (CC)
 Capacity Building (CB)
 Commitment & Monitoring (CM) 	Asian Development Bank
 German Ministry for Economic Cooperation and Development Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ)


 	3 	Business Platform for Nutrition Research (BPNR), 2013
 A multi-stakeholder platform for defining, funding, and disseminating new pre-competitive research to improve nutrition in the developing world and for sharing existing knowledge that can impact the sector. 	Global Alliance for Improved Nutrition (GAIN) 	Business Platform for Nutrition Research (the Platform) aims to address under-nutrition in developing countries. 	America
 Africa
 Asia 	Multi-national organisations in food and pharmaceuticals
 Agriculture and Food processing 	Collaboration & Convening (CC)
 Capacity building (CB) 	Government of Canada


 	4 	Food Systems Dashboard (FSD) and Food System Countdown Initiative (FSCI), 2020
 An online dashboard that contains data on a wide range of food environment indicators.
 The Food System Countdown Initiative is a newer initiative that builds on the Food Systems Dashboard and is working to build a science-based observational system using a food systems framework to track global food systems and their changes to 2030. 	Columbia Climate School
 Cornel University
 Food and Agriculture Organisation (FAO)
 Global Alliance for Improved Nutrition (GAIN) 	Food Systems Dashboard (FSD) brings together country-level data across all components of the food system and provides deeper analysis and guidance on how to use this data in meaningful ways.
 Food system countdown initiative, an accountability mechanism to produce annual publications to measure, assess, and track the performance of global food systems toward 2030 and the conclusion of the Sustainable Development Goals. 	Asia: Bangladesh, India, Pakistan
 Southeast Asia: Indonesia
 Africa: Kenya, Mozambique, Nigeria, Ethiopia, Rwanda
 Latin America: Brazil, Mexico 	Although it is suggested that businesses might like to use the dashboard, there does not appear to be any direct engagement with the private sector. 	Capacity Building (CB) 	The Rockefeller Foundation
 Federal Ministry of Economic Cooperation and Development (BMZ)
 Netherlands Ministry of Foreign Affairs
 Swiss Agency for Development and Cooperation (SDC)
 Irish Aid
 International Development Research Centre (IDRC)


 	5 	Global Nutrition Report (GNR), 2014
 The world’s leading independent assessment of the state of global nutrition. It provides the best available data, in-depth analysis, and expert opinion rooted in evidence to help drive action on nutrition where it is urgently needed. Through a comprehensive report, the Nutrition Accountability Framework, interactive Country Nutrition Profiles, and Nutrition for Growth Commitment Tracking, the GNR sheds light on the burden of malnutrition and highlights progress and working solutions to tackle malnutrition around the world. 	PATH (Report host in 2023) 	A world free from malnutrition in all its forms. 	194 countries worldwide 	Works with businesses of all sizes, from micro-small and medium enterprises to multi-national companies
 All segments of the food value chain 	Commitments & Monitoring (CM) 	Bill and Melinda Gates Foundation
 European Commission
 Government of Canada
 Federal Ministry of Economic Cooperation and Development – Germany (BMZ)
 UK Foreign, Commonwealth and Development Office (FCDO)
 The World Bank


 	6 	Private Sector Mechanism (PSM) to the United Nations Committee on World Food Security (CFS), 1996
 Provides a platform for dialogue and collaboration between the Food and Agriculture Organization (FAO) and the private sector on food security and nutrition issues. It engages businesses in policy discussions, partnerships, and initiatives to address hunger and malnutrition globally. 	International Agri-Food Network 	To ensure food security and good nutrition for all, contributing to the achievement of the Sustainable Development Goals. 	All UN member states 	Works with businesses of all sizes from micro-small and medium enterprises to multi-national companies. However, most of the members are large multi-national companies.
 All segments of the food value chain. However, concentrated on Agriculture and Food Processing 	Collaboration & Convening (CC)
 Capacity Building (CB) 	Abbott Laboratories
 Bayer
 Cargill
 Danone
 Export Trading Group
 Federalimentare
 Gallup
 Global Agribusiness Alliance
 IAFN
 International Council of Beverage Associations
 International Dairy Federation
 Mead Johnson Nutrition
 Nestle
 Pick Foundation
 Piscari Industries
 Rabobank
 Sight & Life (DSM)
 Syngenta Crop Protection
 Tetra Laval
 USCIB
 Unilever
 Yara International


 	7 	SUN Business Network (SBN) Global, 2012
 A dedicated platform that convenes the private sector around nutrition across SUN countries. Focuses specifically on mobilizing the private sector to contribute to improving nutrition outcomes. It encourages businesses to integrate nutrition considerations into their core operations, supply chains, and product offerings. By engaging the private sector, the network aims to leverage the resources, expertise, and innovation of businesses to address the complex challenges of malnutrition. 	Global Alliance for Improved Nutrition (GAIN)
 World Food Program (WFP) 	By 2030, a world free of all forms of malnutrition by bringing together the private sector, government, and other stakeholders to take joint, practical actions to accelerate private sector contributions to improved nutrition. 	United Kingdom 	Works with businesses of all sizes from micro-small and medium enterprises to multi-national companies. However, most of the members are large multinational companies.
 All segments of the food value chain. However, concentrated on food processing. Also works with non-food companies providing digital and mobile services. 	Collaboration & Convening (CC)
 Capacity building (CB)
 Commitment & Monitoring (CM) 	The Ministry of Foreign Affairs for the Netherlands
 Irish Aid
 SUN Movement


 	8 	SUN Business Network (SBN) Ethiopia, 2017 	Global Alliance for Improved Nutrition (GAIN)
 World Food Program (WFP) 	Be the focal point for private sector engagement on nutrition. To improve and strengthen the private sector’s contribution towards
 improving nutrition in Ethiopia. 	Ethiopia 	Works with businesses of all sizes, from micro-small and medium enterprises (MSMEs) to multi-national companies. However, most of the members are MSMEs.
 All segments of the food value chain. However, concentrated on agriculture and food processing. 	Collaboration & Convening (CC)
 Capacity building (CB)
 Commitment & Monitoring (CM) 	Irish Aid, Ethiopia


 	9 	SUN Business Network (SBN) Nigeria, 2016 	Global Alliance for Improved Nutrition (GAIN)
 World Food Program (WFP) 	To be the focal point for private sector engagement on nutrition in Nigeria. To strengthen private sector contributions towards improving nutrition in Nigeria. 	Nigeria 	Works with businesses of all sizes, from micro-small and medium enterprises (MSMEs) to multi-national companies. However, most of the members are MSMEs.
 All segments of the food value chain. However, concentrated on agriculture and food processing. 	Collaboration & Convening (CC)
 Capacity building (CB)
 Commitment & Monitoring (CM) 	Harvest Plus Nigeria
 FATE Foundation


 	10 	SUN Business Network (SBN) Tanzania, 2015 	Global Alliance for Improved Nutrition (GAIN)
 World Food Program (WFP) 	To improve and strengthen the private sector’s contribution towards improving nutrition in Tanzania. To be the focal point for private sector engagement on nutrition in Tanzania. 	Tanzania 	Works with businesses of all sizes, from micro-small and medium enterprises (MSMEs) to multi-national companies. However, most of the members are MSMEs.
 All segments of the food value chain. However, concentrated on agriculture and food processing. 	Collaboration & Convening (CC)
 Capacity building (CB)
 Commitment & Monitoring (CM) 	NMB Bank
 The Tanzania Agricultural Development Bank
 Sahara Ventures
 ONA Enterprise Ltd.
 The Partnership for Nutrition in Tanzania (PANITA)


 	11 	Zero Hunger Private Sector Pledge, 2021 An initiative launched by the United Nations World Food Programme (WFP) to engage businesses and corporations in the global effort to achieve Zero Hunger by 2030. The Pledge offers a roadmap to end hunger with which companies can align their actions to scientific evidence, alongside international organisations, and national governments. This roadmap identifies ninety priority countries and ten intervention areas presenting the highest potential for reaching this goal by 2030. When joining the Pledge, companies make a financial commitment in the form of core business investment, cash, in-kind, and/or subsidized contribution. Their investment targets at least one of ten recommended, intervention areas and at least one of ninety priority countries. 	Shamba Centre for Food & Climate (Civil Society organisation) 	To foster accountability, encourage impact-driven actions, and pave the way for participation of additional private sector actors to join the global movement to end hunger. 	Companies have pledged in forty-eight countries, with a focus on priority regions of Africa, Asia, and Latin America 	Works with businesses of all sizes, from micro-small and medium enterprises (MSMEs) to multi-national companies. However, most of the members are MSMEs.
 All segments of the food value chain. However, concentrated on agriculture and food processing. 	Collaboration & Convening (CC)
 Commitments & Monitoring (CM) 	African Union Development Agency New Partnership for Africa’s Development (AUDA-NEPAD)
 Food and Agriculture Organization (FAO)
 Global Alliance for Improved Nutrition (GAIN)
 Grow Africa
 Grow Asia
 International Fund for Agricultural Development (IFAD)
 International Institute for Sustainable Development (IISD)
 Shamba Centre for Food & Climate
 World Benchmarking Alliance (WBA)
 World Business Council for Sustainable Development (WBCSD)
 World Food Programme (WFP)




 

Most of these initiatives (SBN Global and Tanzania, ATNI, BPNR, and GNR) were founded between 2011 and 2015. Country networks for SBN (Nigeria and Ethiopia) were established between 2016 and 2020. FSD and ZHPSP are the most recent initiatives (Figure 2). All initiatives were engaging diverse and multiple private sector actors, ranging from large multi-national organisations to micro, small, and medium enterprises. However, initiatives such as SUN Business Networks in Ethiopia, Nigeria, and Tanzania were primarily engaging micro-small and medium enterprises (MSMEs) to enhance their contributions to nutrition. Despite the efforts to engage the private sector actors throughout the food value chain, most of the actors engaged were focused on food manufacturing and processing.

[image: Bar chart titled "Founding years of the initiatives" showing the number of initiatives founded per time period: pre-2000 and 2006-2010 have 1 initiative each, 2011-2015 has 5, 2016-2020 and 2021+ have 2 each.]

FIGURE 2
 Founding years of the nutrition-focused initiatives.


The civil society and/or development agencies were engaging the private sector using either one or a combination of the following approaches (Figure 3):


	• Convening and Collaboration (CC): having discussions and dialogues to promote the need for private sector actions to improve nutrition. Examples include hosting meetings to discuss country-specific nutrition challenges, raising awareness on nutrition among private sector actors, developing networks involving private sector actors, etc.

	• Capacity Building (CB): providing technical support to the private sector to develop and strengthen their skills and abilities so that they can contribute more to improving nutrition. For example, training on food safety would make available safe, nutritious foods.

	• Commitment and Monitoring (CM): encouraging the private sector actors to make public commitments on nutrition and checking progress against those commitments to promote transparency.



[image: Venn diagram illustrating three areas: Capacity Building, Collaboration and Convening, and Commitment and Monitoring. Overlapping sections list initiatives like Business Platform for Nutrition Research, Private Sector Mechanism, SUN Business Networks, Business Call to Action, Access to Nutrition Initiative, Zero Hunger Private Sector Pledge, and Global Nutrition Report.]

FIGURE 3
 Classification of nutrition-focused initiatives by approach to influence the private sector.


SBN Global and national networks (Ethiopia, Nigeria, and Tanzania) and BCtA used all three approaches to engage the private sector. Other initiatives used a combination of two approaches (BPNR, PSM, ATNI, ZHPSP). GNR and FSD interacted with the private sector using a single approach.

Global Alliance for Improved Nutrition (GAIN) played a key role across many of the nutrition-focused initiatives. It is the lead organisation for the six initiatives (FSD/FSCD, SBN Global, Ethiopia, Nigeria, Tanzania, BPNR), a donor for one initiative (ZHPSP), and has some supporting roles in two other initiatives (GNR and ATNI).



3.2 Reported successes, challenges, and recommendations by the initiatives


3.2.1 Reported successes and contributing activities

The successes reported by the representatives of the initiatives interviewed and their activities are summarised in Table 2 and described below. These have been arranged in descending order based on how frequently they were reported by interviewees, with the most cited success appearing at the top.


	• Growing recognition and increased willingness among governmental and non-governmental stakeholders to engage with the private sector actors to address malnutrition: Representatives of all the initiatives interviewed acknowledged the key role and the need to engage with the diverse private sector actors to improve nutrition in Africa. They believed that their advocacy activities were instrumental in enhancing the willingness among governmental and non-governmental stakeholders to engage with the private sector for improving nutrition. This success was supported by the fact that SBNs are oversubscribed in terms of demand for setting up business networks from various national governments in Africa and other countries.

	• Increased engagement of diverse private sector actors with non-governmental and development agencies to improve nutrition: The majority of interviewers mentioned that they had increased their engagement with the private sector actors of all sizes, operating in different food value chains, from food processing to retail, to improve nutrition in Africa. They attributed this success to activities such as (i) convening and coordinating diverse private sector actors, (ii) providing capacity development support to these actors, and (iii) facilitating access to finance in the form of loans and grants to the relevant actors. The presence of dedicated staff and regular meetings was highlighted as a key requirement to ensure that all types of private sector actors were effectively integrated into the initiatives’ frameworks. For micro-small and medium enterprises, provision of technical assistance (in areas like nutrition, food fortification, marketing and product development, business and financial management, regulatory compliance, and food safety), and helping them access finance through various finance opportunities like loans and grants was noted to be beneficial to sustain their engagement.

	• Strengthened governance for private sector engagement in nutrition: The initiatives highlighted that their approaches and strategies to engage the private sector actors improved the quality and monitoring of private sector engagement for nutrition. Some of these approaches included engaging non-controversial partners and developing independent branding to ensure that the initiatives were perceived as neutral and objective. It was noted that pre-defined principles of engagement provided a clear framework to guide private sector participation for improving nutrition. Monitoring tools like the nutrition accountability framework and public reporting of private sector contributions to nutrition were also recognised as useful mechanisms to improve accountability of the private sector actors towards nutrition.

	• Increased adoption and implementation of best practices among diverse stakeholders: It was reported that various multi-national companies are reformulating their foods to reduce sugar, salt, and fat, using responsible business practices, and are investing in the health of their employees. Investors, through the advocacy efforts of an initiative, were noted to be mobilising their investments towards nutrition-sensitive businesses. The approach of interdisciplinary research and teaching practices was also reported by one of the initiatives.

	• Development of evidence-based food policies, regulations, and national nutrition plans: An initiative reported that they worked closely with the government to support the development of their country’s food fortification regulations by sharing inputs from their relevant private sector members. Another initiative highlighted that their accountability monitoring reports were instrumental in guiding some governments to develop regulations on foods high in sugar, salt, and unhealthy fats. Comprehensive food systems data provided by another initiative was noted to be contributing to the development of evidence-based nutrition policies.




TABLE 2 Successes and contributing activities reported by the representatives of the initiatives interviewed.


	S. No.
	Reported successes
	Contributing activities

 

 	1 	Increased recognition and growing willingness among civil society, development agencies, and the government to engage the private sector for improving nutrition. 	Advocacy on the importance of engaging with the private sector to improve nutrition


 	2 	Enhanced private sector engagement: Diverse private sector actors convened, inspired, engaged, and coordinated to contribute to nutrition.
 NOTE: Engagement refers to the process of involving or interacting with others, particularly in a way that fosters participation, interest, or commitment. It is more about connecting with others, establishing relationships, and ensuring ongoing interaction. 	Collaborating and convening
	• Engaged private sector actors to join the initiatives across countries, sectors, sizes, and food value chains, allocated dedicated human resources for the coordination of the initiative, conducted regular member meetings, co-developed strategic plans to enhance private sector contributions, and showcased private sector contributions.


Capacity building
 
	• Conducted training for micro-small and medium enterprises on diverse topics like nutrition, marketing, food product development, business and fiscal management, food safety, and regulatory compliance.


Improved access to finance
 
	• Linked small and medium enterprises to potential loans and grants.





 	3 	Strengthened governance around private sector engagement for nutrition 	

	• Engaged non-controversial partners.

	• Developed independent branding, principles of engagement, and corporate accountability tools.

	• Conducted and publicly reported nutrition contributions of the private sector actors.






 	4 	Enhanced adoption and implementation of best practices among multi-national companies, investors, academics, and civil society organisations 	Multinational companies: Implemented workforce nutrition, reformulated existing food products to reduce sugar, salt, fats, improved marketing practices, increased affordability of foods.
 Investors: Investing in nutrition-sensitive businesses
 Academics: Focusing more on interdisciplinary research and teaching practices
 Civil society organisations: Reducing dependency on global financial resources.


 	5 	Enabled evidence-based food policies, regulations, and/or national nutrition plans 	

	• Contributed to the development of food fortification regulations, national nutrition policies, plans, and strategies.

	• Provided inputs to processed food legislation in specific countries.








 

In summary, these successes were noted to be instrumental in strengthening engagement among diverse stakeholders (private sector, government, civil society, academia, development agencies, and donors) across sectors and geographies and to ensure a cohesive and comprehensive approach to address the burden of malnutrition.



3.2.2 Challenges encountered and recommendations for future planning

Interviews with representatives from nine initiatives and a review of their publicly available evidence highlighted five challenges that hindered their development and functioning. These are summarised in Table 3 and have been organised in decreasing order, with the most frequently mentioned challenge at the top. Eight recommendations were provided by the interviewees. As the recommendations stem from the initiatives’ challenges, they are presented alongside the corresponding challenges to avoid repetition.


	• Ensuring adequate financial and human resources for the development and function of the initiative: Most of the initiatives frequently faced pressing issues of limited funding, as they often rely on external sources of financial support, such as donors. The scope and scale of their activities are often restricted by the availability of funds, limiting the services they can provide to their members, the regions they can reach, and the overall effectiveness of their plans and strategy. Further complicating the financial sustainability was that all these initiatives are being led by civil society or development agencies and are prohibited from charging membership fees from the participating private sector members. This restriction limited their ability to generate revenue from within their networks, which could otherwise provide a more stable and self-sustaining funding model. The initiatives often encountered operational challenges, such as limited staff, and ensuring that they continue to remain motivated and engaged. The available human resources were mostly insufficient to drive these initiatives across diverse regions, to balance coordination requirements, to scale activities, maintain momentum and engagement, and achieve meaningful impact. Maintaining the motivation and commitment of the staff and managing turnover, particularly when there are constant funding pressures, caused disruptions in progress and resulted in the loss of valuable institutional knowledge.




TABLE 3 Current challenges and recommendations for future planning reported by the initiatives.


	S. No.
	Current challenges and barriers
	Recommendations for future considerations

 

 	1 	Ensuring adequate financial and human resources for continued functioning
 
	• Limited funding and donor dependency

	• Membership fees are not permitted when led by civil society organisations.

	• A limited number of people are managing the initiative, keeping them engaged and reducing turnaround.


 	Plan for sustainability, i.e., how to function without donor funding support.
 
	• Planning for a sustainable model for funding is key.





 	2 	Unclear business case of being part of the network or investing in nutrition.
 
	• Limited awareness and understanding of the initiative and/or nutrition among private sectors actors.

	• Private sector actors are not convinced of the return on investment in nutrition.

	• Participation in the multistakeholder initiative could be a side project for the private sector.

	• Health and nutrition issues are not always viewed as a priority by the private sector


 	Develop a robust business case to encourage private sector members to join the initiative.
 
	• Have a well-crafted value proposition for private sector actors.





 	3 	Ensuring the continued engagement of private sector actors (members), donors, lead organisations, and other initiatives
 
	• Members stayed interested and kept contributing.

	• Meeting the needs of diverse business members

	• Managing expectations of the private sector given the difference in pace between the public and private sectors

	• Ensuring effective and regular communications, data privacy of business members, and data quality

	• Changing donors’ priorities

	• Difficult to explain, track, monitor, and quantify impact.

	• Misalignment between the lead organisation and donors on the mark of success for the initiative

	• Variable engagements by lead organisations

	• Limited collaboration with other initiatives, including existing business member associations.


 	Ensure that the vision and objectives of the initiative are aligned between lead organisations, private sector members, and donors.
 
	• Partners and members have distinct reasons for joining the initiative.

	• Maintain regular communication & engagement with members, lead organisations, and donors.

	• Communication is a key ingredient.

	• Patience, engagement, listening, being initiative-taking, and cautious in communicating are key.

	• Diplomatic skills are essential.

	• Ensure collaboration with other similar initiatives.

	• Maintain a flexible approach while being systemic.

	• Work on systemic levers to drive change.

	• Provide specific recommendations to private sector actors to improve their contributions to nutrition.





 	4 	Establishing an effective structure and composition for the initiative
 
	• Finding the right non-controversial partners and members with the ability to influence

	• Establishing appropriate coordination structures between global, national, and regional


 	Design the initiative, ensuring appropriate structure and composition.
 
	• Get the right people involved.

	• Ensure adequate human resources.

	• Ensure consistency among team members managing the initiative.

	• Maintain strong leadership





 	5 	Mistrust of the private sector
 
	• Concerns about engaging with the private sector.

	• Extensive due diligence requirements


 	Ensure robust governance of the initiative.
 
	• Transparency is paramount.

	• Independent branding of the initiative is critical.

	• Engaging non-controversial companies is important







 

Considering these challenges, it was recommended that financial and human resources be planned for from the outset of the initiative.


