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Abstract

Access to quality seed potatoes is essential for boosting productivity and food
security among smallholder farmers. However, the adoption and use of these seeds
remain low in Kenya, thus constraining yield potential and dietary diversity. This study
investigates the adoption, level of use, and impact of quality seeds on household
food security among smallholder farmers in Kenya. Using a semi-structured ques-
tionnaire, data were collected from 541 households through a multi-stage sampling
approach. The Heckman two-stage model estimated factors influencing adoption and
usage intensity, while the propensity scores matching model assessed the impact

of quality seed use on household food security. The findings indicate that about

44% of farmers used quality seeds, with significant barriers including unavailability,
limited accessibility, and high cost of these seeds. Key drivers of adoption and usage
intensity included the level of education, total land size, household income, access
to extension, digital information, credit access, membership in a farmers’ organiza-
tion, access to subsidies, livestock portfolio, and geographical location. Adopting
quality seeds enhanced household food security, as evidenced by significantly higher
household dietary diversity scores (HDDS) and food consumption scores (FCS).
This improvement was largely attributed to increased intake of nutrient-dense foods,
particularly animal-source proteins, fruits, and vegetables. These results underscore
the need for policies that enhance local certified seed multiplication and distribution
to increase access and reduce the cost of quality seeds. Supporting the adoption of
quality seeds can substantially improve agricultural productivity and strengthen food
and nutritional security.
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Introduction

Food security remains one of the most urgent global development challenges, with
Africa identified as the least food-secure region worldwide [1]. Despite global efforts
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and progress in recent years to combat malnutrition, many countries are still far
from eradicating hunger and food insecurity by 2030 [2]. A joint annual report by [3]
revealed that, between 648 and 720 million people- approximately 8% of the world’s
population faced hunger, and 2.37 billion people experienced moderate or severe
food insecurity in 2024. Sub-Saharan Africa had the highest number of affected indi-
viduals compared to other regions [3,4]. Even more concerning is that approximately
46 million people in East Africa are severely food insecure, and 12 million people face
acute malnutrition [5]. Estimates indicate that the prevalence of food insecurity and
malnutrition in Kenya is high, with approximately 2.15 million Kenyans facing acute
food insecurity and 18% of children aged 5-59 months suffering from chronic malnu-
trition [6].

Food insecurity and malnutrition have detrimental social and economic effects,
decreasing individuals’ health and productivity, contributing to around 8% losses in
Kenya’s GDP, and accounting for roughly 45% of all child mortality cases reported
annually [7]. Addressing food security is, therefore, essential not only in achieving
global goals such as Sustainable Development Goals (SDGs): SDG targets 2.1 and
2.2 (ending hunger and malnutrition, respectively), but also in fulfilling Kenya’s Fourth
Medium Term Plan (MTP 1V, 2023-2027) and Vision 2030. This emphasizes the vital
need for agricultural interventions that increase yields, improve food security, and
strengthen resilience. Strengthening seed systems is particularly critical, as they form
the foundation for sustainable productivity growth, access to improved varieties, and
long-term food system resilience.

Agricultural innovations, especially using quality seeds, present a promising ave-
nue to increase agricultural productivity and food security [8,9]. High-quality seeds
outperform conventional seeds in terms of genetic and physiological traits as well
as performance [10]. Existing literature suggests that using high-quality seed from a
well-functioning seed system, combined with good agronomic practices, can close
the yield gap, increase pest and disease resistance, and reduce costs for agrochem-
icals, ultimately boosting farmers’ income and food security [11]. A recent study by
[12] found that Ecuador farmers who used quality seed potatoes achieved a higher
yield of 25 tons/ha, which was 52% greater than that obtained without higher quality
seeds. Similarly, [13] observed that increasing the availability and use of quality seed
among Ethiopian farmers improved their yields by approximately 30-50%. Okello et
al. [14] reported a yield increase of approximately 2.97-9.52 tons/ha among farmers
who used quality seeds in Kenya.

While there is extensive literature on the role of quality seeds in boosting agri-
cultural productivity [12,14—17], only a handful have focused on their impact on
improving dietary diversity- a vital aspect of food [9,18]. Beyond improving quan-
tity, quality seeds can also boost dietary diversity through multiple pathways. First,
high-quality seeds allow farmers to achieve higher yields on small plots, freeing
up land and other resources for growing different crops. This broadens access to
healthier and more diverse diets [18]. For example, a study by [19] found that Malian
farmers using improved sorghum seeds had greater access to diverse diets than
those using local seeds. Secondly, quality seeds increase crop yields, enabling
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farmers to produce surplus for the market, raising household income, and allowing them to buy a variety of food [2,20].
Evidence suggests that consuming a range of food groups supports balanced intake of all essential nutrients needed for
good health [21]. Thirdly, quality seeds mature faster, allowing farmers to rotate or intercrop them with other crops. This
improves access to diverse foods across seasons and reduces seasonal food shortages caused by biotic and abiotic
factors [22,23]. Fourthly, quality seeds are resistant to diseases such as bacterial wilt and late blight, and are
drought-tolerant [24]. This minimizes episodes of crop failure and stabilizes yields by imparting some resilience to biotic
and abiotic stressors [22].

Despite the aforementioned benefits of quality seeds, their adoption among smallholder farmers remains strikingly
low, with significant variation in usage levels in many countries in sub-Saharan Africa, including Kenya [10]. Estimates
indicate that the use of quality seeds among smallholder farmers in SSA is below 40% [25] and remains very low for root
and tuber crops in East Africa, where the formal seed system remains undeveloped [26,27]. Smallholder farmers, there-
fore, resort to using local or indigenous seed varieties, which are vulnerable to abiotic and biotic stresses, leading to low
yields [28].