	• Unclear business rationale for investing in nutrition: It was highlighted that private sector members from micro-small and medium enterprises to large multinational companies had limited knowledge of nutrition. This was further exacerbated by the complexity of nutrition, which made it difficult for them to fully understand and engage with nutrition-related initiatives. Private sector actors struggled to understand the benefits to their businesses because of investing in nutrition and were unclear on how to incorporate nutrition initiatives into their core operations. These gaps in understanding nutrition and its return to business contributed to difficulty or resistance in the private sector actors to engage with civil society and development agencies for improving nutrition.



Therefore, it was recommended to develop a strong business case and present a well-crafted, tailored value proposition to different private sector stakeholders for enhanced engagement.


	• Ensuring the continued engagement of initiative private sector members, donors and partners, and other stakeholders: All initiatives rely on ongoing participation from businesses, civil society, governments, and donors. Sustaining the continued engagement of these stakeholders required continuously demonstrating value. The challenge of meeting the needs of stakeholders from different sectors is further complicated due to the diversity of private sector actors concerning size, food value chains, etc. The difference in pace of advancement between public and private sector actors and ensuring privacy of confidential business data were also noted as challenges.



Shifting priorities of donors were also recognised, which made it difficult for the initiative to plan and execute long-term strategies. It was also highlighted that there were instances where there were misalignments in the mark of success between the lead organisations and donors, combined with difficulties in measuring and reporting tangible results of the initiatives engaging the private sector members. Initiatives focused on commitments and monitoring highlighted the challenge of demonstrating additionality in private sector contributions.

Initiatives also noted that civil society and development agencies shifted between active and passive participation based on their internal agendas and priorities. Lastly, the absence of nutrition-focused business member organisations and their limited willingness to collaborate with initiatives led by the civil society or development agencies made it difficult for the initiatives to transition from dependency on donor funding.

In response to these challenges, four key recommendations emerged: (i) establish a shared vision early in the process that all stakeholders can align with, allowing their diverse objectives to coexist within a broader goal of improving nutrition outcomes; (ii) maintain regular engagement through meetings, reports, or digital platforms to keep stakeholders actively involved and committed to the initiative’s success; (iii) explore and pursue collaboration opportunities with similar initiatives to enhance sustainability and broaden impact; and (iv) focus on systemic levers to drive long-term change, while staying adaptable to evolving conditions, emerging opportunities, and unexpected challenges.


	• Establishing a robust structure and composition of the initiative: Striking a balance between influence and neutrality when selecting the private sector members was found challenging, especially in an environment where private sector involvement is viewed with scepticism. Developing robust coordination structures to ensure alignment of objectives, roles, and responsibilities at the national, regional, and international level was noted as a challenge by country-specific initiatives working under international guidance.



Accordingly, strong leadership was recommended to guide the development and implementation of the initiatives. Retaining core team members and engaging the right private sector actors were identified as crucial for advancing nutrition outcomes.


	• Mistrust of the private sector: Widespread mistrust of the private sector, particularly within the nutrition and development sectors, is an ongoing challenge. This is often due to historical concerns over profit-driven motives and the role of the private sector in perpetuating issues such as unhealthy diets or unsustainable practices. The initiatives highlighted that this scepticism often contributed to reluctance among governments and civil society, and development agencies to fully engage with the private sector, despite the potential benefits of the engagement. To manage these concerns, the initiatives needed extensive due diligence processes involving, but not limited to, thorough evaluations of companies’ track records, practices, and alignment with the initiative’s goals. While necessary, these due diligence requirements were noted to be time-consuming and resource-intensive, further complicating the process of engaging the private sector. The combination of mistrust, concerns over engagement, and the burden of due diligence created a significant challenge for such initiatives, particularly in sectors like nutrition, where the role of the private sector is often viewed with scepticism.



To address the aforementioned challenges, several strategies were recommended: establishing independent branding to safeguard the initiative’s integrity; engaging non-controversial private sector partners while excluding those with a history of ethical concerns or harmful practices; and ensuring full transparency regarding the roles and contributions of private sector partners, funding sources, and the criteria used for decision-making within the initiative.





4 Discussion


4.1 Profile of the initiatives

This paper has attempted to identify and describe civil society and development agency-led initiatives that engage with the private sector to improve nutrition in Africa. The goal of these initiatives is to influence practices or monitor how serious the private sector actors are about improving nutrition, and in some cases, help them when resources are constrained to make the necessary changes.

We found only a few initiatives led by civil society and development agencies engaging diverse private sector actors for nutrition. These initiatives focus on influencing the private sector to manufacture and sell nutritious foods with an emphasis on dietary adequacy, and on reducing the intake of nutrients of public health concern. Our findings are unlike those of Heren et al., who reported that multi-stakeholder platforms focused on nutrient adequacy rather than moderation (Herens et al., 2022). The shortlisted nutrition-focused initiatives in Africa were multi-country and were developed by civil society and development agencies located in the Global North. These emerged possibly because of the Scaling Up Nutrition Movement in 2010. Most of these initiatives were engaging with the large private sector actors, manufacturing, and processing food. These findings are like the study by Slater et al., which identified 45 food systems multi-stakeholder initiatives. These initiatives were dominated by multi-national corporations engaged in food processing and were based in high-income countries of the Global North (Slater et al., 2024). Our findings also agree with another study that examined multi-stakeholder initiatives (MSIs) to drive healthier and more sustainable food systems. It identified and categorized actors within these MSIs, drawing on social network analysis to provide insights into actor centrality, power structures, and how this might impact MSIs’ potential to drive transformative change. Thirty MSIs were included and had 813 actors. Most actors were based in high-income countries (HICs) (n = 548, 67%) (Van Den Akker et al., 2024).

We found that diverse private sector actors were engaged by some of these initiatives, including multi-national companies and micro, small, and medium enterprises. The engaged private sector actors were working on diverse foods throughout the food value chain, from food processing to retail. Even though engagement with private sector actors in food retail was noted in some initiatives like ATNI, this engagement is still at a nascent stage. Limited engagement with the private sector actors involved in food storage, transport, trade, transformation, retail, and provisioning was also noted by Herens et al. (2022) and another study (Harvey and Trewern, 2018).

Our study found that many civil society and development agencies are engaging the private sector to improve nutrition. However, Global Alliance for Improved Nutrition (GAIN) was identified as one of the organisations with footprints across most of the nutrition-focused initiatives engaging the private sector. It was either the lead organisation or a donor, or an advisor in these initiatives. These findings are similar to those reported by Van Den Akker et al., who, in addition to identifying the Food and Agriculture Organization (FAO) of the United Nations and United Nations Environmental Programme (UNEP) as organisations with connections with maximum multi-stakeholder initiatives (MSIs), also listed GAIN as an actor with connections to MSIs (Van Den Akker et al., 2024). International civil society and development agencies such as FAO, UNDP, WFP, Scaling Up Nutrition (SUN), the Global Alliance for Improved Nutrition (GAIN), were also identified as lead organisations for 89 multi-stakeholder platforms in Bangladesh, Vietnam, Ethiopia, and Nigeria (Herens et al., 2022).

Our study found that the nutrition initiatives engaging the private sector were funded from multiple sources and that the majority was from grants to implement projects over a specified period. This funding model poses a challenge to the long-term sustainability of such initiatives. Indeed, a 2021 study reported that nearly all multi-stakeholder platforms were initiated and/or facilitated with donor support (Van Ewijk and Ros-Tonen, 2021).

We also found that all Africa-only initiatives focused on agriculture and are engaging farmers to help them improve their food production and/or access markets to sell their produce. While a nutrition-sensitive approach has started to emerge in some of these initiatives, nutrition is not their primary focus. Our findings are in line with those reported by a systematic literature review on food-related multistakeholder platforms (MSPs) in sub-Saharan Africa (Van Ewijk and Ros-Tonen, 2021). The MSPs included were focused on crops and integrated management systems, and environment management for agricultural development. Additionally, the reported outcomes of the review included changes in agricultural practices and increased market access for the farmers. Another study in Nigeria reported that several non-governmental organisations or civil society-driven MSPs are addressing the development of the agricultural sector for improved food security from a market-led perspective (Herens et al., 2022).

The initiatives involving multinational companies engaged these actors either by facilitating private sector commitments to improve nutrition and monitoring the same (e.g., ATNI, GNR, and ZHPSP) or by convening and collaborating with these actors. Initiatives engaging micro-small and medium enterprises (SBN country networks), in addition to these two approaches, incorporated a capacity-building aspect to ensure the continued engagement of their private sector members. These findings are similar to findings of a study exploring multi-stakeholder platforms in Bangladesh, Vietnam, Ethiopia, and Nigeria, which reported that various civil society and development agencies engaged the private sector actors through coordination, capacity building, and knowledge sharing activities (Herens et al., 2022).

We also noted a few connections between nutrition initiatives. Only initiatives that had both multi-country and international presence, such as Scaling Up Nutrition Business Networks (Global and Country), were learning from each other, facilitated by their international office. Our findings are similar to those reported by Heren et al., which noted that different multi-stakeholder platforms act within their own local or regional environment rather than reaching out to other multi-stakeholder platforms (Herens et al., 2022).



4.2 Successes and challenges of the initiatives

The successes of nutrition focused initiatives reported by our study were—a growing recognition and increased willingness among governmental and non-governmental stakeholders to engage with the private sector actors to address malnutrition, increased engagement of diverse private sector actors with non-governmental and development agencies to improve nutrition, strengthened governance for private sector engagement in nutrition, increased adoption and implementation of best practices among diverse stakeholders and development of some evidence-based food policies, regulations, and national nutrition plans. Although these noted successes are of the initiatives most of which have developed in the last decade, these primarily reflect activities and outputs identified through interviewee responses responses, supplemented by a few independent evaluations available in the public domain. Our findings are like a study evaluating whether multi-stakeholder platforms (MSPs) are effective approaches to agri-food sustainability. This study reported that the effectiveness of MSPs is primarily framed as successfully delivering activities and outputs, such as platform members. It is not assessed in terms of the role of the initiative in influencing a specific food sector. The study recommends that more MSPs should undertake better assessments of their contribution to food system transformation and report publicly on these results to generate a clear understanding of whether and how MSPs are capable of catalysing more sustainable food systems (Thorpe et al., 2022). Some additional evidence also notes that MSPs may play a role in transforming food systems (Herens et al., 2022). Some other independent evidence on multi-stakeholder initiatives (MSIs) on food systems transformation questions the legitimacy and influence of such initiatives (Slater et al., 2024). Another study highlights that MSIs engaging the private sector may reflect rather than challenge existing power structures, thus serving to maintain the status quo. It recommends a need to critically examine their ability to drive global food system transformation (Van Den Akker et al., 2024). Herens et al. also concluded that existing multi-stakeholder platforms may have limited capacity to truly transform the food systems (Herens et al., 2022).

Challenges noted for the development and function of nutrition focused initiatives in our study were ensuring adequate financial and human resources, unclear business rationale for investing in nutrition, ensuring the continued engagement of initiative private sector members, donors and partners, and other stakeholders, establishing a robust structure and composition of the initiative and managing the mistrust of the private sector including conflict of interest. These findings are aligned with the study by Heren et al., which reported that funding of the multi-stakeholder platforms was often project or programme-based, with a set timeframe, based on core funding from key international donors. Upon completion of the assignment or closure of the project, many multi-stakeholder platforms tended to turn inactive or fall apart. The study also noted other barriers and challenges hindering MSPs from being more adaptive in food systems governance, such as limited human and financial resources, conflicts of interest, coordination problems, lack of continuity, multiple national policies, and unclear structure and rules. The study also highlighted that the sustainability of such platforms is a critical challenge (Herens et al., 2022). Another study also highlighted the challenge of managing conflicts of interest in initiatives involving the multi-national food industry manufacturing ultra-processed foods (Slater et al., 2024).



4.3 Limitations of this study

This study has a few limitations. There is no database of nutrition initiatives led by civil society organisations or development agencies engaging with the private sector, and our attempt to create one might have missed some. The search was only done using the English language, and there may be initiatives with data in other languages. Even though the study focused on nutrition initiatives in Africa, an in-depth evaluation was done on multi-country nutrition-specific initiatives that were initiated in the Global North and were operating in Africa. Exclusion of Africa-only nutrition-sensitive initiatives based on the stringent inclusion and exclusion criteria could have introduced some selection bias. In addition, we reported short-term success and challenges of the shortlisted initiatives (within the last 10 years). Since the success of such initiatives takes longer, the actual success and outcomes are yet to be seen. Also lack of consensus and framing of what success entails within the complex initiatives is a limitation of this study. Lastly, the reported successes and challenges represent the perspective of civil society and development agencies. This study does not include the perspective of private sector members engaged in such initiatives. Despite these limitations, this is one of the first studies to identify and describe civil society and development agencies-led nutrition initiatives engaging the private sector in Africa and report their success and challenges. These findings can provide useful guidance for future nutrition initiatives engaging the private sector.



4.4 Future research

To address the limitations of the current study, future research could focus on in-depth evaluations of nutrition-sensitive Africa-only initiatives engaging farmers. Research efforts are also needed for the development of metrics that can help quantify the success of such initiatives. Additionally, there is a need to systematically assess the ability of these initiatives to influence private sector actions to improve nutrition.




5 Conclusion

This research adds to the growing body of evidence on nutrition initiatives in Africa that are led by civil society organisations and development agencies engaging the private sector. While several initiatives were initially identified, only a limited number met the nutrition-focused criteria. These initiatives involved a range of private sector actors, primarily in food manufacturing and processing. However, the limited engagement of food retailers suggests a missed opportunity, especially given the vital role of retail in shaping diets and nutrition outcomes. Greater efforts are needed to include these actors in future initiatives. All the nutrition initiatives examined were multi-country efforts initiated by organisations based in the Global North. Considering malnutrition’s diverse and context-specific nature across African countries, African leadership must increase its focus on nutrition initiatives to ensure local relevance and ownership. As most of these initiatives have been active for less than a decade, it remains too early to draw definitive conclusions about their effectiveness in influencing private sector actions. Continued investment, both financial and human, is essential to sustain progress and enable independent evaluations of their impact on private sector practices. Finally, fostering collaboration between initiatives is critical. Many of the challenges identified are shared across initiatives, and coordinated efforts can help maximize the overall impact of nutrition-focused initiatives engaging the private sector in the region.
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This study examines the role of consumers in Tanzania as drivers of sustainable food systems through their food values. Recognizing consumers as key actors in the food value chain, the research aims to identify how their preferences influence the transition toward sustainable consumption. A mixed-method approach was employed, including interviews with six key food system actors, two focus group discussions with 16 consumers, and a survey of 750 consumers from urban and rural towns across three regions in Tanzania. Participants rated the importance of 16 food values such as hygiene, nutrition, taste, and price—using the Best-Worst Scaling method. To determine relative preference, data were then analyzed through count analysis and mixed logit models. Findings indicate that consumers predominantly prioritize food safety and price. Notably, their understanding of safety centers on hygiene and spoilage, issues affecting short-term health, over long-term risks like aflatoxin, pesticide residues, and antimicrobial resistance. These patterns are consistent across consumer groups, though some variation emerges across different shopping contexts. For general food purchases, hygiene, freshness, and safety are emphasized, whereas for specific items like tomatoes and bread, hygiene, price, and naturalness are more prominent. These insights highlight the need for targeted interventions by policymakers, producers, and civil society organization to align consumer values with sustainable practices. Addressing gaps in consumer awareness and preferences can facilitate shifts toward healthier, safer, and more sustainable food systems in Tanzania.

Keywords
 food values; consumer preferences; sustainability; Tanzania; food safety; food choice behavior; rural; urban


1 Introduction

This paper assesses the underlying food values that drive consumer food choices in Tanzania, using a contextually adapted Best-Worst Scaling (BWS) experiment. Understanding these values in low-income settings is critical for designing effective food system interventions that address diet-related health challenges, including foodborne illnesses caused by harmful bacteria, viruses, or parasites such as E. coli and Salmonella, and Diet-Related Non-Communicable Diseases (DRNCDs), such as cancers, cardiovascular diseases, micronutrient deficiencies, diabetes, and obesity.

This study is particularly relevant given that, despite the implementation of several national and global strategies, including the National Multi-Sectoral Nutrition Action Plan (NMNAP-II), the National Roadmap for Sustainable Food System Transformation by 2030, the One Health Strategic Plan, and the Sustainable Development Goals (SDGs) 2 and 12, cases of foodborne illness continue to rise (Kitole et al., 2024). At the same time, Diet-Related Non-Communicable Diseases (DRNCDs) have increased by 35.7% over the past 4 years, posing significant public health and economic burdens (NBS and OCGS, 2022).

These conditions are partly driven by exposure to microbial and chemical contaminants in the food supply chain. For instance, a 2019 study by the Tanzania Pest Research Institute (TPRI) found that nearly half of vegetable samples collected from markets in Arusha contained pesticide residues, with two-thirds exceeding permissible limits (The Citizen Reporter, 2022). As 85.7% of urban and 63.4% of rural consumers in Tanzania rely on informal local markets for food (Food and Agriculture Organization, 2022; Tschirley et al., 2015), risks of contamination remain high.

In parallel, the increasing prevalence of unhealthy dietary patterns, characterized by excessive consumption of fats, sugars, salt, and refined carbohydrates, along with low intake of micronutrient-dense foods, has contributed significantly to the burden of DRNCDs (NBS and OCGS, 2016; World Food Programme, 2022).

Both structural and behavioral drivers influence these outcomes, including the functioning of food systems, and individual-level factors such as economic constraints and intrinsic consumer values (Constantinides et al., 2021; Karanja et al., 2022; Grunert, 2005). Prior studies in Sub-Saharan Africa have identified socioeconomic conditions, such as income, education, and purchasing power, as key determinants of food choice (Femi-Oladunni et al., 2023a, 2023b; McCullough et al., 2022; Wang et al., 2019). Other research has emphasized the importance of health perceptions, nutrition knowledge, cultural norms, habits, psychosocial factors (ethical, utilitarian, hedonic), and social influences (Blake et al., 2021; Femi-Oladunni et al., 2023a, 2023b).

While consumer preferences may shift in response to external conditions (Becker, 1976; Eales and Unnevehr, 1993; Shogren et al., 2000), the underlying food values that inform these preferences are relatively stable. These values are rooted in cognitive and normative beliefs about what food should offer, such as health, safety, taste, novelty, prestige, affordability, and cultural identity (Lusk and Briggeman, 2009; Rokeach, 1973).

Despite their relevance, few studies have explored food values in Sub-Saharan Africa. Notable exceptions include Antwi and Matsui (2018) in Ghana, and Femi-Oladunni et al. (2023a, 2023b) in Nigeria and Kenya, respectively. However, these studies are limited to urban settings, they assess only general food values, and do not build directly on the Lusk and Briggeman framework, which has been extended in Europe (Bazzani et al., 2018; Izquierdo-Yusta et al., 2019, 2020), the United States (Bazzani et al., 2018; Lister et al., 2017), and Asia (Bell et al., 2021; Yang et al., 2021).

This study contributes to the literature in two key ways: (1) by examining how food values vary across different shopping scenarios, and (2) by including rural consumers, many of whom are net food producers, alongside urban respondents. To this end, a hypothetical BWS experiment was conducted in selected rural and urban towns in Tanzania, capturing consumer priorities across a “basket of goods” that includes general food, bread, and tomatoes.



2 Theoretical framework

The decision to assess consumer food values in evaluating consumer preference for sustainable food attributes was based on the fact that food values are more stable. Gutman (1982) argue that it is a set of core underlying values that motivate consumer choices. Gutman further elaborates that buying a product embedded with different product attributes is usually a means to obtain a desirable state like private safety or protecting the environment. Therefore understanding consumer food values can allow coming up with interventions that can go to change stable preference.

We modified the food values created by Ardebili and Rickertsen (2023), Bazzani et al. (2018), and Lusk and Briggeman (2009) by splitting nutrition into presence of micronutrients; nutrition labeling and reduced fat; and food safety into food hygiene and free from contaminants that can cause long term side effects like Antimicrobial Resistance (AMR); aflatoxin and pesticides residues. To reflect consumer mentality in an African context, we added values with a food security aspect such as portion size and perishability; that were inspired by the shelf life and bulkiness values of Antwi and Matsui (2018), and weights and measures value of (Femi-Oladunni et al., 2023a, 2023b). Novel values like animal welfare and fairness were dropped. Furthermore during the qualitative interviews, preserved tradition, novelty and naturalness were very close and highly correlated; hence we decided to assess preference for naturalness and dropped novelty and preserved traditions. Since food labeling and certification is not common in the market place, traceability and trust were included to assess aspects of trust on the production process. See Table 1, for the list of food values.


TABLE 1 Food values and description.

	Value
	Description

 

 	Naturalness 	Extent to which food is produced without modern technology


 	Taste 	Extent to which consumption of food is appealing to the senses


 	Price 	The price that is paid for the food


 	Safety 	Extent to which consumption of food will not cause illness from contaminants like aflatoxins and pesticides residues, with long term size effects


 	Hygiene 	Extent to which consumption of food will not cause illness from bacterial resulting from poor food hygiene conditions


 	Convenience 	Ease with which food is cooked/or consumed


 	Reduced Fat 	Amount and type of fat, protein, vitamins; weight management


 	Micronutrients 	Rich in micronutrients such as Vitamin A, C, D and minerals like Iron and Zinc


 	Nutrition label 	Indicating amount of sugar, fats, salts, energy or micronutrients present


 	Portion size 	Amount or weight


 	Origin 	Where the agricultural commodities were grown


 	Perishability 	Shelf life, the length of time it can stay without going bad


 	Traceability 	Know the producer and how the product was produced


 	Trust 	Assurance that food from producers meets the quality of credence attributes (like safety and nutrition) it is expected to meet.


 	Taste 	Extent to which food looks appealing


 	Environmental Impact 	Effect of food production on the environment





Source: Modified food values created by Lusk and Briggeman (2009), Bazzani et al. (2018), and Ardebili and Rickertsen (2023).
 



3 Study objectives

To ensure a food system that supplies healthy, sustainable food for people, animals, and the planet, coordinated actions are needed across governments, farmers, distributors, supply chain actors, and consumers.

This study offers a consumer-centric perspective in a low-income African country like Tanzania, where rapid changes in the food system have exacerbated food quality and food safety concerns. These include foodborne diseases caused by poor food hygiene and chemical contamination, such as pesticide residues and antimicrobial resistance (AMR). Changes in the food system have also contributed to the triple burden of malnutrition: undernutrition, micronutrient deficiencies, and overweight or obesity. Understanding the food values—that is, the underlying food preferences—of consumers in such a dynamic setting can help in designing targeted interventions that empower consumers to drive change toward more sustainable food systems.

The study aims to assess whether consumers can act as agents of change in achieving optimal health outcomes through sustainable food consumption. By mapping food values across demographic groups, including gender and vulnerable populations, it seeks to provide tailored policy and program recommendations. These recommendations are intended to help shift underlying core values toward safety, sustainability, and nutrition. By promoting sustainable food attributes, this research contributes to advancing responsible production and consumption.



4 Study design

To answer the research question of whether Tanzania consumers can be used as a driver of change in the food system, this study employed a mixed-methods approach, where qualitative and quantitative data on food preferences, food choices, and factors influencing those choices were collected.

Qualitative data were collected through in-depth interviews and FGD (Focused Group Discussion) with key stakeholders in order to benchmark food values used in Lusk and Briggeman (2009); and understand the drivers around the food values. Insights from these interviews informed the development of the quantitative survey and were also used to complement and contextualize the quantitative findings.

Quantitative data were gathered through a structured consumer survey in which participants elicitated their food-related values using the Best-Worst Scaling (BWS) technique. This method enabled a robust assessment of the relative importance of various food values.

The integration of qualitative and quantitative data provided a comprehensive understanding of the drivers behind consumer food choices.

Ethical approval for the study was obtained from the Senate Research and Publication Committee (SRPC) of the Sokoine University of Agriculture. Hence, during the study ethical procedures were followed. All participants gave informed consent before data collection and were assured of the confidentiality and anonymity of their responses. Respondents were also informed of their right to withdraw from the study at any time without consequence.


4.1 Sampling

Data was collected in person between April and June 2023. For the exploratory study using the qualitative method, 16 consumers from rural and urban Dar es salaam were purposively selected to be included in two FGDs; and six value chain actors purposively selected for indepth interviews. For the quantitative study 750 consumers from three regions (rural and urban) in Tanzania. 150 consumers from Dar es salaam; 300 from Morogoro; where 150 were from a rural and 150 an urban town; and 300 from Kilimanjaro; where 150 were from a rural town and 150 an urban town.

Dar es Salam which is one of the fastest-growing cities in East Africa (World Bank Group, 2023); was selected due to its cosmopolitan nature, and with reported high levels of food safety incidences and DRNCD (Diet Related Non Communicable Disease). Consumers in Dar es salaam have also little or no control of the supply chain (Tschirley et al., 2015). Morogoro was selected to represent a region with moderate levels of overweight and obesity; and Kilimanjaro to represent a region with high levels of overweight and obesity (above 20%) (MoHCDGEC et al., 2018).

To understand the food values of men, women, low income consumers; middle income consumers; food shoppers and food producers; respondents were randomly selected from these segments.

To represent food shoppers, that is net food consumers, data were collected in three urban towns of Dar es salaam, Morogoro and Kilimanjaro. For net food producers; data were collected in two rural towns [one in Morogoro (Mkuyuni) and one in Kilimanjaro (Kibosho)].

To represent middle and low income consumers; data were collected from consumers residing in low and high income streets. And to ensure equal representation of men and women, we purposely included at least 40% of men in the study. The selected sample was relatively representative of the national population (See Table 2).


TABLE 2 Socio-demographic distribution.

	Study sample
	Statistics in Tanzania



	
	%
	Mean (STD)
	Median
	%
	Mean
	Median

 

 	Gender


 	Female 	56% 	 	 	51% 	 	


 	Male 	44% 	 	 	49% 	 	


 	Age (in years) 	 	 	 	 	 	


 	Mean/median 	 	45.7
 (70.9) 	42 	 	 	18


 	Education


 	No education or drop primary 	13% 	 	 	 	 	


 	Primary 	55% 	 	 	95% 	 	


 	Secondary (include high school and certificate) 	24% 	 	 	 	 	


 	University and Above (Diploma to PhD) 	8% 	 	 	 	 	


 	Monthly family income-mean/median (TZS) 	 	1,039,499
 (3,831,869) 	400,000 	 	270,000 	


 	Food expenditure (TZS) 	 	244,892
 (193,245) 	213,500 	 	560,964 	364,335


 	<10,000/day 	69% 	167,409
 (73,760) 	152,500 	 	 	233,000
 (Bottom 40%)


 	> = 10,000/day 	31% 	421,094
 (255,646) 	310,000 	 	 	490,000 (top 60%)


 	Number of people in a household (mean/median) 	 	4.7
 (1.99) 	4 	 	4.7 	


 	Families with children 	83% 	 	 	 	 	


 	Families with children under 5 years 	47% 	 	 	 	 	


 	Marital status


 	Single (never married, widow, divorced) 	32% 	 	 	50.9% 	 	


 	Married 	68% 	 	 	49.2% 	 	





All currencies are in TZS (Tanzanian Shillings). The exchange rate in April 2024 TZS 2,588 = USD 1 (Bank of Tanzania Indicative exchange rate). Income is estimated income of the household; while food expenditure was estimated in terms of household daily, weekly or monthly food expenditure.
 



4.2 Data collection


4.2.1 Qualitative data collection

Qualitative data were collected through FGDs and in-depth interviews with key stakeholders to explore underlying consumer food preferences and the contextual factors influencing them. To better understand consumer preference, choices and values across different socio-economic characteristics, two FGDs composed of eight consumers sampled from both low- and high-income quantiles were conducted. One FGDs was conducted in a rural town and one in an urban town.

Interviews were conducted with six value chain actors, including two farmers, two traders, one market standards regulator, and one policy influencer. These interviews provided a broader understanding of the systemic drivers and constraints affecting food safety and quality along the value chain.

The qualitative data offered rich insights into both stable and malleable consumer food values. Findings suggest that while certain preferences—such as food safety—appear stable across contexts, the way these values manifest differs by food type. For example, in the case of bread, concerns about added sugar content became prominent, whereas with leafy vegetables, consumers emphasized concerns about pesticide residues hence vetting for a naturally produced product. This indicates that although safety is a consistently valued attribute, its salience varies depending on perceived risk and symbolic meaning associated with different foods. The qualitative information was used to guide in selecting and modifying food values already in the literature (Ardebili and Rickertsen, 2023; Antwi and Matsui, 2018; Bazzani et al., 2018; Lusk and Briggeman, 2009).



4.2.2 Quantitative data collection

Quantitative data were collected using the Best-Worst Scaling (BWS) technique, in which consumers rated their preferences for 16 food values, including hygiene, food safety, and nutrition labeling (see Table 1 for details on the food values). The BWS technique is an extension of Thurstone’s (1927) paired comparison method, where consumers are shown a set of items and are asked to indicate which is best and which is worst.

Based on insights from the qualitative data, the 16 food values were adapted from the sets originally proposed by Lusk and Briggeman (2009) and Antwi and Matsui (2018).

To design the BWS experiment, a balanced incomplete block design (BIBD) was used to assign the 16 food values across eight choice sets (or shopping scenarios). Each choice set contained six food values. An example of one of the eight BWS choice cards is presented in Figure 1.

[image: Table titled "Choice No 1" compares food quality attributes labeled from best to worst. Attributes include nutrition with reduced fats, carbohydrates, cholesterol-free, safety from contaminants, labeling, perishability, portion size, and hygiene regarding bacterial illness. Columns for best and worst are present.]

FIGURE 1
 An example of a choice card used to rate the most important and least important attribute a consumer considers when buying food in general, bread and tomatoes. From such a choice card, consumers were asked to rate the most important food attribute and the least important food attribute that they consider when they go grocery shopping for food in general, processed food like bread, and fresh vegetables like tomatoes. For each card they rated their most and least preferred attribute for the three products separately.


In each choice set, respondents were asked to indicate which of the six food values they considered the most important and which they considered the least important when shopping for food in general, and when shopping for specific items such as bread and tomatoes.

The survey also captured respondents’ socio-economic characteristics, revealed preference data on actual food purchases, and information on the drivers of their food choices.


4.2.2.1 Products

This study adds value to the existing literature on consumer food values (Antwi and Matsui, 2018; Ardebili and Rickertsen, 2023; Bazzani et al., 2018; Femi-Oladunni et al., 2021, 2023a, 2023b; Izquierdo-Yusta et al., 2019, 2020; Lister et al., 2017; Lusk and Briggeman, 2009) by examining how these values may vary depending on the type of food product. Informed by qualitative findings, the study investigates consumer preferences from three perspectives: food in general, a processed food item (bread), and a raw vegetable (tomatoes).

While previous studies have predominantly assessed food values in a general context, this study applies the Best-Worst Scaling (BWS) technique to a “basket of goods” that includes:- food in general, bread, and tomatoes. This approach makes it possible to assess whether consumer food values are product-specific as the qualitative data informs or relatively stable across different food categories.

Tomatoes were selected to represent raw vegetables due to their wide consumption in Tanzanian households, where they are used in a variety of dishes across both rural and urban settings (Reardon et al., 2024). They are also strongly associated with food safety concerns. Wenaty and Mkojera (2024) highlight increasing public awareness regarding pesticide use in tomato farming, while Fundikira et al. (2023) document concerns about the health effects of pesticide residues. Additionally, tomatoes are consumed both raw and cooked, making them particularly relevant for exploring food safety concerns linked to both microbial contamination (e.g., foodborne illnesses) and chemical contamination (e.g., pesticide residues).

Bread was chosen as a representative processed food, given its rising consumption in Tanzania and its role as a convenient, affordable, and widely accessible product (Sauer et al., 2021). Bread also serves as an illustrative example of ultra-processed foods, which often prompt value-based trade-offs among attributes such as taste, nutrition, safety, sustainability, and ethics. As one of the most commonly consumed processed items in both rural and urban contexts, bread provides a useful lens through which to assess consumer decision-making in relation to processed foods.

By analyzing consumer food values across different product types, this study offers new insights into the extent to which food preferences are shaped by the nature of the product itself, thereby deepening understanding of consumer behavior within dynamic, low-income food systems.





4.3 Data analysis

To answer the research question, a count model was used to analyze consumer food values rated through the Best-Worst scaling technique. In addition, a Random Parameter Logit (RPL) model was estimated using an ordered logistic regression, where 1 represented the best choice, 0 a neutral (non-choice), and −1 the worst choice. The RPL model was run for the entire sample and across different income groups, gender, age and location.

Qualitative data from interviews and FGDs were translated, transcribed and analyzed using ATLAS.ti software. Results from the qualitative analysis informed the design of the quantitative research and were used to complement findings from the quantitative analysis, including the word count results.


4.3.1 Word count

The ATLAS software was used to generate the word cloud for the different segments in the population. Both maps for the best attributes and worst attributes were mapped by different categories.



4.3.2 Count model

Following the count method used in Ola and Menapace, (2020); this study calculated the total number of times each attribute was selected as the “most important” and as the “least important”; then the difference between the most important total and least important total for each attribute was calculated. This was used to rank the relative importance of each of the attributes. Additionally, to show how important a food value is in relation to all 16 values, the share of food values was calculated by determining the percentage of consumers selecting a given value as their best option. All data were analyzed using Stata 15.



4.3.3 Ordered logit model

Since the outcome variable representing consumer preference for food values is ordinal with three ordered categories (−1 = worst, 0 = neutral, 1 = best), we employed an ordered logit model to analyze how consumers rank food value across different categories.

The dependent variable Yit captures importance of food value “t” by respondent “i” coded as:

Yit=1if the food value was chosenastheleast important(worst),

Yit=0if the food value wasnot selected(neutral),

Yit=1if the food value was chosenasthemost important(best).

LetXitbeavector of dummy variables representing the foodvalue presented in each choiceset.

The ordered logit model estimates the latent preference score Yit* as:

Yit∗=Xitβ+εit

Where:

Yit∗is the unobserved latent preference foragiven food value,

βis the vector of coefficients tobeestimated,

εitisalogistic distributed error term.

To ensure the model is fit, we compared the goodness of fit for ologit with the goodness of fit obtained by fitting mixed logit and latent class conditional logit (lclogit2) model. We decided to use the ordered logit model because the outcome variable could accommodate −1, 0 and 1.





5 Results

The purpose of this study was to assess if through sustainable food consumption. A consumer can be used as a driver of change in achieving optimal health outcomes. As a player in the food system, consumer preference for sustainable food attributes can contribute to driving change toward a sustainable food system. Hence, this study strives to understand consumer preference for different food attributes by understanding consumes’ underlying core food values.


5.1 Consumer food values: word count analysis

To understand consumers’ underlying food values, participants ranked their most and least preferred attributes across 16 food dimensions, including hygiene, safety, and nutrition labeling. The word count analysis revealed that food safety is highly valued by Tanzanian consumers. However, their attention tends to focus more on immediate concerns, such as hygiene and spoilage, rather than long-term risks such as antimicrobial resistance (AMR), aflatoxins, or pesticide residues (see Figure 2).

[image: Word cloud with "hygiene" prominently in large red text at the center. Other words like "price," "micronutrients," "naturalness," and "safety" are scattered around in varying sizes and colors, including yellow and orange, indicating different levels of emphasis.]

FIGURE 2
 Word cloud showing the most important food values Tanzanian consumers posses.


This pattern is consistent across consumer subgroups (rural vs. urban, low vs. high income, women vs. men, and younger vs. older individuals), as well as across different shopping scenarios (see Figure 3).

[image: Four panels show food values based on categories. Panel (A) compares values by income: low-income consumers prioritize hygiene and price, while high-income focus on hygiene and micronutrients. Panel (B) shows urban consumers value hygiene and price, while rural consumers emphasize hygiene and micronutrients. Panel (C) depicts female consumers focusing on hygiene and price, and male consumers on hygiene and micronutrients. Panel (D) contrasts youth consumers valuing hygiene and micronutrients, and elderly emphasizing hygiene, micronutrients, and price. Font size indicates importance, with "hygiene" being prominent.]

FIGURE 3
 Word cloud showing the most important food value for different consumer groups. (A) Word cloud comparing food values for low and high income consumers. (B) Word cloud comparing food values across urban and rural consumers. (C) Word cloud comparing food values across female and male consumers. (D) Word cloud showing food values across youth and older consumers.




5.2 Consumer food values: count model results

The count model results supported the word count analysis. In general food shopping, the top-ranked values were hygiene, freshness, and long-term safety (i.e., absence of contaminants). However, when consumers were shopping for specific products such as tomatoes and bread, price and hygiene emerged as the most important food values (see Figures 4, 5).

[image: Bar chart titled "Values Scored Across Three Shopping Scenarios" compares total scores for bread, tomatoes, and food across various values such as micronutrients, price, convenience, and safety. Each value is scored differently, with food generally scoring higher in safety, hygiene, and environment, while tomatoes score highest in reduced fat and size. Bread maintains moderate scores, particularly in price and freshness.]

FIGURE 4
 Consumer food values scored across three shopping scenarios. In the best-worst scaling technique the best option was given a + 1 score, worst or least important a − 1 score, and the unchosen a 0 score, hence the score for each value is the sum of the best, worse and unchosen.


[image: Bar chart titled "Consumer Share of Food Values Across Three Shopping Scenarios" compares the share of food values for food, tomatoes, and bread across sixteen values. Notable values include high shares in hygiene for bread, sensory for food, and price for tomatoes. The x-axis shows the total share percentage, while the y-axis lists the values like micronutrients and naturalness.]

FIGURE 5
 Consumer share of food values across the 16 values.


Consistently across all three shopping scenarios, consumers were likely to discard nutrition labeling, environmental impact, portion size, traceability, convenience, and sensory attributes when making food choices (see Figure 4).



5.3 Consumer food values: random parameter logit model results

The Random Parameter Logit (RPL) model was used to evaluate the relative importance of 16 food values across three shopping contexts: general food shopping, purchasing tomatoes, and purchasing bread.

Hygiene emerged as the most influential factor across all three scenarios, significantly increasing the likelihood of a product being chosen. Specifically, the presence of hygiene-related attributes increased the probability of choosing an option by 30% in general food shopping, 29% when buying tomatoes, and 21% when buying bread (see Table 3).


TABLE 3 Consumer food values: results from the Random Parameter Logit (RPL) Model.

	Values
	Bread
 dy/dx
	Food
 dy/dx
	Tomatoes
 dy/dx

 

 	Reduced fat 	14.5%***(0.00867) 	9.7%*** (0.00571) 	16.5%*** (0.00860)


 	Traceability 	9.0%*** (0.00946) 	−6.1%*** (0.00680) 	8.1%***(0.0116)


 	Nutrition Label 	−0.3%(0.0081) 	2.3%*** (0.00648) 	−3.7%*** (0.00698)


 	Perishability 	5%*** (0.00851) 	9.1%*** (0.00615) 	−1.8%** (0.0074)


 	Size 	−0.1% (0.00928) 	−3.9%*** (0.00855) 	−6.6%***(0.0086)


 	Hygiene 	21.2%***(0.00892) 	29.9%*** (0.00653) 	28.5%*** (0.00869)


 	Trust 	14.6%*** (0.00767) 	0.05% (0.0080) 	10.1%***(0.00577)


 	Safety 	2.4%*** (0.00816) 	25.4%***(0.00708) 	−3.5%***(0.00683)


 	Origin 	10.8%*** (0.00830) 	−2.6%***(0.00723) 	5.3%***(0.00725)


 	Freshness 	12.9%***(0.00754) 	26%***(0.00682) 	9.2*** (0.00524)


 	Convenience 	0.9% (0.00770) 	−1% (0.00707) 	4.8%*** (0.00545)


 	Naturalness 	16.6%*** (0.00876) 	12%*** (0.00712) 	17.8%*** (0.0095)


 	Price 	20.9%*** (0.00752) 	1.6%*(0.00859) 	25.9%***(0.00644)


 	Sensory 	9.2%*** (0.00811) 	5.4%***(0.0074) 	4.7%***(0.00666)


 	Micronutrients 	11.4%*** (0.00889) 	17.7%*** (0.00704) 	18.0%***(0.00734)


 	Environmental Friendly 	. 	. 	.


 	cut1 	−0.980*** (0.0417) 	−1.115*** (0.0360) 	−1.181*** (0.0412)


 	cut2 	2.424*** (0.0439) 	2.511*** (0.0380) 	2.576*** (0.0439)


 	N 	36,432 	36,432 	36,432


 	p 	0 	0 	0





Standard errors in parentheses. *p < 0.10; **p < 0.05; ***p < 0.001. Food hygiene stands out across all shopping options.
 

In product-specific contexts, price also played a critical role, increasing choice probability by 26% for tomatoes and 21% for bread. However, in the general food shopping context, freshness (26%) and safety (25%) were more influential than price, which had only a marginal effect of 2%.



5.4 Food values across shopping scenarios

The findings show that while some values are product-specific, others are consistent across all shopping scenarios (see Table 3; Figures 4, 5). For example, hygiene, price, nutrition (both reduced fat and micronutrients), naturalness, sensory attributes, and freshness were universally valued. In contrast, safety, product shelf life, traceability, and origin varied by the shopping scenario. Specifically, safety and shelf life were important for bread and general food shopping but not for tomatoes. Meanwhile, product origin was relevant when shopping for a specific product, but less so in general shopping scenarios.

Portion size, although not statistically significant for bread, was generally discarded across shopping scenarios.



5.5 Food values across demographic segments

Across all income levels, hygiene, price, and naturalness consistently ranked as top food values. However, price and portion size were especially important for low-income consumers when buying bread (Table 4). Additionally, long shelf life was strongly preferred across all income groups when buying bread (p < 0.001), but it was not considered important when buying tomatoes.


TABLE 4 Food values across income.