Therefore, understanding the factors and challenges that limit the wider adoption of quality seeds is essential in design-
ing and implementing programs and policies to improve agricultural productivity. Empirical studies highlight that farmers
will only adopt quality seeds if they are available, accessible, affordable, and if farmers are aware of them [29,30]. How-
ever, smallholder farmers face multiple structural and physical barriers in accessing quality seeds. For example, a study
by [31] found that complex procurement issues and low supply of clean seed potatoes prevented Kenyan farmers from
adopting them. Okello et al. [32] discovered that the higher seed cost, mainly due to increased transaction costs, discour-
aged adoption among smallholder potato farmers. Adoption decisions are also influenced by farmers’ perceptions of seed
quality [33], socio-economic status [34], and institutional factors [35,36]. Additionally, a lack of information about seed
sources and limited awareness of the benefits of quality seeds contribute to their low uptake [37]. While these factors help
explain adoption decisions, it is still unclear whether they also affect the intensity and sustained use of quality seeds. Fur-
thermore, it remains uncertain whether quality seeds, especially seed potatoes, can substantially help achieve food and
nutritional security at the household level.

This study contributes to the existing literature by evaluating the adoption patterns, use intensity, and food security
impacts of quality seed potatoes among smallholder potato farmers in Kenya. Specifically, it addresses the following inter-
linked research questions: What challenges and constraints hinder farmers’ access to quality seed potatoes? What factors
influence the adoption and intensity of adoption of quality seeds? How does using quality seed potatoes affect household
food and nutritional security? The findings from this study will provide critical insights for designing targeted policies that
address the barriers farmers face in adopting and effectively using quality seed potatoes, thereby contributing to increased
productivity and improved household food security.

We focus on potatoes since the crop presents an opportunity through which food security can be achieved [38]. The
crop provides food for millions of smallholder farmers in Kenya [28]. Its ability to mature faster, as well as give more
returns to land and labor, makes it a potential crop for addressing food insecurity [39]. In addition, the crop has high
climatic adaptability owing to its ability to grow in high-altitude areas where most cereals do not perform well [40]. Despite
the vast potential for the crop, its output per unit area is low, averaging 8 tons/ha against a potential of over 30 tons/ha
with the best production technologies [40]. The low productivity is attributable to many factors, with inadequate use of
quality seeds taking center stage [37]. Most smallholder farmers (about 76%) rely on informal seed systems to procure
their planting materials [28,41]. Under this system, farmers either retain their home-saved seeds, obtain them from their
neighbors, or purchase them from local markets [42]. The quality of seeds obtained from these informal sources is poor
and susceptible to soil-borne diseases [43]. Moreover, farmers often reuse these seeds for multiple cropping cycles with-
out replenishing seed stocks, which causes seed degeneration due to pathogen buildup, leading to a significant drop in
potato yields [28,35].
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Conceptual framework

The study is based on the premise that seed systems can boost food security and nutrition by enhancing access to
high-quality seeds. The seed systems can either be formal, informal, or semi-formal, with substantial diversity in seed

sources, method of seed multiplication, and distribution pathways [35]. In informal seed systems, farmers obtain seeds

through various channels such as own-saved, neighbors, local markets, and cooperatives, often without government

control [44]. More often, farmers select small seeds that cannot be sold as seeds [45]. Using seed potatoes from these
informal sectors for multiple generations without replenishing them can cause a substantial reduction in the quantity and
quality of potatoes due to the accumulation of diseases and pests [28]. The semi-formal entails local community-based
seed production initiatives, such as quality-declared seeds, with less stringent quality control measures [44]. Conversely,
in the formal seed system, the production, distribution, and marketing of seeds of known quality and varieties are guided
by established standards and regulations [46]. This system is mainly responsible for producing and distributing improved
or modern varieties in the form of quality seeds, which have higher resistance to diseases, drought tolerance, and mature
faster, leading to higher yields [44].

We conceptualize four pathways through which the adoption and use of these quality seeds can improve food and

nutritional security, as depicted in Fig 1. The first is the production pathway, implying that using these seeds increases
yield among smallholder farmers. This translates to higher household food availability, resulting in more diversity in meals

Seed systems
N Availability,
fDa?:?(;(r)sg NS afforde'lb'il'ity, External factors
farm fa’ctors acpessibilicy Government
et ] ? and o
institutional policies, weather,
factors and HRALENCSS and infrastructure
asset
ownership = m— e e ____
X) v
Adoption »| Intensity of use
Y A 4 A A 4
w
E Increased Increased Improved Disease and
5 yield market potato drought
o surplus varieties resistant
y v v
g Improved Improved Improved Jproved
S food household agrobiodivers FESTIETES
S availability income ity
o
A4 A4 A4 v
S
a8 Improved food and nutritional security
£
-

Fig 1. Conceptual framework illustrating the pathways through which quality seed adoption improves food and nutritional security.
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PLOS One | https://doi.org/10.137 1/journal.pone.0346796 May 8, 2026

4125



PLO\Sﬁ\\.- One

and, thus, higher dietary diversity [14]. The second is the income pathway, suggesting that using quality seeds enables
farmers to increase their market surplus, thus improving their household income through the sale of potato surplus, and
enabling households to buy other food items, leading to increased dietary diversity [47]. The third is through the agrobio-
diversity pathway. Accessing quality seeds enables farmers to grow diversified potato varieties with varied preparation
options, some for making chips and crisps, others for roasting, and others for boiling and mashing, thus enhancing dietary
diversity at the household level. The fourth is the resilient pathways, which implies that using quality and improved seed
varieties enables households to adapt to climate change. Improved varieties like those developed by the International
Potato Center (CIP) are drought-tolerant, resist diseases, and mature faster (Unika, Sherekea, Wanjiku, and Nyota),
allowing for more flexibility in crop planting and harvesting [24,45]. This leads to consistent food availability and access,
sustaining household dietary diversity throughout the season.

Nevertheless, adoption and use of quality seeds, along with the expected outcomes, may not be homogeneous
among smallholder farmers. Factors like demographics, institutional support, farm features, and location can affect
both the decision to adopt and the level of use of quality seeds [36]. For example, younger and well-educated farmers
with larger farms are more likely to use quality seeds [48]. Likewise, farmers with better access to credit, agricultural
training, digital information, extension services, and social networks are more likely to adopt and intensify the use of
quality seeds, as these institutional services improve their financial capacity, technical knowledge, decision-making
ability, and awareness of the benefits of quality seeds [49]. Other factors outside farmers’ control (external factors) can
also influence the decision to adopt quality seeds. For instance, government policies such as subsidies, certifications,
infrastructure (roads, storage facilities, and markets), and agro-ecological conditions may not be within farmers’ control
but can significantly impact the adoption of these seeds [50]. Recognizing this complexity, the study examines the link
between adopting and using quality seeds and their impact on household food and nutritional security (dietary diversity
and food consumption frequency).