	Values
	Bread
	Tomatoes



	Low income
 dy/dx
	Middle income
 dy/dx
	High income
 dy/dx
	Low income
 dy/dx
	Middle income
 dy/dx
	High income
 dy/dx

 

 	Reduced fat 	1.745*** (14.99) 	0.767*** (7.97) 	0.960*** (8.20) 	1.353*** (11.21) 	1.270*** (12.63) 	1.306*** (10.31)


 	Traceability 	0.853*** (6.13) 	0.546*** (5.38) 	0.698*** (5.53) 	0.241 (1.51) 	0.725*** (5.60) 	0.901*** (5.66)


 	Perishability 	0.738*** (6.21) 	0.142 (1.52) 	0.297* (2.55) 	−0.187 (−1.67) 	−0.0935 (−1.04) 	−0.185 (−1.71)


 	Size 	0.839*** (6.11) 	−0.377*** (−3.73) 	−0.239 (−1.82) 	−0.222 (−1.54) 	−0.573*** (−5.81) 	−0.712*** (−5.55)


 	Hygiene 	2.012*** (15.42) 	1.347*** (13.91) 	1.492*** (12.74) 	2.027*** (14.58) 	2.301*** (22.04) 	2.387*** (18.85)


 	Trust 	1.489*** (14.47) 	0.862*** (9.88) 	0.996*** (9.89) 	0.813*** (9.74) 	0.901*** (12.56) 	0.643*** (7.90)


 	Safety 	0.318** (2.83) 	0.0430 (0.48) 	0.251* (2.22) 	−0.518*** (−5.28) 	−0.237** (−2.90) 	−0.105 (−1.01)


 	Origin 	1.348*** (12.04) 	0.568*** (6.05) 	0.684*** (6.10) 	0.534*** (4.94) 	0.509*** (5.75) 	0.206* (2.03)


 	Freshness 	1.408*** (13.99) 	0.693*** (8.08) 	0.898*** (8.99) 	0.751*** (10.07) 	0.755*** (11.56) 	0.672*** (8.73)


 	Naturalness 	1.835*** (15.58) 	0.946*** (9.68) 	1.065*** (9.03) 	1.440*** (11.26) 	1.449*** (13.80) 	1.309*** (9.89)


 	Price 	2.136*** (20.95) 	1.294*** (15.42) 	1.465*** (14.82) 	1.971*** (21.75) 	2.049*** (26.76) 	2.098*** (22.21)


 	Sensory 	1.259*** (11.54) 	0.410*** (4.51) 	0.587*** (5.33) 	0.476*** (4.83) 	0.382*** (4.76) 	0.259** (2.67)


 	Micronutrients 	1.043*** (7.90) 	0.762*** (7.92) 	0.713*** (6.22) 	1.460*** (15.28) 	1.414*** (16.04) 	1.392*** (12.42)


 	Nutrition Label 	0.232* (2.03) 	−0.156 (−1.73) 	−0.0776 (−0.69) 	0.67584 	−0.299*** (−3.61) 	−0.310** (−2.92)


 	Convenience 	0.0821 (0.76) 	0.109 (1.22) 	0.0163 (0.16) 	0.554*** (8.05) 	0.340*** (5.01) 	0.264** (3.04)


 	Environmental Friendly 	. 	. 	. 	. 	. 	.


 	Cut1 	−0.648*** (−8.36) 	−1.157*** (−18.07) 	−1.046*** (−13.64) 	−1.112*** (−17.24) 	−1.097*** (−19.80) 	−1.153*** (−16.46)


 	Cut2 	2.870*** (34.24) 	2.215*** (33.33) 	2.345*** (29.20) 	2.496*** (36.84) 	2.537*** (43.40) 	2.507*** (33.84)


 	N 	10,032 	15,696 	10,704 	10,032 	15,696 	10,704





Statistics in parentheses. *p < 0.05; **p < 0.01; ***p < 0.001.
 

Among different age groups (youth, adults, and older consumers), hygiene and price remained the highest-ranked values. Both the youth and elderly placed more emphasis on price when buying bread. Nutrition was positively valued across all age groups, with a preference for reduced fat in bread and micronutrients in tomatoes (p < 0.001). Sensory qualities, freshness, product origin, traceability, and trust were also widely appreciated across all age groups.

Interestingly, differences by age were most evident in preferences for portion size: youth valued portion size when buying bread, whereas adults and older consumers did not consider it important for either bread or tomatoes. These results were statistically significant for tomatoes only (see Table 5).


TABLE 5 Food values across ages.

	Values
	Bread
	Tomatoes



	Youth
 dy/dx
	Adult
 dy/dx
	Elderly
 dy/dx
	Youth
 dy/dx
	Adult
 dy/dx
	Elderly
 dy/dx

 

 	Reduced fat 	1.210*** (0.103) 	0.915*** (0.103) 	1.185*** (0.125) 	1.286*** (0.113) 	1.233*** (0.108) 	1.425*** (0.123)


 	Traceability 	0.517*** (0.115) 	0.748*** (0.111) 	0.793*** (0.135) 	0.503*** (0.150) 	0.776*** (0.131) 	0.620*** (0.173)


 	Perishability 	0.431*** (0.105) 	0.273** (0.101) 	0.355** (0.121) 	−0.229** (0.0969) 	−0.136 (0.0940) 	−0.0442 (0.119)


 	Size 	0.198* (0.112) 	−0.219* (0.114) 	−0.00324 (0.140) 	−0.646*** (0.111) 	−0.690*** (0.113) 	−0.0927 (0.136)


 	Hygiene 	1.534*** (0.111) 	1.539*** (0.103) 	1.653*** (0.127) 	2.280*** (0.120) 	2.240*** (0.107) 	2.226*** (0.140)


 	Trust 	1.292*** (0.0943) 	0.862*** (0.0894) 	1.081*** (0.108) 	0.831*** (0.0735) 	0.785*** (0.0706) 	0.777*** (0.0966)


 	Safety 	0.0681 (0.0982) 	0.198** (0.0980) 	0.318** (0.117) 	−0.420*** (0.0898) 	−0.160* (0.0850) 	−0.260** (0.109)


 	Origin 	1.075*** (0.102) 	0.615*** (0.0975) 	0.751*** (0.119) 	0.427*** (0.0928) 	0.370*** (0.0914) 	0.504*** (0.115)


 	Freshness 	1.113*** (0.0926) 	0.726*** (0.0885) 	1.053*** (0.106) 	0.726*** (0.0684) 	0.711*** (0.0653) 	0.758*** (0.0853)


 	Naturalness 	1.401*** (0.104) 	1.061*** (0.103) 	1.216*** (0.127) 	1.418*** (0.116) 	1.344*** (0.113) 	1.475*** (0.134)


 	Price 	1.652*** (0.0904) 	1.406*** (0.0890) 	1.711*** (0.106) 	2.074*** (0.0845) 	2.001*** (0.0787) 	2.050*** (0.0983)


 	Sensory 	0.894*** (0.0985) 	0.488*** (0.0957) 	0.725*** (0.117) 	0.339*** (0.0864) 	0.318*** (0.0848) 	0.494*** (0.104)


 	Micronutrients 	0.917*** (0.107) 	0.749*** (0.105) 	0.820*** (0.129) 	1.503*** (0.0925) 	1.348*** (0.0913) 	1.409*** (0.114)


 	Nutrition Label 	0.0113 (0.0982) 	−0.0685 (0.0993) 	−0.00798 (0.117) 	−0.363*** (0.0914) 	−0.314*** (0.0884) 	−0.161 (0.110)


 	Convenience 	0.177* (0.0958) 	0.0126 (0.0949) 	0.0202 (0.111) 	0.472*** (0.0695) 	0.295*** (0.0696) 	0.377*** (0.0878)


 	Environmental Friendly 	. 	. 	. 	. 	. 	.


 	cut1 	−0.905***(0.0688) 	−1.077***(0.0690) 	−0.948***(0.0808) 	−1.154***(0.0604) 	−1.133*** (0.0570) 	−1.039***(0.0730)


 	cut2 	2.524*** (0.0729) 	2.307*** (0.0722) 	2.477***(0.0852) 	2.514***(0.0638) 	2.487*** (0.0599) 	2.554***(0.0772)


 	N 	13,056 	14,112 	9,264 	13,056 	14,112 	9,264


 	p 	9.79E-183 	1.65E-150 	2.28E-127 	0 	0 	7.10E-207





Standard errors in parentheses. *p < 0.10; **p < 0.05; ***p < 0.001.
 

Both men and women prioritized price, hygiene, and naturalness. Nutrition and trust were also important across genders, with strong preferences for reduced fat in bread and micronutrients in tomatoes (see Table 6). There were no major gender differences regarding shelf life; both men and women valued it when buying bread but not when buying tomatoes. However, results were significant only among women for bread and men for tomatoes.


TABLE 6 Food values across gender.

	Values
	Bread
	Tomatoes



	Female
 dy/dx
	Male
 dy/dx
	Female
 dy/dx
	Male
 dy/dx

 

 	Reduced fat 	1.207*** (0.0841) 	0.940*** (0.0947) 	1.313*** (0.0873) 	1.285*** (0.100)


 	Traceability 	0.770*** (0.0903) 	0.563*** (0.106) 	0.646*** (0.112) 	0.635*** (0.133)


 	Perishability 	0.527*** (0.0837) 	0.133 (0.0931) 	−0.0767 (0.0789) 	−0.233** (0.0878)


 	Size 	0.170* (0.0950) 	−0.242** (0.102) 	−0.434*** (0.0922) 	−0.636*** (0.103)


 	Hygiene 	1.654*** (0.0867) 	1.459*** (0.0975) 	2.215*** (0.0925) 	2.292*** (0.105)


 	Trust 	1.253*** (0.0750) 	0.842*** (0.0828) 	0.876*** (0.0617) 	0.702*** (0.0663)


 	Safety 	0.274*** (0.0775) 	0.0642 (0.0934) 	−0.244*** (0.0711) 	−0.322*** (0.0822)


 	Origin 	1.042*** (0.0825) 	0.532*** (0.0890) 	0.523*** (0.0772) 	0.301*** (0.0833)


 	Freshness 	1.077*** (0.0731) 	0.785*** (0.0827) 	0.778*** (0.0561) 	0.664*** (0.0611)


 	Naturalness 	1.401*** (0.0854) 	0.998*** (0.0949) 	1.445*** (0.0917) 	1.349*** (0.105)


 	Price 	1.658*** (0.0729) 	1.463*** (0.0814) 	2.030*** (0.0664) 	2.047*** (0.0749)


 	Sensory 	0.864*** (0.0796) 	0.480*** (0.0882) 	0.438*** (0.0705) 	0.286*** (0.0777)


 	Micronutrients 	0.831*** (0.0900) 	0.815*** (0.0921) 	1.401*** (0.0765) 	1.437*** (0.0835)


 	Nutrition Label 	0.0514 (0.0802) 	−0.120 (0.0902) 	−0.259*** (0.0731) 	−0.334*** (0.0836)


 	Convenience 	0.0308 (0.0789) 	0.123 (0.0835) 	0.365*** (0.0587) 	0.394*** (0.0631)


 	Environmental Friendly 	. 	. 	. 	.


 	cut1 	−0.880***(0.0558) 	−1.109***(0.0626) 	−1.077***(0.0481) 	−1.165***(0.0545)


 	cut2 	2.542***(0.0592) 	2.283***(0.0653) 	2.532***(0.0507) 	2.486***(0.0575)


 	N 	20,208 	16,224 	20,208 	16,224


 	p 	1.76E-280 	1.73E-185 	0 	0





Standard errors in parentheses. *p < 0.10; **p < 0.05; ***p < 0.001.
 

Differences emerged in relation to portion size: while it was generally deemed unimportant, female consumers considered it important when buying bread (p < 0.05).

Hygiene and price were consistently top-ranked across both urban and rural consumers. Price was especially important among urban consumers when buying bread. Naturalness, nutrition (reduced fat and micronutrients), trust, traceability, product origin, freshness, and sensory attributes were also valued across both settings. In contrast, portion size was generally discarded, except among rural consumers when purchasing bread. The preference was statistically significant across all segments (see Table 7).


TABLE 7 Food values across location.

	Values
	Bread
	Tomatoes



	Urban
 dy/dx
	Rural
 dy/dx
	Urban
 dy/dx
	Rural
 dy/dx

 

 	Reduced fat 	0.932*** (0.0808) 	1.333*** (0.100) 	1.244*** (0.0862) 	1.387*** (0.102)


 	Traceability 	0.485*** (0.0890) 	0.977*** (0.109) 	0.631*** (0.113) 	0.657*** (0.133)


 	Perishability 	0.179** (0.0802) 	0.618*** (0.0987) 	−0.210** (0.0749) 	−0.0477 (0.0944)


 	Size 	−0.244** (0.0872) 	0.353** (0.115) 	−0.697*** (0.0848) 	−0.240** (0.117)


 	Hygiene 	1.366*** (0.0834) 	1.880*** (0.103) 	2.264*** (0.0899) 	2.226*** (0.109)


 	Trust 	0.976*** (0.0719) 	1.217*** (0.0879) 	0.795*** (0.0579) 	0.804*** (0.0724)


 	Safety 	0.0637 (0.0794) 	0.360*** (0.0901) 	−0.304*** (0.0701) 	−0.240** (0.0838)


 	Origin 	0.650*** (0.0776) 	1.068*** (0.0972) 	0.367*** (0.0722) 	0.511*** (0.0916)


 	Freshness 	0.889*** (0.0718) 	1.037*** (0.0844) 	0.713*** (0.0536) 	0.749*** (0.0650)


 	Naturalness 	1.027*** (0.0811) 	1.526*** (0.102) 	1.359*** (0.0896) 	1.469*** (0.109)


 	Price 	1.445*** (0.0699) 	1.769*** (0.0864) 	2.040*** (0.0647) 	2.034*** (0.0774)


 	Sensory 	0.571*** (0.0767) 	0.882*** (0.0929) 	0.311*** (0.0669) 	0.462*** (0.0835)


 	Micronutrients 	0.801*** (0.0795) 	0.857*** (0.110) 	1.435*** (0.0727) 	1.391*** (0.0894)


 	Nutrition Label 	−0.125 (0.0773) 	0.130 (0.0950) 	−0.354*** (0.0707) 	−0.198** (0.0878)


 	Convenience 	0.155** (0.0734) 	−0.0508 (0.0916) 	0.397*** (0.0557) 	0.351*** (0.0676)


 	Environmental friendly 	. 	. 	. 	.


 	cut1 	−1.085*** (0.0541) 	−0.824*** (0.0654) 	−1.157*** (0.0469) 	−1.054*** (0.0563)


 	cut2 	2.303*** (0.0565) 	2.621*** (0.0696) 	2.491*** (0.0495) 	2.543*** (0.0593)


 	N 	22,128 	14,304 	22,128 	14,304


 	p 	2.48E-255 	1.83E-216 	0 	0





Standard errors in parentheses. *p < 0.10; **p < 0.05; ***p < 0.001.
 




6 Discussion


6.1 Consumer food values and their implications for a sustainable food system

This study highlights that while Tanzanian consumers strongly value food safety, their interpretation is predominantly shaped by short-term concerns, particularly hygiene and spoilage. These attributes, which reflect immediate risks, appear to take precedence over long-term food safety hazards such as antimicrobial resistance (AMR), pesticide residues, or aflatoxins. This prioritization likely stems from sustained public health messaging and regulatory focus on hygiene and sanitation. For example, national and local regulations, such as the Food Safety Regulations, the Urban Planning Act No. 8 of 2007, the Public Health Act No. 1 of 2009, and various municipal by-laws place considerable emphasis on hygiene and environmental protection.

The focus on hygiene is also historically grounded. Outbreaks of waterborne diseases like cholera and typhoid have shaped public perceptions of food safety. In 2016, for instance, Tanzania recorded approximately 15,000 cholera cases and 200 deaths, with children under five accounting for 10% of the cases (World Health Organization, 2018). This public health context reinforces why hygiene is seen as a critical food value by consumers.

Our findings also align with earlier studies done in Tanzania and other African contexts that identified consumer preferences for food safety attributes tied to both short and long-term risks (Alphonce and Alfnes, 2012, 2017; Constantinides et al., 2021; Chilenga et al., 2024; Femi-Oladunni et al., 2021; Femi-Oladunni et al., 2023b; Mashego, 2023; Yahaya et al., 2015). However, this study distinguishes itself by disaggregating food safety into short-term and long-term dimensions, revealing that consumers prioritize short-term safety more strongly.

In addition to hygiene, price and nutrition emerged as key food values—particularly when shopping for specific items. This is in line with previous findings that places price at the center of utilitarian consumers (Femi-Oladunni et al., 2023b), and nutritional content among both utilitarian and ethical consumer segments (Alphonce et al., 2020; Femi-Oladunni et al., 2023a, 2023b). Interestingly, in this study, price was less influential in the general food shopping context, suggesting that its importance is more salient when consumers evaluate specific, frequently purchased items.

Regarding values that were consistently discarded, our findings are consistent with previous literature on the low prioritization of portion size and environmental impact (Alphonce and Alfnes, 2012; Duvenage et al., 2010; Femi-Oladunni et al., 2021; Femi-Oladunni et al., 2023a, 2023b). For example, Femi-Oladunni et al. (2023a) reported that weight and measurement were among the least appreciated food values among Nigerian consumers. Similarly, Femi-Oladunni et al. (2023b) reported weight and measurement as the least important value among consumers in the ethical group, however, their study found that consumers in the utilitarian group placed importance on weight and measurement.

Furthermore, Alphonce and Alfnes (2012) reported that consumers in Tanzania were willing to pay more for smaller tomato portions(200 g) compared to larger tomato portions (e.g., 500 g and 1,000 g). Although this is against economic theory, some of the explanation include those stipulated by Duvenage et al. (2010), who reported that lower-income South African consumers preferred smaller packaging sizes, such as smaller bags of maize meal, not only due to affordability constraints but also possibly to preserve freshness. These insights align with our qualitative findings, which suggested that preference for smaller portions may also stem from a desire for freshness, particularly in small household size where larger quantities might lead to staleness and spoilage. For instance, a household might choose a smaller loaf of bread or a few tomatoes for daily consumption to ensure preserved freshness and avoid leftovers. Duvenage et al. (2010) further emphasized that packaging size was often prioritized over affordability, reinforcing the potential role of freshness as an underlying motive.

On another note, in line with our study, Femi-Oladunni et al. (2023b) found that environmental impact was among the least important values among Kenyan consumers; however, it gained prominence within the ethical consumer group.

In contrast to our findings, Antwi and Matsui (2018) and Femi-Oladunni et al. (2023b) reported that some consumer segments, place high importance on weight and measurement, and environmental impact. These differences highlight the role of context-specific factors in shaping food value preferences. Contextual elements such as culture, consumer group (whether utilitarian or ethical), household size, income dynamics, and supply chain characteristics all influence how consumers value different food attributes. Hence, to steer consumer behavior toward more sustainable consumption and production patterns, targeted interventions are essential.



6.2 Comparing product-specific and general food values

Despite a consistent preference for food hygiene across various shopping contexts, a noticeable discrepancy emerges between general food shopping values and product-specific choices. For instance, differences in the importance placed on long-term food safety and price may be attributed to distinctions between consumers’ stable and malleable preferences, stated versus revealed preferences, or market limitations such as product availability and information credibility.

It is likely that when consumers rate their preferences in the context of general grocery shopping, they express more stable, underlying values, normative or cognitive in nature, without fully accounting for practical market constraints. In contrast, when making decisions about specific food products such as tomatoes or bread, their preferences become more situational and adaptive, shaped by immediate market conditions. As a result, attributes like “freedom from contaminants with long-term health effects” may be discarded in contexts where such characteristics are not easily observable or available. Unavailability could be due to lack of labeling, certification, affordability, or supply.

In product-specific contexts, consumers’ revealed preferences are clearly influenced by market realities. A typical Tanzanian food market has unregulated informal food vendors, hence certified or differentiated labeled products are rare (Grace, 2015; Holdsworth et al., 2020; Kissoly et al., 2025). This limits consumers’ ability to choose based on explicit food safety attributes, instead, they rely on alternative indicators such as traditional, natural, or local varieties to infer product safety (Isanovic et al., 2023). Consistent with existing literature on consumer preference for naturally produced or organic-labeled foods (Alphonce and Alfnes, 2012; Alphonce and Alfnes, 2017; Yahaya et al., 2015), this study found that approximately two-thirds of sampled consumers preferred naturally produced eggs and chicken breeds, referred to as “Kienyeji” and translated as local breeds normally produced with minimum inputs. Furthermore, an analysis on the reasons behind product choices revealed that accessibility, nutrition, and perceived safety were key drivers for selecting local varieties that were often associated with naturalness. In contrast, accessibility, price, and sensory attributes were the primary considerations for choosing more generic options, such as conventional or pure breed of eggs and chicken. These findings reinforce the idea that while food safety is a stable consumer value, it may be compromised when market conditions limit the availability or recognition of safer alternatives.

Consumer preferences for food safety in general shopping contexts align with findings from both hypothetical (stated preference) and non-hypothetical (revealed preference) studies conducted in Tanzania and other African countries (Alphonce and Alfnes, 2012; Alphonce and Alfnes, 2017; Chilenga et al., 2024; Muhenga and Alphonce, 2023; Yahaya et al., 2015).

Interestingly, while perishability is prioritized during general food shopping, it is discarded when consumers evaluate specific products like tomatoes and bread. This may be due to a perceived trade-off between a prolonged shelf life (ie reduced post-harvest losses) and naturalness. For example, a long shelf life in tomatoes is often associated with use of chemical preservatives, which contradicts a preference for natural products. Similarly, for bread, extended shelf life is equated with staleness, opposing consumer preferences for freshness. These examples suggest that core values such as naturalness and freshness become more salient in product-specific contexts, leading consumers to discount shelf life as a desirable attribute.

These findings highlight the importance of examining product-specific preferences when seeking to understand consumers’ actual food values and behaviors. To better isolate true preferences and minimize hypothetical bias, future research should consider using non-hypothetical scenarios involving real products for specific food items.



6.3 Heterogeneity in food values

Across socio-economic groups (age, gender, income, and location), food hygiene consistently emerges as the most important value, followed by price. However, for low-income consumers, price is the primary concern when purchasing bread, highlighting affordability as a key driver. This aligns with earlier studies (Duvenage et al., 2010; Femi-Oladunni et al., 2023a; McCullough et al., 2022), which show stronger price sensitivity among lower-income groups. For example, Femi-Oladunni et al. (2023a) found that Nigerian consumers with lower incomes prioritized price, while McCullough et al. (2022) noted that maize prices in Tanzania significantly affects dietary energy and nutrient intake for poorer households than for wealthier ones.

Preferences for attributes such as portion size, shelf life, and food safety vary notably across demographic groups. In line with Caputo et al., 2025, Chambers et al., 2008, and Femi-Oladunni et al. (2023b), women and older consumers tend to value food safety more than men and younger individuals. This may reflect greater health awareness among women and older consumers, and women’s traditional role in household food decisions (Milovanova et al., 2024). Low-income, women, and younger consumers prioritize portion size, possibly due to budget limitations (McCullough et al., 2022).

Interestingly, across all groups, portion size is not a significant factor when purchasing tomatoes. This aligns with Alphonce and Alfnes (2012), who found that Tanzanian consumers preferred smaller portions (200 g), likely due to concerns about freshness and perishability.

Shelf life, especially for bread, is more important for low-income and female consumers. This suggests a trade-off between freshness and food security, where longer shelf life is valued for its potential to reduce waste and extend food availability. Similar conclusions were drawn by Femi-Oladunni et al. (2023b) and McCullough et al. (2022), who reported that low-income consumers prioritize quantity-related attributes over micronutrient quality.

Despite some variation, consumers across all groups consistently value hygiene, price, nutrition (including reduced fat and micronutrients), sensory appeal, naturalness, freshness, product origin, and trust. These insights are valuable for food producers, marketers, and policymakers. While core values have broad appeal, designing targeted intervention to shift values for specific demographic groups such as promoting food safety awareness among men, can contribute to more sustainable consumption and production practices.




7 Conclusion, recommendations, and implications


7.1 Conclusion and recommendations

The purpose of this study was to assess if a consumer in Tanzania can be sustainable in their food consumption, hence become a driver of change in achieving optimal health outcomes (safer and healthier humans, animals, plants, and environments). As a key player in the food system, consumer preference for sustainable food attributes can significantly influence progress toward a sustainable food system. This study assessed consumers’ more stable preferences, referred to as food values—to provide recommendations on interventions that can nurture or shift positive values toward healthier and safer food choices.

The study concludes that across all segments of the population, food safety emerges as the most important food value. However, consumers tend to prioritize immediate concerns, such as food hygiene and spoilage, over long-term risks from contaminants like aflatoxins, pesticide residues, and antimicrobial resistance (AMR). This prioritization can partly be attributed to the government’s emphasis on food hygiene and sanitation in local food safety standards, as well as poor access to such foods in the local food markets or consumer food environment. Historical incidences of waterborne diseases, such as cholera and typhoid, have also reinforced the focus on hygiene in the local food markets and among consumers.

Price, nutrition, and naturalness also rank among the top four food values for consumers. Naturalness, defined as being free from artificial ingredients and produced without chemical fertilizers or pesticides, reflects a strong consumer preference for products free from contaminants such as AMR and pesticide residues. On the other hand, despite the importance of nutrition, consumers’ preferences do not appear to include nutrition labeling, which is essential for informed decision-making.

These findings suggest that while Tanzanian consumers can contribute to building a sustainable food system, this potential is not yet fully realized. For consumers’ stable food values to be reflected in actual food choices, targeted efforts are needed to improve the food environment and enhance the salience of these values at the point of purchase. Interventions should address key product attributes such as price, trust, freshness, sensory appeal, and accessibility. Additionally, behavior change strategies must be tailored to specific consumer segments to promote underemphasized values such as concern for environmental impact.

To achieve this, several strategic interventions are recommended. First, public education campaigns should build on the strong existing concern for food safety by broadening awareness beyond hygiene and spoilage to include the risks posed by long-term contaminants such as aflatoxins, pesticide residues, and AMR. Second, enhancing access to safer, more natural, and nutritious food options—particularly in local markets—should be a policy priority. Third, efforts should be made to promote the use and understanding of food labeling to support informed consumer decisions, especially with regard to nutritional content and sustainability attributes.

Through these multi-faceted and targeted efforts, consumers can be empowered to make more sustainable choices and play a transformative role in creating a healthier, safer, and more resilient food system in Tanzania.



7.2 Implications

The study highlights that while Tanzanian consumers demonstrate a clear concern for food safety, their preferences are largely shaped by immediate and visible risks such as hygiene and spoilage. As a result, long-term health hazards and sustainability concerns receive less attention. This gap in consumer food values implies a need for systemic change in how sustainable food choices are framed and supported within the local food environment.

An important implication is that consumer education alone is insufficient unless it is paired with structural improvements in market access, food labeling practices, and trust-building mechanisms. If food environments continue to be dominated by poorly regulated informal markets with limited availability of nutritious and safe products, even well-informed consumers will remain unable to act on their values.

Moreover, the observed disconnect between the value placed on nutrition and the limited attention to nutrition labeling suggests that the visibility and usability of sustainability-related information must be improved at the point of purchase.

Finally, food policies and market innovations must go beyond raising consumer awareness. They should create enabling environments where choosing sustainable options is also the most available and affordable choice.

By addressing both informational and structural barriers to sustainable consumption, Tanzanian consumers can be empowered to become active drivers of transformation in the food system.
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Mango by-products

Co-feeding Ensiling mango peels with rice straw and legume leaves improves dry matter and fibre digestibility in cattle. Sruamsiri and Silman (2009)
strategles Mango peel silage combined with rice straw improves nutrient intake and digestibility in sheep. Sanon et al. (2012)
Adding maize stover to mango peel silage enhances fermentation characteristics. Guzmin etal. (2010)
Adding molasses to mango pel silage improves silage fermentation quality: Guzmin etal. 2012)
Including urea in mango peel, silage supports better fermentation and nutritional quality for ruminants. Aung etal. (2024)
Feeding mango peelsilage to dairy calves increases feed intake and growth performance. Okoruwa et al. (2013)
Papaya by-products
Co-ensiling papaya waste with pangola grass exhibits good fermentation characteristics and nutritional quality: Gomez-Trinidad etal. (2023)

Papaya silage made from 75% papaya waste and 25% star grass enhances feed utlization in ruminants, Sinchez-Santillin et al. (2021)

Co-ensiling papaya peels with grasses improves protein content and reduces fibre fractions. ‘Wimalasiri and Somasiri (2021)

Adding legume leaves to papaya peel silage boosts protein content and digestibilty. Sruamsiri and Silman (2009)

Cashew by-products

Cashews apple waste (CAW) i broile dicts, with non-starch polysaccharide degrading enzymes, enhances nutrient digestiblity and growth performance, Venkatramana et al. (2020)
Dried cashew by-products combined with elephant grass silage improve dry matter intake and nutrient wtlization in ruminants. Ferreira etal. (2015)
Ensiling guinea grass with cassava peel and cashew apple waste produces slage of cceptable quality for ruminans. Dele etal. (2013)
Cashew by-products can improve animal nutition and productivity while potentially reducing feed costs. Ojediran etal. (2024)
Nutrient By-products are generally low in protein and minerals; supplementing with protein sources like legume forages, oilseed cakes, or small amounts of urea ensures adequate protein intake. Abdelnour et al. (2018)
balancing Mineral supplementation is essential in food-deficit areas.
Supplementation with oflseed cakes or urea supports adequate protein intake in dietshigh in by-products. Parisi etal. (2020)
Protcin and mineral supplementation can address deficiencies i food-defict areas, improving productivity. Leng (2004)
Mineral supplementation, along with protein sources, s criical in livestock feed strategies for sustainable production. Hegarty (2012)
Strategic supplementation with protein and nvinerals reduces eed requirements and increases nutrient utlization efficiency. Makkar (2014)
By-product supplementation inlivestock feed enhances productvity and nutrient utilzation effciency: Leng (1990)
Rumen “The gradual introduction of by-productsallows the rumen microbiome to adap, reducing digestve disturbances. Fron etal. (1996)
microbiome | Combining by-products with complementary nutrient profiles balances the rumen environment, enhancing nutrient degradation and shifing fermentation toward propionate production. | Ertl etal. (2015)
balanciag Balanced nutrient profiles in by-products reduce methane emissions and optimize fermentati Matthews etal. (2019)
Probiotics, prebiotics, and plant-derived compounds in feed can optimize microbial activity and improve livestock performance without antibiotcs. Michalak et al. 2021)
Rumen Simulation Technique (RUSITEC) allows for the comparison of microbial digestion and fermentation impacts from various by-products Durand etal. (1988)

RUSITEC system showed that replacing extruded maize with dried citrus pulp in a mixed diet improved ruminal fermentation without negatively affecting microbial populations. Garcia-Rodriguez ct al. (2020)
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Mango seed kernel Sheep (Barki) Effects of including different levels of mango seed ~ Up to 20% nd nd nd = 1 1 nd | nd  nd 1| Shwerabetal. (2023)

Kernel in sheep diets on digestion, rumen

fermentation, and methane emission.

Mango peels Goats Utilization of avocado and mango fruit wastesin  29% in Mu nd | ond ond L v T Lt = | 1| Marcosetal (2020
‘multi-nutrient blocks for goat feeding: Nutrient Blocks

In vitro evaluation

Mango pulp and peels | Dairy goats Feeding mango wastes to dairy goats: effectson | 29% in Multi d o= o= = Lt | = | nd | deBanetal (2022)
diet digestibility, ruminal fermentation, and milk  Nutrient Blocks
yield and composition

Papaya pomace Male buffaloes Nutrient utilization of concentrate mistures with 0,10, 20, 30% in nd nd | ond o= (] T nd | nd nd | nd | Babuetal (2006)

varying levels of papaya (Carica papaya) pomace  concentrate mix
by native male buffaloes

SOCS, Supplementation of soybean oil calcium soap; CEF, cashev fruit flour; CAF; cashew apple fruit; TMR, total mixed ration; ADG, average daily gain; FCR, feed conversion ratio; FCE, feed conversion efficiency; NH,-N, ammonia-nitrogen; TVEA, total volatile
fatty acids; C, acetate; C,, propionate; C,, butyrate; CH,, methane. 1, increase; 1, decrease; = no effect; nd, not determined.






OPS/images/fsufs-09-1529837/fsufs-09-1529837-t005.jpg
Intake Digestibility

Fruit Species  Study EE ADF EE | CF References
by-

product

Dried Sheep Nutritional evaluation of | Up to 14% in i nd i nd nd T 1 1 nd - o= - - = | = | Feeiraetal
cashew clephant-grasssiages | silage @0s)
apple with different levels of

by-productsfrom the
cashen jice industey

Cashew BaliCatle | Performance, Nutrient | 5% SOCS - - nd nd nd nd nd - t 1 f - = nd | ond | Bainetal
fruitflour | (meat; Digestibilit,and Meat | +10% CFF in @6)
blood) Quality of Bali Cattle | "TMR
Cashew Sheep Dehydrated cashew Upto33%in - = = nd nd = 1 1 \ - nd o 1 [l nd | = | Amgoctal
apple apples i different ™R (@02)
grinding sies for sheep
Cashew Cattle Use of cashew apple fruit | 75% CAF in - nd 1 nd nd nd nd nd nd nd ndond o ond nd | ond o ond el
apple lagein catle fattening | silage
Cashew Beef Cattle | Cashew processing Upto 100% in 1 - 1 nd nd 1 nd ' 1 ' o 1 ad o ondond
processing product asalernat TMR
product energy feedstulf
Mangomeal | Sheep Productive performance | Upto 100% - nd - nd nd - = nd nd nd o ond o nd o ond o ond | Permerl
of confined sheep fed @n3)
with mango meal
Mangopeel | Male Dairy | Diet containingmango | 30%in TMR 1 1 1 nd nd - 1 - - - nd | ond - - nd | ond | Aungetal
silage Calves pecl silage for dairy @020)
alves
Mango peels | Goats Nutrient utilization and | 13-18% n nd - nd i i ' 1 nd nd nd nd o ond | ond nd t | 1| Bogjetal
and plantain growth performance of | concentrate @016)
West Affican Dwarf.
goats
Mango meal | Lambs Mango mealin thediet | Upto 100% in - = = - nd = nd - = = - - nd | ond | ond | Amgioctal
of confined lamb, cone @02)
Mango peels | Sheep Chemical composition | ~ - nd 1 nd nd nd nd 1 nd nd ndond | ond nd | nd | ond | Smonetal
and kernels and digestibilty of o2
mango residues
Mango peels | Sheep Valorisation of mango | Offered ad 1 nd nd nd nd nd nd - nd nd nd o ond | ond nd | nd | ond | Swonand
and kernels peclsand seed kernels | Bbitum Kanwe (2010)
Mango Goats Feeding mango wastes | 29%n Multi- - - - nd - - - - - - = w - - = | = | debanaal
pulp-peel to dairy goats: ffectson | Nutrient @)
mix diet digestibilty Blocks
ruminal fermentation,
and milk yield and
composition
Mangoseed | Sheep Efectofmangoseed | Upto20% - nd nd nd - nd nd 1 1 1 . 1 1 nd | ond 1| Shwersbetal
Kernel (Barki) Kernel on digestion and (@n3)
‘methane emission
Pineapple, | Bovines  Intake,total digestbiity, | 10% & 30% = = + 1 i = nd - - 1 ) 1 - nd | nd | 1| Awvedoctal
papaya. ‘microbial protein papaya peels o
mango production and the
nitrogen balance n diets
with fruitby-products
for ruminants
Papaya Male Nutrient utilization of | 0,10,20, 30% - - - - - nd nd - - - - - nd nd | nd | ond | Babuerl
pomace buffsloes | concentrate mixtures | in concmix (2006)
with varying levels of
papaya (Carica papaya)
pomace by native male
buffaloes

Conc, concentrate; DM, dry matter; OM, organic matter; CP, crude protein; EE, ether extract; NDF, neutral detergent fib

DE, acid detergent fibre; DE, digestible energy; NB, nitrogen balance. 1, increase; 1, decrease; = no effect; nd, not determined.
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Total Total
phenolics, mg flavonoids, mg
GAE/g CE/g

Total carotenoids,

mg/g

Antioxidant

activity

Tannins

Condensed
tannins

Anthocyanin

Ascorbic
acid

References

Mango peel

30.95-60.48
51.91-13.50*

2931-66.24
502-795"

151° .

4230 -

16.14-100 22.16
Cashew apple

197.76" 109.03*

70.20°
3875

2070° 45°

1320 -

Papaya peel

3031 -
3465 -

‘Expressed in mg (RE)/g.

‘Expressed in mg catechin equivalent (CE)/100 g.
‘Expressed in yg/ml using IC.s

‘Expressed in mM Trolox/100 g.

‘Expressed in g/kg.

Expressed in g B-caroteno equivalent/g.

xpressed in mg cyanidine-3-glycosides equivalent/100 g,
Expressed in mg/100 g

“Ascorbic Acid equivalent (AAE)

“Expressed in mg quercetin equivalent (QE)/100 g

0.04-0.06

194-3,337

67.20;

045°

21.19-49.75'

23.20-53.90°

44.49

43.50°

1063*

17.80

25.03

1300

051°

13
0.50'
76.89-86.90

2835

38

313

L1

0300

1739

7.49

3.60-5.65

36,05

470°

246

1156

36.58

349-392

78.50°

252.62*

65.25°

3049

12195

Kaur and Srivastay
(2018)

Marcillo-Parra et al.
(2021)

Negesse etal. (2009)
Sancho etal. (2015)

Serna-Cock et al. (2016)

Andrade etal. (2015)
Rajkumar and Ganesan
(2021)

Preethi et al. (2019)

Sancho etal. (2015)

Negesse et al. (2009)
Melesse etal. 2018)
Akintunde et al. (2022)
Jafari et al. (2020)

Sancho et al. (2015)
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Fruit Study Inclusion ADIN pH References

by- intervention level
product
Cashew  Inclusion of Upto33% = nd = = 1 T 1 1 nd nd = 1 nd nd | Anajoetal
apple dehydrated cashew (2022)

apple in TMR at

four different
Cashew | Silages made from 75-100% 1 nd T nd nd nd nd nd nd nd nd nd 1 1 Tai et al. (2020)
apple 100% cashew apple

fruit (CAF); 75%
(CAF and 25% maize
cobsi75% CAF,
12.5% maize cobs,
and 12.5% rice bran
Cashew  Addition of Upto20% 1 nd 1 T nd 1 ' i i t = = 1 i Guerra-Rivas
bagasse | dehydrated cashew etal. (2017)
bagasse to elephant
grass silage at four
varying levels
Cashew | Supplementationof 5% SOCS. - - - B nd nd nd nd nd nd nd nd nd nd | Bainetal.
fruit flour  soybean oil calcium +10% CFF (2016)
soap (SOCS) and
SOCS + cashew fruit
flour (CFF) in

rations
Cashew | Dried cashew Upto100% = - - = = 1 1 nd T 1 nd nd nd nd | Souaetal.
processing | processing product in TMR (2020

product | replaced corn at five

different levels in a

TMR
Dried Inclusion of dried Upto14% 1 1 nd nd nd nd t T T nd nd nd nd | Ferreiractal
cashew  cashew bagasse (as (2015)
apple fed) in elephant

grass silage at four

varying levels

Mango  Inclusionofmango | Upto100% = = nd T T nd = T nd nd nd = nd nd nd | Pereiraetal.

meal ‘meal at four levels to (2013)
replace corn in TMR

Mango | Replacementofcon  Upto100% = nd = t nd = 1 nd nd nd = nd nd nd | Aragioetal

meal ‘meal with mango (2012)

‘meal at four levels

Mango  Total mixed ration 30% i 1 - nd nd i 1 nd nd nd nd - nd nd | Aungetal.
peelsilage | contained 30% (2024)
ensiled mango peel
silage
Mango | Multi-nutrient 29% 1 - 1 B nd 1 T B nd nd nd nd i nd | Marcosetal
peels blocks (MB) with (2020

cither avocado or
mango wastes (pulp-

peel) and of mixed

including MB.

and alfalfa hay ina

50:50 ratio
Mango  Addition of Upto20% 1 nd t = nd 1 1 nd nd nd nd nd = .
peels increasing levels (0,

5,10, 15, and 20%)

of mango by-

products to elephant

grass silage.
Mango | Different N/A = nd 1 T i 1 nd nd nd nd nd nd nd nd | Sanonand
peclsand | combinations of Kanwe (2010)
kerncls | mango by-products

(peels; seed kernel
pecls-seed kernels
mix) offered in
addition to rice

straw

Mango  Amixturcofmango | 29%in i nd T ' 1 nd nd nd nd nd nd | deEvanetal.
pulp-peel | pulp and pecls Muli- (2022)
mix prepared ina ratio Nutrient

of065:035 included | Blocks

ata rate of 290 g per

kg (as fed) ina

multi-nutrient block

and compared to.a

concentrate
Mango  Inclusion of four Upto30% | 1 1 B nd 1 1 nd nd nd nd nd nd nd | Melloetal
residue  levels of mango @09

residue in mixed

silages of elephant

grass and cassava

pecls
Mango  Inclusionof different | Upto20% = = = B - - = - nd nd nd nd nd nd | Shwerabetal
seed levels of mango seed (2023)
kernel kernels 0,5, 10,

20%) in concentrate

feed mixtures
Papaya  Four different Upto30%in  nd nd = = = 1 1 nd nd nd nd nd nd nd | Babuetal
pomace | concentrate concentrate (2006)

mixtures contained mix

varying levels of

papaya pomace (0,

10,20, and 30%).
Pincapple, | Different 25-100% 1 nd x B 1 T 1 nd nd nd nd 1 B nd | Wimalasiriand
papaya | combinations of papaya peels Somasiri (2021)
pecls fruit pecls

(pincapple and

papaya) and grass

were used to make

the silage
Pineapple, | Inclusion of various | 10%and 30% | 1 1 B nd 1 1 i nd 1 B nd nd nd | Azevedoctal
papaya,  fruitby-products  papaya peels @o11)
mango | (pineapple, guava,

papaya, mango, and

passion fruit) that

partially replaced

corn silage in the

s of bovines

TMR, total mixed ration; DM, dry matter; OM, organic mater; CP, crude protein; EE, ether extract; NDF, neutral detergent fibre; ADE, acid detergent fibre; Lig, lignin; NDIN, Neutral detergent insoluble nitrogen; ADIN, acid detergent insoluble nitrogen; TC, total
carbohydrates; TDN, total digstible nutrients; NH,-N, ammonia-nitrogen. 1, increase; |, decrease; = no effect; x, effect varies; nd, not determined.
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Major, mg/g Trace, mg/g References