Materials and methods
Study area

The study was conducted in Nyandarua, Nakuru, and Meru Counties between 4™ June and 3 August 2024. These
counties are located in the Central, Rift Valley, and Eastern Regions of Kenya, respectively, representing a diverse
agronomic environment. Several programs and initiatives are also being implemented in these counties to enhance
potato production. Among the implemented programs are the establishment of cold storage facilities, subsidized fertil-
izers, and cooperative formations to link farmers to output markets. However, potato production in the three counties
remains below its potential, primarily due to low usage of quality seeds, potato pests and diseases, and post-harvest
losses [32].

Sampling design and technique

A multi-stage stratified sampling method was employed to systematically select counties, sub-counties, and farm
households for the study. In the initial stage, three counties were chosen based on their dominance in Irish potato
production, the concentration of potato seed production units, and collective and contractual arrangements. The second
stage involved purposive sampling of three sub-counties from each county where potato was mainly grown to ensure
diverse representation. The sub-counties included Buri, Central Imenti, and South Imenti in Meru County; Molo, Njoro,
and Kuresoi North in Nakuru County; and Olkarau, Kinangop, and Oljororok in Nyandarua County. In the third stage,
three wards within each selected sub-county were randomly chosen to ensure geographical representation. The final
stage entailed random sampling of farmers from selected wards, following the list of farming households obtained from
ward agricultural officers.
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Ethical consideration and consent

Ethical approval for this study was obtained from the Chuka University Institutional Research Ethics Committee (Chuka
University, Kenya) under approval number NACOSTI/NBC/AC-0812, dated 25 May 2024, and registered with the
National Commission for Science, Technology, and Innovation (NACOSTI) (license number NACOSTI/P/24/32824). The
Committee approved the use of informed verbal consent because written consent was not feasible due to low literacy
levels among many respondents in the study area. Prior to each interview, the purpose of the study was explained to
the participants in their local language, and verbal consent was obtained and recorded in the semi-structured question-
naire by the enumerator. Participation was voluntary, and respondents were assured of their right to withdraw at any
time. Privacy, anonymity, and confidentiality were strictly maintained throughout the survey. All respondents were 18
years of age or older.

Data collection

The survey questionnaire was programmed using Kobo Toolbox to improve efficient data collection, timely monitoring,
and validation in the field. Research assistants received comprehensive data collection training to ensure high-quality
and accurate results while adhering to ethical research standards. The questionnaire was piloted in Central Imenti Sub-
County, which shared socio-economic and agroecological conditions similar to those of the targeted study area. The
database captured household and farm characteristics, seed system information, challenges and barriers to seed access,
food security status, and farmers’ adoption behavior. One focus group discussion (FGD) in each county comprising eight
participants (three adult males, three adult females, and two youth farmers) and six key informant interviews (KlIs) with
diverse stakeholders along the potato value chain, including Sub-County agricultural officers (SCAQ), Ward extension
agents, lead farmers, agro-dealers, policy makers and local seed multipliers were conducted to complement the quantita-
tive data.

Measurement of key variables

Adoption and intensity of use of quality seeds. Quality seed refers to planting material that meets established
standards for germination, physical purity, and genetic identity and is free from diseases and pests, capable of producing
high yields [25,28,41]. In this study, quality seeds refer to potato seeds obtained from recognized formal or semi-formal
sources, including certified seed, seeds produced through rapid multiplication technologies (RMT), and known-source
seeds acquired from recognized seed multipliers. Farmers who reported using any of these seed types were classified as
adopters of quality seed, while those who used their own saved seed, borrowed from friends, or obtained them from local
markets were classified as non-adopters of quality seed. For descriptive statistics and econometric analysis, adoption
was therefore captured as a binary variable: a value of 1 was assigned to farmers using quality seeds (adopters) and 0 to
those who did not (non-adopters). The intensity of agricultural technology adoption indicates the extent of technology use
among adopters [51]. This study measured the intensity of quality seed adoption as the total land area in acres allocated
to quality seeds among adopting households.

Partial adoption suggests the technology is underutilized, while increased use of the existing technology is preferred
over introducing new ones [52]. Therefore, it is crucial to understand the factors influencing both the adoption and inten-
sity of adoption of the technology. We expect farmers using quality seeds to obtain higher yields, improved potato quality,
greater resistance to pests, diseases, and drought, and ultimately improve their food security compared to non-adopters.

Household food security. The Food and Agriculture Organization (FAQO) of the United Nations defines food security
as a situation where all people, at all times, have reliable physical, social, and economic access to adequate, safe, and
nutritious food that meets their dietary needs and preferences for an active and healthy life. Multiple validated household-
level indicators have been proposed and applied to measure food security, including the household food insecurity
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experience scale (HFIES), the household hunger scale (HHS), the coping strategies index (CSl), the months of adequate
household food provisioning (MAHFP), the household dietary diversity score (HHDS), and the food consumption score
(FCS) [5,53,54]. The choice of indicator depends on the measured food security dimension, available resources, time
frame, and study context [54]. However, it is worth noting that these indicators have their strengths and limitations, and the
combination of indicators is recommended over using a single indicator [53].

This study used the HDDS and the FCS to measure food security. Both indicators are qualitative measures of house-
hold dietary patterns that reflect household access to a variety of foods and serve as a reliable proxy for food security [55].
The two indicators are easy to implement and require fewer resources than other methods [5]. They also provide a wider
view of dietary quality and medium-term food access [56]. FCS is a frequency-weighted dietary diversity score that reflects
household food dietary variation, consumption frequency, and nutritional significance over a 7-day recall period [57]. The
FCS has been widely utilized in the World Food Programme (WFP) and in studies evaluating the welfare outcomes of
agricultural technology [58,59]. The FCS was calculated by asking respondents to report the number of days in the past
seven days they consumed each of the eight standard food groups (main staples, pulses, vegetables, fruits, meat, dairy
products, fats/oils, and sugar). The number of days for each food group was then multiplied by the corresponding weights
based on nutritional significance. The FCS was subsequently determined as the total sum of the weighted scores across
all food groups.