Nature of Mg 3 Cu
sample
Mango peel
11 41215 599-135.3 30.1-158.66 239-948 18.17-58.66 018 0.68-2.62 034-158 | Kaurand Srivastav (2018)
026 116 092 1120 277 003 002 - 0.001 Sancho etal. (2015)
107 117 - 444 0.60 0,003 003 0.002 001 Singh et al. (2016)
017-018 050-056 - 0.16-0.19 075-0.87 0.0003-0.0005 005-0.1 0.001 - Tmran etal. (2013)

Cashew apple residue /bagasse/pomace

- 445 15.33 15.60 2610 184 17.96 4192 31 Preethi etal. (2021)
56 - 60 165 72 - - - - Oddoye etal. (2009)
025 103 128 492 034 002 002 - 001 Sancho etal. (2015)
Papaya peel
068 251 391 441 399 651 0.10 0.001 002 Melesse et al. (2018)
- 210-296 527-548 2046-20.75 296-3.38 3.18-3.37 003 0.01 003 Santos et al. (2014)
030-090 170 001-002 230-40 3.20-390 002 057 - - Akintunde et al. (2022)

0.98 103 807 13.00 281 0.01 0.03 - 002 Sancho etal. (2015)
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Nature of Moisture, % Crude Ether Extract,  Ash, % Carb, %  Crude fibre, Energy, MJ/  References

sample protein, % % % kg

Mango peels

Freeze-dried 4.90-5.80 2.65-4.04 1.48-2.01 2.18-3.05 91.1-932 - - - 16.53-16.78 Marcillo-Parra et al. (2021)
Cryogenic ground 7.48-9.80 5.39-6.06 235-2.74 3.82-4.75 66.77-72.52 6.43-11.80 - - - Kaur and Srivastav (2018)
Fresh® 86.26 9.1 249 3.60 8468 - 1497 1218 - Araijo et al. (2022)
Sun-dried 819 6.6 27 42 - - 23.7 205 10.5 Negesse et al. (2009)

Cashew apple residue /bagasse/pomace

Oven-dried @ 60°C. 400 545 300 225 - 665 - - 1335 Boateng et al. (2021)%
Ensiled; Oven-dried @ 742 1436 472 1038 1934 - 51.20 3428 - Dele et al. (2013)
60°C
Oven-dried @ 50°C. 682 9.65 543 142 7668 - - - - Andrade etal. (2015)
Sun-dried 3d; oven- 187 24 54 e 84 Fanimo et al. (2003)
dried
Sun-dried 100 8.60 9.96 380 - 16 - - 14.48 Armah (2008)
Sun-dried 134 860 9.96 a2 - 38 2068 1217 - Oddoye etal. (2009)
Oven-dried @ 60°C. 872 122 086 157 - 464 - - - “Tai etal. (2020)
Sun-dried 14 1826 - - - - 7223 56.56 - Ferreira et al. (2015)
Papaya peel
Sun-dried - 128 082 121 401 - 18 208 128 Melesse et al. (2018)
Sun-dried 89 241 42 138 - - 23 203 99 Negesse et al. (2009)
Oven-dried 13.28-13.74 15.03-18.18 207-2.44 131-1185 | 9.67-233 - - - - Santos etal. (2014)
Sun-dried 3d 371-4.15 3.50-10.30 305-2230 1330-1503  27.00-52.22 2620-27.10 - - 444-6.10 Akintunde et al. 2022)
Sun-dried - 13.86 - - - 497 13.04 1861 -

‘Wimalasiri and Somasiri
Ensiled; Oven-dried @ 88.34 115 265 862 - 15.40 18.72 232 208 i)
55°C
Ensiled; Oven-dried @ 93.00 s 15 - - - 22 212 - Yang etal. (2016)
65°C
Oven-dried @ 50°C for 132 1872 22 16 - - 1065 2450 - Jafari et al. (2020)
72h

‘Values are on dry matter basis unless otherwise stated.
‘Material consists of peels, seeds and mangoes that did not meet export requirements.
‘Values are on “As is” basis

Carb, carbohydrates; NDF, neutral detergent fiber; ADF, acid detergent fiber.
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Variables Sum of squares df Mean square

Total organisational factors

Between groups 2459 6
Within groups 5573 43 410 316 0012
Total 8032 49 130

Total environmental factors
Between groups 7.32 3
Within groups 3956 46 244 284 0,048

Total 46.88 49 0.86
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Sum of Squares df Mean Square I Sig

Environmental-Government pressure  Between groups 310 3 103 524 0003
Within groups 9.08 16 020
Total 1218 49

Technological factors total Between groups 3317 3 1106 5.60 0.002
Within groups 9091 46 198

Total 12408 49
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df Mean Square F

Technological factor-complexity  Between groups 5 054 255
Within groups 931 a4 021
Total 1200 49
Organizational factor-resource Between groups 376 5 075 444 0.002
capacity
‘Within groups 7.46 a4 017
Total 122 49
Organizational factor-technical Between groups 237 5 047 271 0032
Within groups 771 44 018
Total 1008 49
Organizational factor-total Between groups 30.01 5 6.00 467 0.002
Within groups. 5657 44 129

Total 86.58 49
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Agronomic practices

Land preparation Land preparation methods include slash-and-burn, stumping, plowing, and ridging. Some of the activities are complementary and
labor-intense. This is usually applicable for the creeping egusi since the climbing egusi are commonly intercropped with yam and thus
require less pre-planting preparation as the land would have been tlled for yam cultivation.

Planting Planting climbing egusi can be a tedious task, especially when it involves planting by each mound in the yam farm. This requires
dibbling, which s also labor intensive. However, broadcasting the crops in the yam farms is also an option. The downside to this
‘method is that a larger quantity of seeds is required for planting.

Our findings further show that egusi is intercropped with yam due to land scarcity “Sometimes, land acquisition is very difficult here.
Morcover, mostly women are the ones that farm egusi. We men do not often farm egusi like that. If the women want to farm it in
abundance, they will not get land to farm the egusi separately, unless the husband has a farm, and when she gets a space, then she grows
it.” This is a response to why egusi was not monocropped but intercropped with yams in Kpandai, despite the premium they place on

itas a nutritious crop and serves as a household crop of choice for soups and stews.

Weed control Since climbing egusi species are intercropped with yam, no special weed control measures are taken as it benefits from what is done
for yam. The creeping species require weed control only during the seedling stage. It rather serves as a weed control measure when
intercropped with others.

Harvesting ‘When the crop reaches maturity, labor is required for harvesting as it involves gathering the fruits at a central location for further

processing, The main challenge a this stage i the cost of labor.

Processing ‘The initial processing stage involves the arduous task of slashing or breaking the fruits once they have been gathered. The following
step includes covering the cut fruits with either a polyethylene bag or grass to initiate fermentation. After a week, the seeds are
extracted, taken to the riverside to wash, and brought home to be sun-dried. The dried seeds are bagged and stored. The entire
procedure s labor-intensive, time-consuming, and poses significant health risks as processors use their bare hands to extract seeds

from the decomposed pulp, usually for hundreds of fruits at a time. Washing is also done with the hands.
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Emerging factors
from interviews

Adult female

Ranking by gender per each study community

Chereponi district Kpandai district

Adult male Youth female Youth male Adult female Adult male

Household food security
Commercial and cultural
value

Level of need for agro-
inputs.

Yield

4

4 1 4 1 3
1 2 1 4 1
2 4 2 3 4
3 3 3 2 2

The ranking captured the output from the pooled data of the focus group discussions. Where applicable, key informant opinions were captured as part of the responses from adult focus group
discussions in generating the ranks. 1'is the most important, and ‘4" the least important.
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Gender Community

Tambong

Mborowa Chombusu

Adulis Youth

Male Yam Soybean Egusi
Cassava Rice Soybean

Maize Egusi Maize

Female Yam Maize Egusi

Groundnut Soybeans Maize
Egusi Egusi Soybeans

Adults
Maize
Yam
Rice
Maize
Sorghum

Soybean

Youth
Yam
Maize
Sorghum
Maize
Yam

Soybean

Ranks were obained from focus group discussions in the communities. Where applicable, key informant opinions were captured as partof the responses from adult focus group discussions in

generating the ranks. In the Mborowa community, focus group discussions were not segregated by age.
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Egusi Type Descriptiot

Climbing species

Kel/Karkar/yirbondu ‘The seeds of “kel”are white and are commaonly known as Akatuoa within the Akan community and Agushie among the Gas. They are usually
cultivated as an intercrop with yam and require stakes to provide support as a climber. When fully mature, the ruit s yellowish-green in colour,

and the seeds have a soft seed coat. The size of the seeds can vary, with small, medium, and large sizes reported by respondents.

Bunacha ‘The seed of bunacha is similar to bidelab but has a round shape with a black covering around its edges. Its coat is hard, bitter, and brown, and the

plant itself has broad, deep green leaves and a sturdy structure. Bunacha was first identified in Bunacha town, hence the use of its name.
Creeping species
Bidelab ‘The seeds of “Bidelab” are brown and pointed, and itis a creeping plant that does not require staking. Its fruit is deep green and larger and has a

hardy and bitter seed coat. When found in the field,it has broader leaves. Bidelab was first identified by indigenes among the Bidelab tribe in the
Volta region, which is how it got its name.

Neri/Nartefinabe Neri comes in various shades of brown and in various szes. It has narrow leaves. The fruit is typically small and round, containing numerous
small seeds with a rough seed coat firmly attached to them. The key means of identification by locals is the size, which is classified into three: big,
medium, and small. The most common were the small and the big size with only one key informant alluding to the existence of the medium size.

‘This was not physically available at the time of the data collection.
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District

Kpandai

Chereponi

Chereponi

Community

Mbowura

Chombosu

Tambong

Differentiation

Mbowura
Adults
Youths
Adults
Youths

Totals

Konkomba

27

Ethnic group representation

Nawuri LCEGE] Chokosi Konkomba
Male
2 6
1 12
10
12
13
2 1 2 32

Nawuri

Female

Chokosi

Fulani

Basari
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District Community FGD

Differentiation

Kpandai Mbowura Mbowura
Chereponi Adults
Chombosu
Youths
Chereponi Adults
Tambong
Youths
Totals

FGD, Focus group discussion; Est, Estimated; Pop - Population.

1,258

258

1,057

2573

Est
Households

200

54

168

422

Males

46

FGD Participants

Females

Key Informants

Men

Women
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4

Limitation/
Challenge

Access to Land

Erratic Rainfall

Declining Soil fertility

Drudgery in Processing

Lack of Value-addition
interventions

No standardised recipe
for existing traditional
dishes.

Uncertainty of the
specific taxa of
indigenous varieties from
different geographical

areas

Lack of improved

varieties

Economic-driven

agriculture

Lessons Learned
[effect on

production/ food
use/optimal
exploitation]

“The lands are largely owned
by men because they have
the responsibilty to fend for
the household. This hinders
the production of egusi by

women.

‘The rain patterns have
drastically changed, leading
to different start and end
periods. Consequently,
crops in this community do
not yield well.

“The regular cultivation of
the land causes soil nutrient
loses

Due to the labor involved in
the post-harvest processing
of egusi (especially the
climbing varieties), most
farmers have less interest in

the production of the crop.

Food use being limited to
traditionally diffcult-to-
prepare dishes limits food
exploitation which, when
enhanced, could drive
production

“The absence of standard
recipes limits consumers
from obtaining the full
benefits from food use of

egusi

Limits the exploitation of
available empirical data

across countri

Limits the exploration of the
full potential of egusi in
food security and nutrition

interventions.

Focus on cash crops with
little attention to the
nutrition needs of

households.

Proposed
Intervention(s)

Intercropping
Communal farming

Education

Afforestation - Planting Trees
Development of drought-

resistant crop varieties

Crop Rotation
Intercropping

“Technological interventions.

Develop novel food products
targeted at new and wider
markets to expand food use of
egusi

Important to standardise

existing recipes to update the
nutritional value and also
inform on the recommended

serving size

Need to provide an overview of
the taxonomic reference and
employed nomendlature in
every scientific study for
accurate information

dissemination and use.

Funding support to breeders to
investigate drought-tolerant
varieties, the climbing species,
and also have varieties to meet
other food applications.

Increase awareness of

nutrition-sensitive agriculture
and what the benefits are to the
community. This can

be successful when in-depth

westigations are done to
ascertain the foodscapes of
targeted regions to tailor

interventions.

Anticipated Impact

Intercropping is a farming
technique that could help farmers
make efficient use of their land by
maximizing the productivity of a
given arca.

Obtaining group resources will
enhance agricultural resources.
Area under cultivation of crops
that male farmers regard as female

crops will increase.

Communities engaged in tree
planting to curb the impact of
climate change o lessen the impact

on rainfall,

Crop rotation is very relevant in
‘maintaining the fertlity of the
soils, leading to increased yields.
Interventions to aid in the
processing of the crop could
reduce the drudgery and result in a
high throughput of the crops for
increased availability on the
‘market which would create
opportunity for international trade

through the export of the surplus.

“Translate into business start-ups to
meet existing and new market
demands, thereby creating jobs
and additional income.

Output will support community

nutrition endeavors to reduce
further the burden of hidden
hunger and food insecurity in

rural communities.

Ability to use empirical data on the

nutrient composition and other
quality parameters i the literature
(knoy

would expedite research

g the specie of interest)

interventions and food
applications of local varieties.
New and improved varieties to
meet household and industry
needs for optimal exploration.

Scaled-up production of egusi and
other nutrient-dense indigenous
crops; Houschold nutrition,
especially of vulnerable groups,

improved.

Responsible
Stakeholder(s)

Farmers

Government
Farmers

Researchers

Farmers

Researchers
Government

Donor agencies

Researchers (Food Scientists)
Private sector; SME/startup
funding sources

Researchers; Community
nutrition and District health
officers, Women in
Agriculture and Development
7. reps in District offices of the

communities

Researchers

Policymakers
Researchers

Government agencies
spearheaded by MOFA
Farmers

Researchers
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Local interventions Rationale for adopting the practice

Inter-cropping Intercropping is a farming technique in which farmers cultivate two or more crops on the same piece of land simultancously or in

sequence. Respondents indicated that intercropping allows them to make effcient use of their land and have a more diverse and

resilient source of income, as different crops may have different market values and may be harvested at different times.

Planting trees ‘The communities engage

tree planting to curb the impact of climate change. Government

erventions such as pla

g for
export and rural development were enumerated by a key informant in Chereponi.

Reduced bush burning Although the progress i slow, the communities are reducing bushfires in an attempt to mitigate climate change. Respondents
intimated that the Ministry of Food and Agriculture (MoFA), through their extension agents, are educating their catchment arcas on

the need to stop bush burning and focus on more sustainable agriculture.

Crop rotation Reduced access to arable lands has incorporated the culture of crop rotation. The local farmers have substantial information about its

relevance in soil fertliy.
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48 initiatives (24 multi-country, 24
Africa Only)

v

v

24 multi-country (including Africa)

24 Africa focus only

|

16 excluded based on inclusion and
exclusion criteria

All excluded based on inclusion criteria

)

,

8 shortlisted for in-depth evaluation and
interviews

|

( 3
Representatives of an initiative

recommended to include 3 additional
in-country initiatives in Africa

|

' N
Representative of 1 initiative declined
to participate in the interview and no

response was received from 1 initiative

J

|

In-depth evaluation (desk review)
conducted on 11 initiatives and
interviews conducted for 9 initiatives
(6 with multi-country initiatives and
3 African only initiatives linked to a
Global initiative)






OPS/images/fsufs-08-1442301/crossmark.jpg
©

|





OPS/images/fsufs-09-1541076/crossmark.jpg
©

2

i

|





OPS/images/fsufs-08-1487798/fsufs-08-1487798-t006.jpg
Chiefdom

Administering

vaccines
Providing water
Dipping livestock
Administering
herbs

Providing feed
Providing clean
shelter

Consult
veterinary officers
Selling off
livestock

Planting trees
Adopting
drought-resistant

livestock

Chitungulu Zumwanda Phikamalaza Mphamba Total
women
(n =222)
Men Women Men Women Men Women Men Women
(%) (%) (%] (%) (%) (%) (%) (%
162 529 0 50 744 667 358 474 54
77 59 128 41 179 88 19 105 7
0 0 51 0 0 18 0 0 05
308 382 77 68 154 7 9.4 35 1
192 29 103 54 205 193 19 211 16
0 0 0 0 0 35 0 18 1
0 0 77 0 77 18 75 35 1
0 0 0 0 0 18 38 0 1
0 0 77 41 0 0 19 0 1
0 0 26 0 26 0 38 18 05

Total

53

Total

537

82

08

121

08

34

08
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Chiefdom

Constraint

Increased

diseases
Inadequate
pasture

Expensive

vaccines

No trees for

kraal making
Livestock theft
Water shortages
Goats are
destructive

Cattle requires

shepherds

Men
(VA]

75

154

77

77

38

38

38

Women
(%)

71

147

29

Zumwanda

Men

(%)

816

179

26

Women

(%

87.8

68

27

Phikamalaza

Men

(%)

794

103

77

26

Women

(%)

789

88

18

18

Mphamba

Men
(%)

151

57

Women
(%)
100

596

105

35

Total

women

(]

222)

8

2

Total
men
(n = 157)

8

06

06

837

29
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Chiefdom Chitungulu Zumwanda Phikamalaza Mphamba Total Total Total
women men (n =379)
(n=222) (n=157)

Men Women Men Women Men Women Men Women

(%) () (%) () (%) (%) (%) (%)
Increased 885 853 76.9 60.8 100 68.4 56.6 56.1 65 78% 70.7
diseases
Lack of 115 59 30.8 189 538 123 208 10.5 13 30% 20.1
drinking water
Lack of 154 88 359 284 564 246 208 228 23 32* 269
pasturelfeed
Extreme 7.7 88 0 68 51 53 94 10.5 8 6 67
temperatures
Excessive 0 59 0 27 0 0 19 18 2 06 16
rainfall
Herbi 0 o 26 0 26 0 o 0 1 0 05
pasture
poisoning
Reduced 231 118 103 68 154 105 75 10.5 1 06 108
productivity

*Proportions of men giving response was statistically significantly higher than that for women at a = 0.05.
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Variable

Coefficient

Adjusted
95% Cl

p- value

Chiefdom 2
Chiefdom 3
Chiefdom 4
Gender

Age

Years of education
Males Above 15
Females Above 15
Total HH Males
“Total HH Females
Total HH Size

Livestock Units by
Husband

Livestock Units by
Wife

Livestock Units Jointly
Owned

Livestock Units by
Female

Male Climate Change
Initiative

*Statistically significant at a < 0.05.

Unadjusted
Coefficient 95% ClI p- value

-116 [-2.33,-0.00] 0.050
-135 [~274,0.05) 0.058
126 (006, 2.47) 0.040%
-052 [~1.44,0.40] 0.269
001 (-0.02,0.04] 0.589
012 (~0.06,0.29] 0.195
-003 (-047,0.41] 0.895
023 (-0.28,0.75] 0370
017 (-0.11,0.46] 0.234
-002 (-0.35,0.32] 0927
007 (-0.11,0.25] 0438
076 (0.06, 1.46] 0033
072 (-0.36,1.81] 019
099 (097, 101) <0.001¢
122 (-0.72,3.16] 0216
-059 [-132,0.14] o115

~0.08

-017

002

~001

~0.00

0.00

005

~0.04

-012

~0.08

0.09

076

072

099

-0.10

(-0.26,0.10]
(-0.39,0.05]
(-0.18,021]
(-0.16,0.15]
(~0.01,0.00]
(-0.03,0.03]
(-0.04,0.14]
(-0.14,0.06]
(-0.53,029]
(-0.47,032]
(-0.31,049]
(0.06, 1.46)

(-0.36,1.81]

(098, 1.01)

(136,1.92)

(-0.41,020]

0392
0135
0879
0942
0.897
0.849
0273
0421
0.564
0707
0.646

0,033+

0.190

<0.001*

<0.001%

0513
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Demographic Minimum Median Maximum

variable

Age of Household head 369 44222 16,197 18.000 44,000 89.000
Years of education household 377 6936 2613 10000 7.0000 16000
head

No. of males above 15 in 341 16657 11503 0.0000 10000 9.0000
household

No. of females above 15 in 365 15973 09166 0.0000 10000 5.0000
household

Total males in the household 360 27167 16208 10000 3.0000 15.0000
Total females in household 361 27452 13505 0.0000 3.0000 7.0000

Total Household size 377 5191 2543 0.000 5.000 18000
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Identification

Screening

Included

Records identified from:
Databases (n = 1,231)

Records removed before screening:
Duplicate records (n = 631)

Records screened

Records excluded

Reports assessed for eligibilty
(n=599)

(n =599) (n=0)
Reports sought for retrieval Reports ot retrieved
(n=0) (n=0)
Reports excluded:

Reason 1: Focused only on
large-scale commercial farming (n = 261)
Reason 2 : Not directly related to
South Africa/smallholders (n = 160)
Reason 3: Published before 2014-
unless seminal (n = 121)

New studies included in review
(n=57)
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Chiefdom Tribe Men Women

Mphamba Tumbuka 5 57
Zumwanda Chewa 39 74
Chitungulu Chewa 2 3
Phikamalaza Ngoni 39 57

Total 157 m
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Variables Descripti Mean

Farmer characteristics

Farm size Farmer’s total sugarcane production area (acres) 11.13 24.96
Annual Income Farmer’s annual income (0007000 TZS) 9.91 22.90
Distance Distance from farm to processing firm (Km) 1541 8.72
Age Age of farmer in years 5095 13.83
Gender 1 if a farmer is male, 0 otherwise 0.83 0.38
Household size Number of members in farmers” households 5.84 248
Farming experience Number of years in sugarcane farming 12.57 9.86
Non-farm income activities 1 if the farmer engaged in non-farm income activities, 0 otherwise 049 0.50
Perception on BCMPs Perceived importance of BCMP adoption on production (1-4 rating scale) 332 0.92
Scheme

Kilombero Lif Kilombero, 0 otherwise 0.44 0.49
Mtibwa L if Mtibwa, 0 otherwise 0.30 0.46
Kagera 1if Kagera, 0 otherwise 0.26 0.44
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Document Selection criteri

‘Tanzania Agricultural Sector Development Programme (ASDP) I and It

National Agriculture Policy (United Republic of Tanzania, 2013)

National Trade Policy 2003 (United Republic of Tanzania, 2023)

National Export Strategy

‘Tanzania Industrial Competitiveness Report (TICR)

East African Community (EAC) Customs Union Protocol

Southern African Development Community (SADC) Trade Protocol

African Continental Free Trade Area (AICFTA) Agreement

Bilateral Trade Agreements (g, with China, India, the EU)

‘World Banks “Tanzania Economic Update

Food and Agriculture Organization (FAO) Country Profiles

International Trade Centre (ITC)

‘Tanzania Revenue Authority (TRA) Annual Reports

African Development Bank (AfDB) Agricultural Sector Reports

‘The Seeds Act (United Republic of Tanzani
L 2012)

2003) and The Plant Breeders’ Rights

Act (United Republic of Tanzay

‘The Fertilizers and Agricultural Chemicals Act (United Republic of Tanzania,
2009)

Tanzania Development

Government’ plans and strategies for developing Tanzania agricultural
sector, including trade objectives, market linkages, and policy support for
agricultural products.

Overarching framework for the agricultural sector, addressing productios

trade, market access, and support for both staple and Indigenous crops

Offers

agricultural exports, trade liberalization, and market access for Tanzanian

ights into the country’s trade policies, focusing on promoting

crops.
Initatives to boost agricultural exports, diversification efforts, and support
for crops with export potential, including indigenous crops.

Covers the agricultural sector and Agro-processing, highlighting the
potential for indigenous crop commercialization.

‘Trade agreements within the EAC region include tariffs, trade barriers, and
opportunities for regional trade in agricultural products, which could affect
the trade of Indigenous crops.

Offers insights into how Tanzania engages in trade with it southern African
neighbors, including the movement of agricultural goods across borders.
Significantly impacts the agricultural trade landscape, offering opportunities
for Indigenous crops to access a broader African market,

Help understand market access provisions and tariff reductions for
agricultural exports from Tanzania.

analysis on Tanzanias agricultural performance, export trends, and
economic policies affecting trade.

Comprehensive data on agricultural production, consumption, and trade in

Tanzania, with a focus on food security and Indigenous crops

Provides trade potential assessments, highlighting crops (including

indigenous varieties) with potential for growth in international markets.

Provide data on agricultural exports and imports, focusing on revenue
‘generation from various agricultural commodities, including indigenous
crops.

Reports cover development projects and trade initiatives in Tanzania,

particularly regarding agricultural trade and market integeatior

Regulate the seed industry and intellectual property rights in agriculture,
which are critical for developing and trading Indigenous crops.

Act regulates inputs in the agricultural sector, impacting the productivity of
Indigenous crops and their competitiveness in the market.

‘The long-term development plan outlines the country’s ambitions for
economic growth, food security, and agricultural development, and it

includes trade strategies for boosting agricultural exports.
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No. of Percent of adopting farmers
practices

Total Kilombero Mtibwa Kagera
N=400 N=174 N=121 N=105

0 5.75 115 14.88 2.86
1 18.50 20.11 26.45 6.67
2 36.50 31.61 40.50 40.00
3 24.00 20.69 1240 42.86
4 11.00 17.24 4.96 7.62
5 425 9.20 0.83 0.00
Total 100.00 100.00 100.00 100.00

Source: Survey Data (2021).
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Description Adoption rate (%)

Total Kilombero Mtibwa Kagera

Effective farm preparation At least two soil tillage (plowing and harrowing) before planting 61.25 49.43 54.55 88.57
and/or post-harvest ratoon plots maintenance®

Improved varieties Use of improved sugarcane varieties during planting and gap-filling 20.50 3103 14.05 10.48

Chemical fertilizer Application of chemical fertilizer 63.25 96.55 18.18 60.00

Integrated weed management | Both mechanical and herbicide application weed control 50.25 4138 4050 76.19

Pest and disease control Undertaking pest and disease control measures 33.50 41.95 41.32 10.48

Source: Survey Data (2021).
“Farm field maintenance after-harvest (e.g, trash management, gap filling, and mulching of ratoon crop farm plots).
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Pricing and Supply Resource Extension
payments anagement support and advisory
Timely payment as stipulated in the agreement 0.836 0.062 0.015 —0.247
Price changes reflect cost increments 0.762 0.083 —0.339 0.423
Payment waiting time is too long —0.743 0.009 —0.064 0.120
The sugarcane pricing system is suitable 0675 0.062 0.015 0247
Service charges costs are fairly estimated 0471 0324 0.144 —0.002
Crop harvest and supply delivery are timely —0.089 0.804 0.032 0.187
Preferential harvest exists for emergency sugarcane 0.060 0.604 —0.134 —0.019
Fair produce supply measurements 0.199 0584 —0.134 0019
Inputs and credit support are accessible 0223 —0.074 0.740 0.423
Inputs and credit support within CF are affordable compared to other sources —0.207 0279 0.580 0234
Inputs and credit support are timely delivered —0.058 0.089 —0.523 —0.096
Extension services from CF firm are accessible 0.134 —0.320 0.298 0.841
Expert advice on crop threats and resolving solutions is useful 0229 —0.061 0.025 0.637
Farmers receive information on emerging innovations 0.029 —0.064 0.236 0.440
Eigenvalues 3.001 2162 2.003 1518
Variance explained (%) 0266 0.199 0.168 0.117
Cumulative variance explained (%) 0.266 0.456 0.624 0.750
Cronbach’s alpha 0931 0737 0.670 0.756

Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy = 0.787. Source: Survey Data (2021).
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Above secondary education level
Wealth status (Base: Low)
Middle wealth status

High wealth status

Land inacres

cred

livestock

Non-farm income

Plant cash crops
Community level
Distance to water source
N

*p < 0.1, *%p < 0.05, ***p < 0,01

(1)

Full sample

—0.110%+*
0.183%++

0170+

~0.0010
00277
—0.0212¢+%

~00017

0209
0.286%+*
0.000779
0159+
0.0154
0.145%%+

02087

~0.00587*

943

(2)

Female

—0.115%*
0.144%0¢

0.100*

~0.001

~0.018%*

~0.059

0177w

028370
0011

0.197%4%
0021
0.098

0122

~0.00446

502

—0.110%*
0.224%5%

0.260%+*

~0.002

~0.023%++

0051

0.237%%%
0.260%**
—0.009
0.099*
0.007
0.205%++

0,293+

~0.0299%*

441
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(1)

Full sample

(2)

Female -headed

3)
Male-headed

Adaptation strategies
Change of planting dates
Conservation agriculture
Drought tolerant crops

Household and individual character

Age
Gender

Household size

Above secondary education level
Wealth status (Base: Low)
Middle wealth status

High wealth status

Land in acres

cred

livestock

Non-farm income

Plant cash crops
Community level
Distance to water source
N

*p < 0.1, *%p < 0.05, ***p < 0,01

—0.139%#%
0.194%5%

0.221#%

~0.0008
0.0841%
~0.0107

0.0457

0.187+%

02507+
0.0018
0.139%%
0.0282

0.187+5%

0.307%+%

~0.028**

508

—0.127
0.148

~0.153

0.007%%

~0.0006

~0.0067

0127
0220+
0.0572+%
0,283+
0165
0.267%%

0272

0.026

135

~0.0957*
0.201%#%

0.291%%%

~0.002*

~0.0193+*

00502

0220+
0,240+
00005
00793
~00323
0,162+

0302+

—0.0475%%

373
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(1) (2)

Changing planting dates

Planting drought
tolerant crops

(3)

Practicing conservation
agriculture

Age of household head
Gender of household head
Household size

Head has above secondary level of

education

Size of land

Access to credit

Owns livestock

Has non-farm income

Crops grown

Beans

Green grams

Cow pies

Millet

Vegetables

Pigeon peas

Climate perception variables
Reduced rainfall

Less predictable rainfall
Recurring and prolonged drought
N

*p < 0.1, *%p < 0.05, ***p < 0.01

~0.000480 ~0.0000451
~0.00400 0.00162
000610 0.00655%
~0.000810 00120
~0.00633 ~0.00453
0101+ 0.0871%%+
0.0181 00118
-00115 ~0.0590**
0.0312 ~0.0822%*
~00292 0.0399*
~00193 0.0850%%+
0.0817% 00311
0.0170 00170
~0.107%%+ 00264
0.0368* 0.0500%*
0.000856 0.00345
0.000730 00198
1042 1,042

0.000479
0.00360
0.00849

0000326

0.00816**
0.262%%%
0.00889

0,187+

00105
~0.00147
00211
00543
0,108+

0.0919%

~0.0104
0.0700%*
0.170%%*

1,042
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(1) (2) (3)

Changing planting dates Planting drought Practicing conservation
tolerant crops agriculture

Age of household head ~0.000303 —~0.000644 0000431
Gender of houschold head ~00291 ~00144 ~0.0360
Houschold size 0000177 000519 00156+
Head has above secondary level of education 00210 00173 ~00719
Size of land =0.0136 —0.00756 0.0111*
Access to credit 0.0832%%% 0.106%** 0.209%*%
Owns livestock 00237 00301 00288

Has non-farm income —0.0269 —0.0642 0.137%%*
Crops grown

Beans. —0.0464 —0.0748 —0.0454
Green grams —0.0333 0.0166 —0.0276
Cow pies —0.0142 0.0749* 0.00757
Millet 0.0265 0.0468 0.146%%
Vegetables 0.0483% 0.00110 01218+
Pigeon peas —0.104%* 0.0487 0.0589

Climate perception variables

Reduced rainfall 0.0625%% 0.0473 0.0101
Less predictable rainfall 00265 ~0.0291 0.128%%%
Recurring and prolonged drought 00152 0.00838 021844
N 517 517 517

*p < 0.1, *%p < 0.05, ***p < 0.01
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Household level Individual level

Total Male Female i Total Male Female
headed headed
Normal period
Food secure (%) 27 212 26.9 =57 216 221 211 19
Mildly food insecure (%) 57 6.4 37 26 6.8 6.7 6.9 =03
Moderately food insecure (%) 204 212 17.9 33 212 202 220 -18
Severely food insecure (%) 513 51.2 515 =03 504 510 499 L1

Period of extreme weather

Food secure (%) ) 29 37 -08 31 35 27 08
Mildly food insecure (%) 24 21 30 -09 22 19 26 -07
Moderately food insecure (%) 153 157 142 L47 169 1583 179 -20
Severely food insecure (%) 793 793 7.1 02 778 7875 769 19
N 511 377 134 1,029 480 549

*p < 0.1, **p < 0.05, ***p < 0.0L.
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Construct

Digital

technology

Benefits

Drawbacks

Stakeholders

Source(s)

Precision fertilization

Crop monitoring

Variable rate application

Predictive fertilization

Soil health assessment

Crop yield optimization

Water & soil management

Digital extension services

Fertilizer

recommendation

Mobile Apps (e.g.,
SoilDoc, FOT)

ICT Tools (e.g, soil

sensors, GPS, UAVs)

VRA technology

Aland ML algorithms

Satellite Imaging

Deeplearning (DL)-based

IoT

Drone surveillance

Smartphone applications

Machine learning (ML)

models

Enhanced nutrient
‘management, real-time
soil analysis

Improved data for targeted
ferilization, reduced input

waste

Increased yield and
profitability, reduced
nutrient runoff
Optimized fertilizer
application timing and

amounts, reduced cost

Broad area monitoring,
improved identification of

nutrient deficiencies

High accuracy in smart
fertilization and irrigation

applications

Real-time crop health
assessment, reduced
environmental impact
Easy access to advisory
services, weather alerts,
and crop management
tools

Data-driven
recommendations for

fertilizer optimization

Limited access, high
costs, digital lteracy
requirements
Technical expertise

needed, high initial cost

Prohibitive cost for
smallholders, calibration
issues

Data privacy concerns,
potential algorithm bias

Limited resolution,

accessibility constraints

Limited internet, high
costs, technical skill
required

Cost of UAV technology,

regulatory restrictions

Limited rural
connectivity, device

compatibility issues

Requirement for high-
quality data, complex

model raining

‘Smallholder Farmers, NGOs

Extension Services, Local
Gov.

Farmers, Agribusinesses

Researchers, Tech

Developers

Regional Gov, NGOs

Farmers, Researchers

Environmental NGOs,

Farmers

Farmers, Extension Workers

Tech Developers, NGOs

Finger etal. 2019)
and Krell et al. (2021)

Mapiye et al. (2021)
and Yousfi et al. (2019)

noto et al. (2019)
and Alemaw and
Agegnehu (2019)

Muwangi and Kamau
(2016) and Nyakuri
etal. 2022)
Muwendwa et al. (2022)
and Soesilo and

Rambaldi (2018)

Unwiragiye et al. (20:

and Linaza etal.
(2021)

Vatsanidou et al

(2020) and Protopop.
and Shanoyan (2016)
Krell

Qua

al. (2021) and
dt et al. (2020)

Beverley and Thakur
(2021) and Dara etal

(2022
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Technology Function/activity

Mobile apps ‘The app recommends the appropriate type and amount of fertlizer to
apply in the soilafter analyzing different parameter in the soil by using

machine learning algorithms

The app provides customized fertilizer recommendations to farmers

based on the crop type, soil type and other factors. It also offers the

farmer a chance to compare the cost-effectiveness of different fertilizer
b Fertilizer Optimization Tool (FOT)  options

‘The app provides customized fertilizer recommendations by measuring

soil properties and comparing the data obained to the information in

the digital soil database that covers East African countries

“The app recommends the suitable amount of nitrogen to achieve

1d Yara imagel T maximum yield by measuring the nitrogen uptake in the crop
IcTs Soil sensors are among the common ICT tools used in East Africa to
‘measure soil moisture, temperature, and nutrient levels, which helps

2 Soil sensors farmers in their fertilizer application decisions

By using satellite images different production restraints related to soil

2 Satellite images fertilty and nutrient deficiencies can be assessed and fixed accordingly
UAVs and drones are used for remote sensing of crop health and
2 UAV and drones nutrient levels to help in fertilizer application
VRA technique A study found that VRA has a potential to increase rice yield and
improve profitability for smallholder farmers in sub-Saharan Africa

Another study in Ethiopia found that the use of VRA in fertilizer
application resulted in a higher net profit for maize farmers compared

3 10 the conventional broadcasting methods

Aland ML An Al-based smart system that can advise maize-growing farmers on
the type and amount of fertilizer to use for increased yield was
developed in Kenya
A model with performance of 91.7% for smart fertilization and
irrigation was developed in Rwanda by integrating 10T and deep
learning
Soil nutrient development models were developed the ensemble ML
approach under the Optimizing Fertilizer Recommendations in Africa

4 (OFRA) project in Rwanda

References
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Database Searchers

704 Total retrieved articles
278 Sciencedirect
89 Scopus
320 Google Scholar
17 Other relevant sources

Screening

647 articles remained

Quality Control and
Relevance

98 qualified articles

Eligibility: Articles selected
according to application
domain
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Proportion of Average land

contribution to space used for

feeding system farming (acres)
Acacia 50.0% 0.47 £ 0.038 (0.27-1.3)
Bananas 5.0% 039 0.027 (0.2-1)
Cassava 0% 032 0.26 (0.1-0.75)
Finger millet 27% 0.28 £ 0.16 (0.13-0.50)
Grevillea 75.0% 0.11 £ 0.44 (0.05-0.15)
Lantana camara 0% 0.07 £ 002 (0.15-0.40)
Lucerne 100.0% 0.27 % 022 (0.05-0.50)
Maize 33% 050 + 0.33 (0.25-1.0)
Mangoes 0% 0.80 £ 0.13 (0.15-0.32)
Napier grass 57.1% 0.56 % 0.53 (0.2-2.3)
Pawpaw 0% 0.80 % 0.23 (0.25-1.0)
Pigeon peas 76.7% 029+ 0.26 (0.02-0.06)
Sorghum 34.3% 0.64 4 0.69 (0.12-2.5)
Star grass 0% 020+ 0.38 (0.25-1.4)
Sweet potatoes 83.3% 021 £ 0.06 (0.12-0.25)

9% denotes the percentage of contribution of various animal feeds to dairy goat feeding system.
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Activity Female (%) Male (%)

(18-35) years >35 years (18-35) years >35 years

Construction of sheds 7.0 45 56.7 60

Purchase of goats 7.0 199 403 49.8
Shed cleaning 57.7 453 95 17.9
Marketing 134 239 358 54.2
Pest and disease control 75 8.0 56.2 572
Transportation 9.0 8.0 622 4858
Slaughtering 75 5.0 522 64.7
Providing water 56.7 448 289 114
Purchase of input 85 174 38.8 423
Feeding 62.7 438 254 7.5
Enterprise selection 55 229 224 587
Breeding 65 209 294 58.7
Control of income 224 348 274 39.3

9% denotes the percentage of respondents reporting influence of climate change on labor distribution among diverse gender and age categories.
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Female (%) Male (%)

18-35 years (youth) >35 years 18-35 years (youth) >35 years
Loss of lives due to floods and 39.8% 44.3% 28.9% 53.2%
famine
Loss of crops and livestock due 26.4% 49.8% 33.8% 69.2%
to increased pest and diseases
Increased responsibility like 86.6% 39.8% 28.9% 10.4%
fetching water and animal feeds
collection
Loss of wealth 23.9% 36.8% 33.3% 80.1%
Food shortage and malnutrition 56.2% 51.2% 28.4% 38.8%

9% denotes the percentage of respondents reporting the effects of climate change on the respective parameters.
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reatment effects Coefficient Std
Average treatment effect (ATE) 67614+ 0.367
Average treatment on the treated (ATT) 25640+ 0.654

#¥Significant at 1%,
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atment effects Coefficient Std
Average treatment effect (ATE) 284505+ 0.666
Average treatment on the treated (ATT) 52390+ 0345
Potential-outcome mean (POM) 73464 0216

The bootstrap replications were changed from 100 to 1,000 but no significant change occurred, hence 500 replications were used to bootstrap the standard errors.
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Household dietary diversity score

Coefficient Std. Err. p-value % Change
ATE 212 0524 0,000+ 35
ATT 3126 0693 0,000+ 52
ATUT 1625 1323 0276 27
LATE 2100 0524 0,002+ 3
p-value essential heterogeneity 0.002%%

***Significant at 1% level and **significant at 5% level. The table reports the average treatment effects (ATE), the average treatment effects on the treated (ATT), the average treatment effects
on untreated (ATU), local average treatment effects on the treated (LATE), and the p-value for a test of essential heterogeneity for the two outcomes. Std. Err. represent bootstrapped standard
errors with 1,000 replications. As HDDS is measured in scales the percentage change is calculated based on their mean value (6.05) from the sample.
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Food group Percentage

Cereals 98.3%
Roots or tubers. 97.3%
Vegetables 85%
Fruits 76.6%
Meats 75.0%
Fggs 47.5%
Fish and sea foods 916%
Legumes 85.8%
Milk or milk products 35.8%
Fats and oils 70.8%
Sweets 233%

Condiments, coffee 3L6%
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Gender of respondent
Age of the respondent

Received training on how to
access weather information by

an organization
Age of household head
Marital status of respondent
Household size

Education level of respondent

Highest education level
attained by any houschold
member

Years of farming experience

Access to climate change

informati

Access to market

Membership in cooperative
society?

Access to government fund

Access to government support

on farm input?
Constant

Pseudo r-squared
Chi-square

Prob > chi2

Akaike crit. (AIC)
Bayesian crit. (BIC)

*4p<0.01, **p<0.05, *p<0.L.