Conversely, HDDS measures the economic ability of a household to access a variety of foods that meet all members’
nutritional requirements [56]. HDDS was calculated based on the number of FAO’s 12 food groups (Cereals & grains;
Roots & Tubers; pulses, legumes, nuts; vegetables; fruits; meat, poultry, offal/ organ meat; fish/seafood; eggs; milk &
dairy products; oil/fat; sugar/sweets; and condiments/spice) consumed in the past 24 hours, and offered insight into
dietary variety. The respondents were asked whether they consumed one item from each food group, and the responses
were recorded as 1 for yes and 0 for no. The total dietary diversity score, ranging from 0 to 12, was then calculated by
summing the scores for all food groups. A higher score indicated greater dietary diversity, a proxy for improved nutrient
adequacy [60].

The FAO’s 12 food groups were then categorized into four nutrient-dense categories for descriptive statistics. These
categories included animal-protein sources (meat, fish, eggs, and milk), which were coded as 1 if any of these foods were
consumed and 0 otherwise, then summed to create a score ranging from 0 to 4. The same approach was applied to
energy-food sources (cereals, roots & tubers, oil/fats, and sugars); micronutrient-rich foods (vegetables and fruits) ranged
from 0 to 2, and plant protein sources (pulses, nuts, or legumes) ranged from 0 to 1. The mean scores for each
nutrient-dense food category were compared across counties and between adopters and non-adopters of quality seeds
using one-way ANOVA with Tukey post-hoc tests to examine the significant differences in household consumption pat-
terns across the counties.

Analytical framework

Quantitative and qualitative analytical methods were used to comprehensively understand the factors influencing adop-
tion, usage intensity, and the impact of quality seed potatoes on household food security. The study also explored farm-
ers’ challenges and constraints in accessing quality seeds, along with available opportunities. The quantitative data were
exported to the STATA package 15 for cleaning and analysis. A two-sample t-test was used to compare the mean values
of continuous variables (e.g., age, farm size, household size) between adopters and non-adopters of quality seeds.
Pearson’s chi-square test assessed associations between categorical variables and adoption status. Additional inferential
statistics, such as Heckman two-stage and propensity score matching (as described in the next section), were employed
to identify the determinants and intensity of adoption and the causal effect of quality seeds on household food security.
The findings were validated by the qualitative data obtained from FGD and Klls.
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Heckman two-stage model

The study examined both the adoption and intensity of adoption of quality seeds following a two-step approach. In the first
stage, farmers decide whether to adopt quality seeds. In the second stage, they determine the intensity of use after adop-
tion. Selection bias may arise because potato farmers might self-select to adopt based on specific characteristics. The
Heckman two-stage, Tobit, and double hurdle models have been commonly used in the literature to determine the adop-
tion and intensity of adoption of technology. Nevertheless, each model has its strengths and weaknesses, and the choice
of any of the models over the other depends on the study’s objective and the nature of the data being analyzed [61]. The
Tobit model is used when the dependent variable is censored. The model is criticized because it assumes that the drivers
of the decision to adopt are similar to those that affect the intensity of adoption [62]. However, this may not be the case in
our study because the decision to adopt and intensity of adoption of these seeds is made sequentially, implying that the
factors that may influence adoption may vary from those that influence the intensity. It also treats zero values in the sec-
ond equation (intensity) as a corner solution [61]. However, in our case, the observed zeros are due to the discrete choice
of not adopting quality seeds.

On the other hand, the double hurdle and Heckman model are the best options for this study. However, the double
hurdle model assumes that zero observations on the intensity equation might exist [61]. In contrast, the Heckman model
assumes that there is no zero observation on the intensity model, once the decision to adopt has been made. In this
study, Heckman’s two-stage model was employed with the assumption that once the farmer had adopted quality seeds,
there was no possibility of not allocating a piece of land for these seeds. The model has also been used in adoption stud-
ies because it effectively addresses sample selection bias [61,63].

The Heckman model jointly analyzes the two decisions: first, the adoption decision is modelled with a Probit model, and
the inverse Mills ratio (IMR) is computed [64]. The model can be expressed as a latent variable model.

Yi =pBXi+ e (1)
Where the observed variable Y; satisfies
y = 1ifY; >0
"1 0ifY; <0 2)
The model can be empirically written as
Yi = pX+ e (3)

Where: Y; is a binary variable taking the value of 1 if i"" farmer adopts and 0 otherwise, X; are explanatory variables influ-
encing adoption, j is the coefficients to be estimated, e; is error term assumed to be normally distributed.

The second stage of the model estimates the intensity of quality seed adoption. This outcome is only observed for
households that adopted quality seeds (Y; = 1), and not for non-adopters (Y; = 0). In other words, the zero values for
non-adopters are not actual observations, but are missing by design [65]. As a result, the intensity equation was estimated
using a linear regression model, with the Inverse Mills Ratio (IMR, A) from the first-stage selection model included to cor-
rect for potential selection bias [63] as shown in equation 4.

Zi=aXi+ A+ ¢ (4)
Where: Zi is the intensity of adoption of quality seeds, o are parameters to be estimated for the explanatory variables

used, ¢; is the error term, X is the inverse Mills ratio (lambda) and ~ is the coefficient to be estimated for \. If the value is
significant, it suggests selection bias, and the chosen Heckman model is the best fit [64].
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Pre-estimation checks for Heckman

We conducted several pre-estimation checks for the Heckman model to ensure robust results. First, we tested for sample
selection bias by comparing the ordinary least squares (OLS) estimates with the Heckman model results of the outcome
equation. A significant difference between the two suggests that selection bias existed (S1 Table). Secondly, we tested for
the relevance of the two instruments used to determine whether they were correlated with selection and not the outcome
equation. In this study, membership in the farmers’ organization and access to input subsidies were used as instruments
since they are reported to directly influence technology adoption by reducing transaction and production costs, but they do
not substantially affect intensity once adoption occurs [66—68]. We also tested for over-identification by including the two
instruments in the outcome equation to ensure that they did not significantly influence the intensity of adoption of qual-

ity seeds (S2 Table). The insignificant results supported the validity of their restriction exclusion. Thirdly, we checked for
multicollinearity among independent variables using variance inflation factors (VIF), and a mean VIF of 3.92 was consid-
ered acceptable (S3 Table). Finally, we checked the distribution of residuals from the outcome equation using residual
histograms with standard curves, kernel density plots, quantile-quantile (Q-Q) plots, and probability-probability (P-P) plots
to test for significant variation from the joint normality assumption, as shown in (S1-S3 Figs). The shape of the four plots
indicates that the joint normality assumption was not violated.

Propensity score matching (PSM) model

To assess the impact of adopting quality seed potatoes on household food security, propensity score matching (PSM) was
utilized because randomization was not feasible in our study. PSM is a non-parametric statistical method that estimates
causal treatment effects in non-randomized studies by reducing selection bias from observable covariates [69,70]. It pairs
adopters and non-adopters with similar observed characteristics, thus mimicking some randomized controlled trial (RCT)
conditions within an observational study context [58,69]. Unlike other regression-based parametric models, the model is
preferred because it does not require assumptions about the distribution of error terms or impose a specific functional
form on the outcome equation, thereby reducing sensitivity to model misspecification [71]. The model is widely used in
impact studies [60,72] to minimize selection bias from observable covariates and to estimate the average treatment effect
(ATE) of technology adoption.

In this study, the model was used to analyze the impact of adopting quality seeds under the assumptions of conditional
independence (unobservable factors do not influence quality seed adoption) and common support (significant overlap of
propensity scores between adopters and non-adopters of quality seeds) [58,71]. PSM examines the control group and
aims to identify individuals who are similar to the adopters (using selected observed covariates), then compares the out-
come variable between the two groups, and if there is a difference, it is attributed to the technology [71]. This implies that,
after controlling for all pre-intervention observable characteristics correlated with adopting quality seeds and the outcome
variables, farmers who had adopted quality seeds had similar average outcomes as non-adopters would have if they had
adopted. The differences in outcomes between the two groups were attributed to the adoption of quality seeds.

We implemented the PSM model by first regressing the dummy variable of adoption of quality seeds (D) on a set of
household observable characteristics (X), using a probit model to generate households’ propensity scores [73]. The model
assumes a normal distribution of the error terms. The propensity score is specified as shown in equation 5.

Y = P(D; = 11X) (5)

Where, Y is the propensity score, D is the treatment (D=1 for quality seed adopters), X is a set of observable characteris-
tics (Table 4).

We then used these scores to match the two groups (adopters and non-adopters) using nearest neighbor matching
(NNM), kernel-based matching (KBM), and radius caliper matching (RCM). These matching estimators are widely used
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because they produce similarly unbiased estimates [60]. Furthermore, using more matching estimators is advisable, given
that PSM is sensitive to specification and matching method choice [73].

After matching, we imposed the common support region to ensure comparability, and only observations within this
region were included. Covariate balance was assessed before and after matching using Pseudo R2, standardized mean
bias, Rubin’s B, and R statistics. The average treatment effect on the treated (ATT) was then calculated to evaluate the
impact of quality seed adoption on household food security, measured using HDDS and FCS. ATT is regarded as a more
suitable indicator for assessing the appropriateness of an intervention within a smallholder context than the
population-wide Average Treatment Effects (ATE) [70,73]. The ATT was estimated as shown in equation 6.

ATT = E(Y1 —YOlD = 1) (6)

Where ATT is the average treatment effect on the treated, Y1 represents the HDDS and FCS of adopters and YO rep-
resents the HDDS and FCS for non-adopters.

Results and discussion
Descriptive statistics

Characteristics of the sample based on the adoption of quality seeds. The descriptive statistics of the sampled
households based on their adoption behavior are presented in Table 1. The findings indicate that of the 541 sampled

Table 1. Descriptive characteristics of the sample based on the adoption of quality seed.

Variable Overall n=541 Adopters n=239 Non-adopters n=302 Difference in point
Age of household head (mean) 43.34 41.53 44.78 —3.25%**
Gender-male (%) 73.57 74.90 72.52 2.38
Pre-primary education (%) 4.62 1.26 7.28 -6.03*%**
Primary education (%) 35.49 23.01 45.36 —22.35%%*
Secondary education (%) 46.77 56.90 38.74 18.16%**
Tertiary education (%) 13.12 18.83 8.61 10.22%#*
Household size (mean) 4.05 4.00 4.08 -0.08
Extension access (%) 30.87 42.26 21.85 20.41%**
Credit access (%) 16.45 17.15 15.89 1.26
Membership in farmers’ organization (%) 18.67 25.52 13.26 12.28%**
Training pesticide (%) 35.67 53.97 21.19 32.78%**
Digital information (%) 54.34 66.11 45.03 21.08%**
Access subsidies (%) 37.71 42.28 30.13 17.15%**
Total land size (mean) 1.09 1.34 0.90 0.44#**
Farming experience (mean) 15.87 14.01 17.34 —3.32%**
Livestock portfolio (mean) 2.16 2.43 1.96 0.46%**
Registered farmers (%) 15.34 18.41 12.91 5.50%*
Distance seed sources (mean) 4.04 3.45 4.50 —1.05%**
Distance market (mean) 6.11 5.10 6.91 —=1.81%**
Meru (%) 29.57 40.59 20.86 19.72%**
Nyandarua (%) 36.78 41.42 33.11 8.31%*
Nakuru (%) 33.64 17.99 46.03 —-28.03***

Notes: *p<0.10, **p<0.05 and ***p<0.01: following t-test for difference in mean and a z-test for equality of proportions.

https://doi.org/10.1371/journal.pone.0346796.t001
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households, 239 farmers (44.18%) reported using quality seeds (adopters), while 302 farmers (55.82%) relied on
uncertified seed sources (non-adopters). The adopters were male, younger, and better educated than non-adopters,

who were female, older, and less educated. This implies that younger and more educated farmers are able to weigh the
benefits and better understand new technology. They are also more willing to take risks, unlike older, risk-averse farmers.
Male farmers are more likely to use quality seeds than female farmers. Female farmers face structural barriers that limit
their access to resources and decision-making regarding adopting new technologies. The findings also demonstrate that
adopters were more likely to access supportive institutions and resources than non-adopters. For instance, adopters
were more likely to access extension services, agricultural training, group membership, and digital information. Moreover,
these farmers were formally registered, a prerequisite for accessing government support such as fertilizer subsidies. This
pattern highlights the role of institutional factors in enhancing the adoption of quality seeds by providing farmers with
information and institutional support. In contrast, non-adopters were less likely to access this support, thus limiting their
capacity to invest in quality seeds.