~0309

0.053

—0.628

~0.068

0.269

~0.186

0.010

0.328

~0.008

0.907

~0334

~0772

—1.589

0.617

1815

0239

31.930

0.004

131884

173.945

St. Err.
0450
0036

0381

0033
0273
0074
0055

0.109

0021

0.680

0501

0754

0648

0344

1545

p-value
0491
0136

0.099*

0042
0324
00125
0.857

0.003%%%

0705

0182

0505
0.306

0.014%*

0.073*

0.240

dy/dx
~0.073
0013

—0.148

~0.016
0.063

0044
0.002

0077

-0.002

0213

0079

~0.182

0374

0145

0.105

0.008
0.087

0.007

0.063

0016

0013

0.023

0.005

0.156

0118

0175

0142

0.079

0,033

0317

0.007

0.857

0.001

0.704

0171

0505

0.298

0.008

0.066
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Level of SLM adoption Coef p-value
Gender of respondent 0170 0.126 0179
Age of respondent ~0030 0010 0.003%+%
Age of household head 0035 0010 0.001%+%
Marital Status of respondent ~0223 0079 0.005%+*
Household size in numbers 0.082 0027 0.003%+*
How many years did you spend in school? ~0018 0017 0.288
Education level of household head 0033 0031 0.285
Highest level of education attained by any household member ~0.160 0.040 0.000%+*
Years of experience in farming 0.006 0.006 0341
Do you have access to credit? 0.008 009 0935
Do you have access to information? ~0471 0.206 0,022
Do you have access to extension officer? ~0262 0.206 0.204
Do you have access to market? ~0087 0.142 0542
Do you have fund from government? ~0231 0.094 0.014%%
Membership in any cooperative society 0274 0.150 0.128
Do you have support from government on farm input? 0558 0.150 0.002%+%
Access to good road network ~0099 0.101 0329
Inverse mills ration (IMR) 0,804 0425 0.058%
Constant 1821 0551 0.001%+%
Pseudo r-squared 0.078

Chisquare 59.095

Prob>Chi? 0.000

Akaike crit. (AIC) 739.492

Bayesian crit. (BIC) 792768

#5001, *%p <0.05, *p <0.1.
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Food security status
Age of respondent

Marital Status of respondent
Number of years spent in school?

Highest level of education attained by

any household member
Years of experience in farming

Access to credit

Access to information SLM

Access to extension agent

Access to market

Do you have fund from government
Membership in any cooperative society

Do you have support from government

on farm input?

Do you have access to good road

network

Constant

Do you use SLM
Access to information
Access to market
Constant

Jathrho

Tnsigma

tho

sigma

Log likelihood
Prob>Chi*

#5001, *%p <0.05, *p <0.1.

~0013

~0386

~0.067

~0.035

0.043

—0.113

~0.259

~0.539

~0.126

~0527

0757

0.967

~0.053

4192

2076

~0.606

—0.028

—6.412

0920

0.867

2509

~228.0743

0.0024

Std. Err.

0.010

0127

0.023

0.059

0012

0.208

0.246

0374

0.358

0.207

0422

0309

0.163

0.862

0.028

1216

2093

73565

0.169

0.209

p>z
0212

0.002%+%
0,003

0547

0.000%+#
0588
0293
0150
0724
0.011%*
0.073%

0.002¢%+

0745

0.000

0.000%+*
0618
0989
0931

0.000
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Description of variables Mean
Dependent variables
Food security Average HDDS 605 306
Adoption of SLMP 1=adopter, 0 =non-adopter of SLMP 0.60
Level of SLMP adoption Average SLMP used (numbers) 497 337
Explanatory variables
Age Age of HH head (years) 4351 1140
Gender LifHH head is male, 0 if female 080
Marital status 1if married, 0 unmarried 089
Educational level Years of education of HH head 1499 1279
Farming experience Years of household experience in farming 1854 891
Household size Number of household (Number) 7.192 230
Farm si Farm size (Ha) 562 192
Primary activity 1if farming as primary activity, 0 otherwise 089
Access to extension 1if HH has access to extension, 0 if otherwise 078
Non-farm income 1=if HH engages in any off-farm activity 052
Access to credit 1if HH has access to credit, 0 if otherwise 066
Access to cooperative 1if HH has cooperative, 0 if otherwise 068
Access to information 1ifHH has access to information, 0 if otherwise 048
Access to market 1if HH has access to market, 0 if otherwise 050

Access to government funding 1if HH has access to government funding, 0 if otherwise 0.18
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HDDS

Age of respondent

Gender of respondent

Marital Status of respondent

How many years did you spend in school?

Years of experience in farming

Household sie (in numbers)

Whatis the total farm size planted?

Whatis the primary activity of the household head?
Do you have access to extension officer?

Whatis the secondary activity of the household head?
Do you have access to credit?

Are you a member of any cooperative society?

Do you have access to SLM information?

Do you have access to market?

Do you have fund from government?

Adopters of SLMP
643
47.023
0977
2356
9.069
21.609
7011
3.287
1184
0.943
1678
0.678
092
0.966
0.862

0.402

0.00

2714

5943

148

6.086

2286

1457

1771

0.686

0943

0914

0943

0314

Differences
221
4509
09774+
~0358%*
3126+
6,809+
0925+
1001
~0.273%
~0057
~0.093
~0.008
~0023
0052
~0081

0.088
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Category Responses (%)

Producer is member of a farmer organization or association
Yes 482
No 518

Perceived benefits of farmer organizations

“Training and knowledge dissemination 573
Access to market information 26.8
Credit financing 108
Soil sampling and advice 51

Source of technical advises

Private agronomist (external) 750
Family and friends 233
Farm technical advisor (internal) 17

Type of advice and support farmer would like to receive in
future

Market information as
Pestand disease management 293
Weather informs 207
Fertiliser recommendations 29
Irrigation 24
Orchard management 20
Transport 08

Financial assistance 04
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Water Responses Pests/diseases Responses

information (%) (%)
Producer irrigates Major pests/diseases

Yes 393 Fruit flies 205
No 607 False codling moths 89
Producer monitors water application | Root rot 80
rates (Phytophtora)

Yes 98 Caterpillars 63
No 902 Aphids 36
Producer tests the quality of rrigation | Mealybugs 36
water

Yes 36 Wilt (Fusarium/ 36

Verticillium)

No 96.4 Thrips 18
Producer protects water sources Stink bugs 09
Yes 143 Botrytis 09
No 857 Stem cankers 09

Mites 09
Producer has pernits to extract and | Do not know 401

use water sources other than rainfall

Yes 107 Decision on PPP application
No 893 Advice from 107
agronomist/
extensionist
Method of irrigation Routine schedules 7.1
Drip 261 Pest pressure 27
Furrow 22 None 795
Manual 10
None 607
Source of irigation water Producer implements IPM
River 769 Yes 143
Groundwater 173 No 857
(Borehole)

Lake 58
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Hired labor

Coef.
(]

Family labor

Mechanisation

Access to certified
planting material

Coef
(6)

Use of manure

Use of mineral
fertiliser

Conducts soil

Intercept
Field size
Farmer age
Gender (M)
Tree age

Member of
farmer
organization
(Yes)

Agroecology

(NESaSGP)
(NME)
(SELKB)
(SWGE)
(WMHE)
(WMAFSE)
AIC

018"

—0.01™

0.60%*

050"

11651

(0.51)
0.02)

022)
(0.49)

223%e¢

~0.06""

-053"

1745

17.06™
1669™
-L71%
1699
~088"

115,63

Irrigation

0.60)
(0.03)

(0.55)

(3585.29)

(6522.64)
(2647.59)
(0.83)
(1863.22)
(057)

-2295

~1682"
4520+

2927
041
~4.5%

5217

Drip Irrigation

Coef.
(6)

(347)
(0.12)

(0.05)

(2740.08)

(6522.64)
(1.49)
(267)
(1.26)
(203)

—013"

—024™

060"

17

—17.57"
~1691"
1037
108"
154%

13854

Pesticide use

(0.16)
(0.48)

(2231.11)

(3956.18)
(1558.49)
(0.81)
(0.72)
(052)

Access to agronomic
advice

.

0.06%%

032"

-19.58™
~080"
1675
~095"
077"

12311

(115) 2854+ 085
0.08%* ©01)
002 ~148™ (103)
(145)
(3956.18)
(1.00)
(1194381)
072)
(055)
37.79

Access to advice on

Intercept —155%
Field size

Farmer age

Gender (M)

Treeage 025"
Member of farmer

organization (Ves)

Agroecology L1677
(NESaSGP)

(NMF) —1452%
(SELKB) 080"
(SWGE) —0917
(WMHE) —0547
(WMAFSE) 134
AIC 14921

Ifa p-value s less than 0.05,itis flagged with one star (%). fa p-value isless than 001, it is flagged with 2 stars (**). Ifa p-value isless than 0001,

(0.54)

(0.15)

(1.29)

(1455.40)
(0.91)
(0.94)
(0.87)
(0.49)

_33pees

0.03*

025"

67.66

(0.67)
(0.01)

020)

143

6230

184
001

003

085

~1640™

~1539"
238*
181

~15.86"
068"

77.49

food safety and quality
Coef. s.e.
(6)
©081) —1951™ (1444.49)
(0.05) 0.03* (©.01)
oo (0.03)
1650 (1444.49)
0.09™ (0.20)
-017% (0.67)
(3529.93)
(6522.64)
(115)
(109
(1863.00)
089
7481

is flagged with three stars (++%).

analyses
Coef. s.e.
(6)
—3.03%% (0.45)
0.044% (©0.01)
5580
Having certifications
Coef.
()
-5.07% (2.20)
—0.01" (0.02)
004" (0.03)
0.60% 0.29)
Loa™ 13%)
—19.66™ (17730)
146" (1.072)
~2154™ (4682)
~19.027 (4759)
~19.08™ (2629)
6524





OPS/images/fsufs-09-1500012/fsufs-09-1500012-t001.jpg
Category Responses (%)

Producer considers the soil of their plot as fertile and suitable
for avocado

Yes 973
No 27

Frequency farmer conducts soil analyses

Never 920
Every 3 years 7.1
Every 10 years 09

If never, what is the reason?

Lack of knowledge 563
Too costly 39
Nota farm priority 80
Noaccess to a laboratory 18

Decision on type and rate of fertilizers and/or manure to apply

Do not know 473
Always same type and amount of fertliser 420
Based on general crop nutrient guidelines 89
Based on soil analysis with tailored recommendations 18

Soil management practices

Organic and compost manure 724
Crop residues 108
Drainage 94
Erosion bands 72
Cover crops 43
Mulching 35
Minimum tillage 29

None 259
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Commercial nursery
Own nursery

None

NPK

NPK and CAN
CAN, NPK, MOP
Multi N
Vermiculite

None

Cattle manure
Green manure
Goat manure
Rabbit manure

None
Local agro dealers
Own farm

None
Agronomist/extensionist
Routine schedules
Depending on pest pressure

None

Inorganic pesticides
Cultural techniques
Organic pesticides

None

Local agro dealers
Regional agro dealers
Farmer association
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7 93.7
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Variables Responses %
Perceived status of Fertile 170 69.1
homestead fertility

Infertile 76 30.9
Perceived slope Moderate to steep 174 70.1
class of homestead

Flat to gentle 72 293
Gender Male 187 76

Female 59 24
Literacy level Able to write 144 585

and read

Unable to read 102 41.5

and write
Off-farm activities Yes 23 9.4

No 223 90.6
Credit access Yes 69 28

No 177 72
Extension contacts Yes 168 68.3

No 78 317
Selected seed Yes 130 52.8
availability

No 116 47.2
Distance to the Yes 134 54.5
nearest market

No 112 455
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\VEEIES Minimum Maximum Mean Std.de
Intensity of CSA 0.17 1 0.6 025
practices

Farming 12 53 29 838
experience

Dependency 02 07 0.4 0.14
ratio-induced

labor

Total farmland 1 325 2 0.65
holding size

Livestock 0.03 0.98 0.49 0.25
diversity

Estimated annual 10,000 100,000 36,5732 18,366.4
income (in ETB)
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Unstandardized Standardized Collinearity statistics

coefficients coefficients

B(SE) Beta Tolerance VIF
(Constant) 0.107 (0.06) 175
Perceived soil fertility status —0.020 (0.02) —0.037 —0.9 0.920 1.087
Perceived slope categories 0.167 (0.03) 0.331 67 0.646 1.548
Gender —0.042 (0.02) —0.078 —1.89 0922 1.085
Literacy level —0.028 (0.02) —0.055 -13 0.890 1.123
Off-farm activities —0.028 (0.02) —0.055 —1.34 0701 1.426
Credit access 0.326 (0.08) 0.180 4.31* 0.881 1135
Extension contact for capacity 0.022 (0.02) 0.056 119 0.619 1615
development training
Selected seed availability 0.18 (0.05) 0.178 359 0.730 1369
Distance to the nearest market 0.004 (0.02) 0.008 0.17 0954 1.048
Farming experience 0.005 (0.001) 0.173 3.6 0.686 1.459
Dependency ratio-induced labor —0.030 (0.01) —0.127 —281° 0774 1.292
Total farmland holding size 0.009 (0.02) 0.022 0.47 0703 1.423
Livestock husbandry diversity 0199 (0.05) 0.197 391° 0.624 1.603
Estimated annual income (ETB) 2.602E-007 (0.0) 0.019 046 0.937 1.067

Model Summary
R square Adjusted R square  Std. error of the estimate Durbin-
Watson
0.80* 0.64 0.61 0.157 2121
ANOVA*
Sum of squares Mean
square

Regression 991 14 071 2872 0.000
Residual 57 231 0.025
Total 156 245

*Dependent Variable: CSAP.
b Refer to significant levels at P < 0.001, P < 0.01, and P < 0.1, respectively.
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Depen variables

The intensity of six CSAPs

Measuremen:

The mean values of CSAPs employed on
a homestead

Hypothese

The intensity of CSAPs is influenced by numerous socioeconomic, institutional,
and plot-level factors.

and 0 = no)

Explanatory factors Measurement The anticipated direction (+) of the correlation
between the dependent variable and the predictors

Perceived status of homestead soil 0 = fertile and 1 = infertile +

fertility

Perceived status of homestead 0 = flate to gentle slope and 1 = +

slope class moderately to steep slope

Gender Male = 1and 0 = female +

Farming experience In the number of years

Dependency ratio-induced labor In ratio E

Literacy level Able to write and read = 1 and 0 = ik
unable to read and write

Total farmland size In hectare

Livestock diversity index (LDI) Values of Herfindahl-Hirschman
diversity index*

Income Inbirr +

Off-farm activities Engaged in one or more off-farm B
activities (yes = 1 and 0 = no)

Credit associations Have access to credit association (yes = -
1and 0 = no)

Training and advising from If there are opportunities (yes = 1 and 0 +

extension agents =no)

Selected seed availability If there are opportunities (yes = 1 and 0 +
=no)

Distance to the nearest market Homestead close to the market (yes +

*The livestock diversity index (LDI) was calculated using the Herfindahl-Hirschman diversity index (HIL), which takes both richness and evenness into account (Chegere and Stage, 2020). It is

calculated using Equation 2.
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The decision to Odds ratio Std. err. Marginal effects

consume

The perception that they achieve 0516 0.086 0,000+ ~0.009%%%
higher production
The perception that UCs taste better 1373 0232 0.061* 0.005%

Awareness about underutilized 069 0142 0.072% ~0.005*

crops bencfits

‘The perception that they are 1144 0356 0666 0.002
available
Education 1565 0412 0.088% 0.007%
Household size 1163 0075 0,019+ 0,002
Marital tatus 6864 4049 0.001%+ 0.039%+%
Access to credit 0549 0403 0415 ~0.007
Government Grant 5225 3765 0,022+ 0,024
Gender 0316 0184 0.048% ~0019%
ingness to buy 0019 0016 0,000+ ~0.057++%
Off-farm income per month 0999 0.000 0.034% ~0.000%
Extension office visit 0478 0.268 0.188 ~0012
Training 2095 1159 0.182 0011
Group membership 0184 0136 0,022+ ~0018%
_cons 0209 0369 0375
Mean VIE
Number of obs = 300 LR chi*(15) = 96.00 Prob > chi* = 0.001 Pseudo R = 0.4618. #, *%, ***, means the coeffcient i statstically significant at 10, 5 and 1% levels.
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Variable Expected Justification Reference

Influence

Education level Categorical (1 = No School, 2 = Primary, () More educated farmers may have greater Malkanthi (2016)
3= Secondary, 4 = Tertiary) awareness of the nutritional benefits of UCs,

leading to increased consumption.

Houschold size Continuous O] Larger houscholds require a diverse food Imathiu (2021)
basket, making them more inclined to include
UCs in their diet.

Marital status Categorical (0 = Not Married, 1 = Married) (=1+) Married individuals may have different food | Zulu et al. (2022)
consumption patterns due to shared decision-
‘making and cultural dietary influences.

Access to credit Categorical (0 = No, 1 = Yes) @) Farmers with access to credit may have more | Jerop etal. (2018)
resources to experiment with diverse food
sources, including UCs.

Government grant Categorical (0 = No, 1 = Yes) @) Financial support from the government may ~ Jerop etal. (2018)
enable farmers to diversify their diets,
including UC consumption.

Gender Categorical (0 = Female, 1 = Male) +1-) Women play a larger role in food preparati Zuluetal. (2022)

potentially influencing UC consumption

within households.

Willingness to buy UCs  Categorical (0 = No, 1 = Yes) @) Consumer willingness to purchase UCs is a Nilssen etal. (2019)
strong predictor of actual consumption
patterns.

Off-farm income. Continuous =) Farmers with off-farm income may shift Mayes etal. (2012)

toward purchasing commercially available

foods instead of relying on UCs.

Extension visits Continuous =y Extension officers provide information that can | Mudau et al. (2022)
cither encourage or discourage UC
consumption.

Training Categorical (0 = No, 1 = Yes) O] Farmers who receive training are expected to | Mabhaudhi et al. (2022)
be better informed about the benefits of UCs.

Farmer Group Categorical (0 = No, 1 = Yes) ) Farmer groups provide platforms for Carnegie etal. (2020)

‘membership discussing food choices and agricultural

practices, potentially promoting UC

consumption.
Perception of Factor Score O] Iffarmers believe UCs are casy to grow, they | Senyolo et al. (2014)
production feasibility are willing to consume them.

Perception on taste Factor Score O] ‘Taste plays a critical role in food choices;

farmers who enjoy UCs are more likely to

consume them.

Perception on Factor Score ) Farmers who are aware of the benefits of UCs
awareness of UC health are more likely to include them in their diets.
benefits

Perception on Factor Score O] IfUCs are readily available, farmers are more

availability likely to incorporate them into their dicts.
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Variable Perception on Perception on taste Perception on Perception on

production awareness availability
“Tartness (sourness) —0.0664 0.0906 —0.2885 =0.0372
Flavor intensity 02641 0.5666 0.0875 ~0.0781
Sweetness 03808 07147 0.1443 ~00738
“Texture 0.257 0.6868 0.1934 0.0883
Aroma 03202 0.7946 0.1862 0.0169
Nutritional value 0.2531 0.5306 0.0349 0.2849
Understanding of cultivation 0.2307 —0.0556 0.2657 0.0046
Familiarity with preparation 0.1985 0.5998 0.0058 0.0025
Quality of the product 05828 ~02364 02419 ~0.2886
Market demand 03342 0.1466 —0.1778 —~0.0318
Reliability of the production 0.6483 —0.2141 0.0603 0.0700
process
Responsiveness to customer 0.6249 —0.0950 —0.0902 0.0784
needs
“Transparency in production 0.6815 —0.1786 —0.1188 0.1818
methods
Safety and hygiene standards 05816 00924 04343 01629

during production

Value for money in relation to 06579 ~0.0926 0.4149 01772

the products price

Distribution channel 0.6140 0.0251 —0.3836 0.2262
Ethical practices in the 0.6538 —0.1343 —0.2527 0.0868
production

Access to storage 0.5314 =0.0112 ~0.1508 =0.1125
Access to transportation 0.5991 —=0.1341 0.1329 0.4754
Environmental sustainability 0.5984 —0.1624 0.1868 0.0.4868
practices

Availabilty in Season 02189 02460 03678 0.6591
Availabilty of Information 0359 02637 0.5682 03134
Price stability 03028 02587 05438 01634
Ease of accessibility 05712 01364 01833 ~03016
Eigenvalue 54407 304751 180611 147324
Proportion 22.67% 12.70% 7.53% 6.14%
Cumulative 22.67% 35.37% 42.89% 49.03%
KMO 0.766

Alpha 08294

Barlelts test of sphericity: Chi-square = 267272, degree of freedom = 276, p-value = 0.001. The bold numbers means that the eigen value is 05,
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Variables  Non-consumers
(n=33) 11%

Mean  +Std.
dev
Household size | 7.419 4213
Off-farm 2005 1443952
income (ZAR)
per month

Consumers
(n = 267) 89%
Mean +Std.

dev
9.001 3827
3056127 7097.813

7
test

ns

**Means the coefficient s statistically significant at 5%, and n.s. means not statistically

significant.
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Variables Categories Non-consumers Consumers

Marital status 0= not married (n = 183) 383 96.17 e
Martied (1= 117) 22 77.78
Education 1=No school (1= 137) 876 91.24 ns
2= Primary (n = 62) 806 9194
3= Secondary (1= 83) 13.25 8675
4= Tertiary (n = 18) 27.78 722
Access to credit 0=No (n=249) 10.84 89.16 ns
1= Yes (n=51) 1176 88.24
Government Grant 0=No (1=82) 7.32 9268 ns
1= Yes (n=218) 1239 8761
Gender 0= Female (n = 185) 14.78 8522 *
Male (n = 115) 865 9135
Willingness To buy 0=No (1 =150) 20 80 e
1= Yes (n = 150) 2 %8
Extension office visit 0=No(n=119) 1261 87.39 ns
1=Yes (n=181) 9.94 90.06
Training 0=No (n=145) 1034 89.66 ns
1= Yes (n = 155) 1161 8839
Farmers group membership 0=No(n=231) 12.99 8701 -
1=Yes (n=69) 435 95.65

¥, *%, %%, means the coefficient is statistically significant at 10, 5.and 1% levels, n.s means not significant.
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