The results also indicate that non-adopters were remotely located, hindering their access to crucial agricultural inputs,
markets, and government services compared to adopters, who travelled shorter distances to access these services. Geo-
graphic disparities in the adoption of quality seeds were evident, with most adopters coming from Meru and Nyandarua
counties, while a larger proportion of non-adopters resided in Nakuru County. This can be attributed to the
well-established seed production units and firms in Meru and Nyandarua counties, making it easier for farmers to access
seeds. Conversely, farmers in Nakuru County had to travel to other counties to acquire seeds.

Sources, recycling frequency, and varieties of quality seed potatoes

Table 2 illustrates regional differences in the adoption and sources of quality seeds, with Meru County exhibiting the high-
est adoption rate (60.62%), followed by Nyandarua County (49.75%). Nakuru County recorded the lowest adoption rate
(23.63%). Additionally, there were variations in the access and distribution networks of seeds among the three counties.
Most farmers, particularly those in Meru County (95%), sourced quality seeds from Kisima LTD, possibly due to the firm'’s
dominance and proximity to farmers within the county, which was crucial in reducing the transaction costs of obtaining the
seeds.

In contrast, farmers in Nyandarua County primarily sourced their quality seeds from multiple sources, such as research
institutions (such as KARLO), private companies (such as FreshCrop), and local multipliers (such as Agricultural Training
Center (ATC) and Tumaini National Youth Service [NYS]). The government established and funded these institutions to
help farmers access quality seeds. Despite this, the quantity of quality seeds produced by these institutions was insuffi-
cient to meet the farmers’ demand, as noted during Kll, “when you go to buy seeds from ATC or Tumaini, they claim they
are already booked for the next two years. That is why you will find our farmers going to Kisima firm in Meru to buy quality
seeds” (SCAO Nyandarua County). A female farmer echoed the same concerns during the FGD meeting: “Our farmers
get seeds from Kisima Firm, but most of the time the firm is unable to meet our demand as it gets orders from farmers
from other counties like Nyandarua who buy in bulk, making our local farmers not to access the seeds.”

The same pattern was observed in Nakuru County, where farmers relied on several options, mainly FreshCrop, Molo
Agricultural Development Corporation (ADC), and local multipliers, to obtain their seeds. However, the seed demand
exceeded supply, causing farmers to travel to other counties to buy quality seeds. Farmers (12% in Nyandarua and 5%
from Nakuru) could travel all the way to Kisima Ltd in Meru County to buy seeds. The shortage of quality seeds reported
from these sources across the three counties indicates existing structural and systemic barriers to adopting quality seeds,
as shown in Table 3. Besides, a higher rate of seed recycling further compounded this situation across the counties. On
average, farmers in Nyandarua and Nakuru recycled seeds at least three times, while those in Meru County recycled them
twice before changing the seed lot. The higher recycling rate among the three counties highlights accessibility issues to
quality seeds and may also be a strategy to lower transaction costs associated with procuring these seeds.

PLOS One | https://doi.org/10.1371/journal.pone.0346796 May 8, 2026 11/25




PLO\S\%- One

Table 2. Sources, frequency of recycling, and varieties of quality seed potatoes used.

Meru % Nyandarua % Nakuru % X2
Adoption (Yes) 60.62 49.75 23.63 51.23%**
Sources of quality seeds % % %
Kisima 94.85 12.12 4.65 169.33%**
Molo ADC firm 0 7.07 25.58 28.05%*
Nakuru seeds 1.03 0 4.65 5.30*
Freshcrop 0 30.30 39.53 41.58%**
Agrovet 5.15 1.01 2.33 3.03
KARLO 0 20.20 6.98 23.41 %%
AGRICOS 2.06 3.03 0 1.34
Local multiplier 7.22 45.45 23.26 37.49%*
Frequency of recycling the seeds F-test
Frequency (mean) 1.99(1.13) 3.38(0.96) 2.93(1.01) 39.26%**
Main varieties grown % % % X2
Asante 13.13 0 0 52.03***
Markis 1.88 7.04 0 16.66***
Shangi 76.29 83.84 100.0 12.27%**
Sherehekea 28.13 0.50 0 112.47##*
Unika 16.25 5.53 1.10 30.55%*
Others 4.38 10.05 3.30 8.75%*
N 97 99 43
Note: *p<0.10, **p<0.05 and ***p<0.01.
https://doi.org/10.1371/journal.pone.0346796.t002
Table 3. Challenges hindering the adoption of quality seed potatoes.
Challenges Meru% Nyandarua % Nakuru% X2
Unavailability of seeds 60.82 51.52 72.09 5.47*
Inaccessibility of seeds 47.42 30.30 11.63 18.01***
High costs 21.65 54.55 13.95 32.97%%*
Lack of preferred variety 43.30 3.03 6.98 55.11%**
Low quality seeds 9.28 9.09 0 4.27
Demand not met 18.56 9.09 13.95 3.69
Distance to seed sources (mean) 2.85(2.83) 3.28(2.67) 5.19(5.57) 7.A7*%*
N 97 99 43

Notes: *p<0.10, **p<0.05 and ***p<0.01.

https://doi.org/10.1371/journal.pone.0346796.t003

The results further indicate that farmers in the three counties were variety-specific, with most preferring Shangi pri-
marily due to its early-maturing attributes. This was noted during a key informant interview: “Farmers here prefer Shangi
because it is early maturing, has short dormancy, is easier to manage, and requires you to only spray it once per month”
(KII Buuri Sub-County). The varieties grown were also influenced by existing market demand. For instance, Markis was
cultivated by farmers contracted by a processing company due to its good quality for making chips and crisps. Farmers in
Meru County also produced other varieties such as Unika and Sherehekea. Unika was preferred due to its long dormancy
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and storage quality. Sherehekea has delayed maturity and was not liked by many farmers; it was one of the varieties pro-
duced in Kisima Firm, so farmers had to grow it when other varieties were unavailable in the Firm.

Barriers to access to formal seed systems

The main challenges preventing farmers from adopting quality seeds varied across regions, as shown in Table 3. How-
ever, the unavailability and inaccessibility of quality seeds in the three counties emerged as the prime barriers hindering
farmers from making this adoption. Indeed, farmers, particularly those in Nakuru County, had to travel longer distances
(5.19 km) to purchase quality seeds. Additionally, farmers expressed dissatisfaction with the seed rationing imposed by
seed suppliers, which limited them to only two bags, far below what they required. To address the shortfall, they resorted
to using uncertified seeds, as noted by views from KlIs/FGD: “In this area, the majority of farmers use their own-saved
seeds due to the unavailability of quality seeds” (Kll, Nyandarua County).

Another significant barrier to adoption was the high cost of seeds. Farmers perceived these seeds as costlier than the
ones they bought from informal sources, thus demotivating them from using them. Further, most farmers voiced dissatis-
faction with the size and variety of the seeds they received. Although most farmers preferred smaller-sized seed varieties,
in many cases, such seeds were not available, as one participant remarked, “When we order seeds, they sell us what is
available and not what we actually need. For instance, when we order grade 1 (small-sized seeds: planted in a larger area
and higher yield), we only get grade 2 (medium-sized seeds: grown in a smaller area and lower yield)” (Lead farmer, Abo-
thuguchi West Ward). This highlights a disconnect between seed suppliers and end-users, highlighting the necessity for a
participatory approach in enhancing distribution networks.

Household dietary diversity and quality

The household food and nutritional security was assessed using HDDS and FCS indicators, as shown in Table 4.
Before accounting for control factors, adopters of quality seeds reported higher dietary diversity and food consump-
tion scores than non-adopters across all three counties. In Meru County, adopters had a higher HDDS (8.49) than
non-adopters (7.35), with a statistically significant difference of 1.15. Similarly, Nakuru County’s HDDS showed a
notable difference, with adopters scoring higher (8.23) than non-adopters (7.51), with a significant difference of 0.75.
In contrast, Nyandarua County showed minimal differences between adopters and non-adopters, with no statisti-
cally significant difference observed for either HDDS or FCS. Examining nutrient-dense food categories, the intake
of animal-based protein and energy-dense foods was significantly higher among Meru and Nakuru adopters than
non-adopters. Conversely, no significant differences were seen between these food groups in Nyandarua. For
micronutrient-rich foods, Meru adopters also reported higher intake (1.53) compared to non-adopters (1.16). No
meaningful differences across counties were noted in plant protein-dense food consumption. FCS further reinforced
this trend, with significant differences observed in Meru (7.42) and Nakuru (11.64), but not in Nyandarua. These find-
ings suggest that adopting quality seeds is positively linked to improved dietary outcomes, although the impact may
vary by location.

Econometric results

Determinants of the adoption and intensity of adoption of quality seeds. The determinants of adoption
and its intensity of quality seed potatoes were analyzed using the Heckman two-stage model, and the results are
presented in Table 5. The significant coefficient of IMR (A=0.423, p=0.038) confirms the selection bias in the
outcome equation. More so, the significantly high correlation coefficient values (p=0.653) imply that unobservable
characteristics affected both the adoption and intensity of adoption of quality seeds. These findings suggest that the
Heckman two-stage model was suitable and statistically robust in correcting selection bias and producing unbiased
and valid estimates.
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Table 4. Household dietary diversity and quality.

Indicators County Adopters Non-adopters Difference
HDDS Meru 8.49 7.35 1.15%
Nyandarua 7.73 7.59 0.14
Nakuru 8.23 7.51 0.72%%*
Nutrient-dense foods
Animal protein Meru 1.67 1.16 0.51***
Nyandarua 1.39 1.20 0.19
Nakuru 1.77 1.40 0.37**
Plant protein Meru 0.75 0.76 -0.01
Nyandarua 0.69 0.68 0.01
Nakuru 0.44 0.45 0.01
Micronutrient Meru 1.53 1.16 0.37x**
Nyandarua 1.46 1.48 0.02
Nakuru 1.26 1.22 0.04
Energy Meru 3.58 3.32 0.26**
Nyandarua 3.28 3.36 -0.08
Nakuru 3.77 3.45 0.31#**
FCS Meru 81.80 72.41 9.39%x*
Nyandarua 72.15 68.85 3.30
Nakuru 84.49 74.19 10.29%**

Notes: *p<0.10, **p<0.05 and ***p<0.01

https://doi.org/10.1371/journal.pone.0346796.t004

The results indicate that age negatively influenced the probability of adoption and intensity of adoption of quality seeds.
As farmers grow older, they are less likely to adopt new technology but tend to continue with their traditional ways of doing
things. Education at all levels significantly influenced the adoption of quality seeds, but it did not substantially affect the
intensity of adoption once the seeds were adopted. Similarly, access to extension significantly affected adoption but did
not significantly affect the intensity of adopting quality seeds. Agricultural extension is crucial for promoting and dissem-
inating information on new technologies, such as quality seed potatoes, thereby increasing the likelihood of adoption.
Once farmers adopt, the intensity of quality seed adoption depends not on extension but on other factors. For instance,
the results indicate that farmers with larger land sizes were more likely to increase the intensity of adoption of quality
seeds. This can be attributable to the fact that farmers with larger farm sizes can devote some of it to experimenting with
new seeds.

Interestingly, access to credit negatively influenced the adoption of quality seeds but increased the intensity of their
adoption. This may imply that farmers who accessed credit might have diverted it to other uses, such as paying school
fees. Nevertheless, once farmers adopted the seeds, access to credit enabled them to expand their usage. Results further
indicate that access to digital information positively and significantly influenced the intensity of quality seed adoption. Dig-
ital tools such as mobile phones provide farmers with personalized information on crop management, weather updates,
and market trends, thus motivating farmers to scale up the intensity of adoption of quality seeds.

Access to resources, such as livestock, significantly influenced both the adoption and the intensity of adoption of
quality seeds. The number of livestock symbolizes wealth, which could enable farmers to adopt and expand the usage of
quality seeds. In contrast, the distance to the market negatively influenced the adoption of quality seeds. Farmers farther
from markets may incur higher transaction costs in accessing seeds and other agricultural inputs, which could offset their
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Table 5. Determinants of adoption and intensity of adoption of quality seed potatoes.

Selection model (probit)

Outcome model (OLS)

(Stage I: Adoption) n=541

(Stage II: Intensity of adoption) n=239

Variable Coef. V4 Coef. V4
Gender of household head 0.102 (0.127) 0.80 0.109 (0.082) 1.33
Age of household head -0.016™ (0.005) -3.02 -0.010™ (0.004) -2.69
Primary education 0.711%(0.401) 1.77 0.289 (0.368) 0.79
Secondary education 1.12"(0.404) 2.76 0.336 (0.373) 0.90
Tertiary education 1.0977(0.436) 2.52 0.191(0.387) 0.50
Household size -0.015 (0.038) -0.38 -0.014 (0.028) -0.51
Total land size 0.0817(0.055) 1.48 0.750"(0.032) 23.63
Total household income (KES) 0.1317(0.070) 1.88 0.1197(0.051) 2.36
Extension access 0.3277(0.143) 2.28 0.024 (0.105) 0.23
Credit access -0.327%(0.179) -1.82 0.270(0.118) 2.39
Access high-value market -2.49 (0.383) -0.65 0.349 (0.249) 1.40
Digital information -0.054 (0.138) -0.39 0.1557(0.092) 1.68
Potato contract 0.398 (0.539) 0.74 -0.455%(0.251) -1.82
Registered potato farmer -0.23(0.191) -0.12 0.118 (0.115) 1.02
Distance main road (km) -0.066** (0.029) -2.24 0.027 (0.115) 1.02
Distance seed sources 0.030 (0.023) 1.30 0.017(0.015) 1.1
Distance to market (km) -0.023%(0.017) 1.34 -0.034" (0.012) -2.84
Manure access 0.199 (0.148) 1.35 0.119 (0.097) 1.22
Livestock portfolio 0.1937(0.056) 3.42 0.095™ (0.045) 2.13
Membership in farmers’ organization 0.3977(0.183) 2.18

Access input subsidies 0.441**%(0.134) 3.30

Nyandarua -0.218(0.168) -1.30

Nakuru -0.601"(0.188) -3.20

Constant -2.0207(0.797) -2.54 -1.7957(0.735) -2.44
Lambda 0.4237(0.204) 2.07

Rho 0.653

Sigma 0.648

Wald chi2 (19) 858.23

Notes: Standard errors in parentheses. 1 US dollar (USD) = KES 133.03 in July 2022. * p<0.1, ™ p<0.05, " p<0.01.

https://doi.org/10.1371/journal.pone.0346796.t005

returns and discourage them from using quality seeds. Results further indicate that membership in farmers’ organizations
positively and significantly influenced the adoption of quality seeds. Groups create a platform where farmers can share
information about new technologies, including quality seeds, allowing farmers to buy seeds in bulk, facilitate their transpor-
tation, access training within the group, and other resources, such as storage facilities, and benefit from collective market-
ing, which encourages adoption. Contrary to our expectations, farmers in the potato contract were less likely to intensify
the adoption of quality seeds. However, the result confirms the views expressed during the FGD, where one farmer noted,
“Although farmers have been contracted, the majority do not sell through the contracts. The contracts buy at lower prices,
e.g., when the potato was selling at 20-25 KES/kg, they were buying at 15-17 KES/kg. However, those who sell through
them do so due to a lack of alternative markets”.
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Compared to Meru County, farmers in Nyandarua and Nakuru were less likely to adopt quality seeds, likely due to sev-
eral challenges in obtaining them, such as unavailability and inaccessibility. This affirms the concerns expressed during
KII/FGD that farmers from these two counties had to travel to other counties to purchase seeds, thereby increasing the
transaction costs of obtaining them, thereby discouraging their adoption.

Post-estimation checks for Heckman results. In addition to the likelihood ratio test and inverse Mills ratio described
in section 4.2.1, we conducted robustness checks by comparing Heckman estimates with alternative models (probit with
truncated regression and probit with OLS). The results, particularly on the main variables, were consistent with those of
the Heckman Model, further strengthening the validity of the results (S4 Table).

Impact of quality seed adoption on household food security. Table 6 shows how adopting quality seed potatoes
affects two key dietary quality indicators (HDDS and FCS). The probit model was first used to calculate propensity scores.
After matching, the balancing property was satisfied, as shown in Table 6. The LR test was insignificant (p=0.883),
and the Pseudo R2 was very low (0.024), indicating successful matching between the treated and control groups. The
standardized mean and median biases were below 25% thresholds, also affirming good balance. Additionally, Rubins’

R (0.84) was within acceptable ranges (0.5-2), confirming that the matching process achieved good covariate balance.
Further, the common support condition was satisfied, and there was sufficient overlap between the propensity score
distribution for adopters and non-adopters (Fig 2).

After confirming that propensity score matching was successful (Table 6), the impact of quality seed adoption on
household food security was estimated using KBM, NNM, and RCM with a caliper of 0.05. The findings show that adopt-
ing quality seeds had a positive, statistically significant effect on HDDS, with this effect remaining consistent across all
methods. Specifically, adopters of quality seeds had an average HDDS of 8.10 against 7.62 for non-adopters. The ATT for
using quality seeds ranged from 0.49 to 0.53, indicating that adopting quality seeds contributes significantly to household
food security and nutrition. Similarly, the average treatment effect of adopting quality seeds on FCS remained positive and
statistically significant across all three matching approaches. The estimated differences ranged from 6.02 to 6.24 points,
with all results significant at the 1% level. These findings suggest that quality seed adoption is associated with improved
household dietary diversity and overall food consumption quality.

Table 6. Effect of quality seed adoption on dietary diversity and food consumption scores.

Variable Sample Treated Control Difference S.E. T-stat

HDDS Unmatched 8.13 7.50 0.63*** 0.14 4.36

NNM ATT 8.10 7.57 0.53** 0.22 2.41

KBM ATT 8.10 7.61 0.49%* 0.20 2.40

RCM ATT 8.10 7.62 0.49** 0.20 2.38

FCS unmatched 78.29 72.05 6.23*** 1.49 417

NNM ATT 78.38 7214 6.24*** 217 2.87

KBM ATT 78.38 72.31 6.07*** 2.09 2.90

RCM ATT 78.38 72.36 6.02%** 2.09 2.88

Matching quality

Sample Ps R2 LR chi2 meanBias MedBias B R Yovar
Unmatched 0.225 166.79%** 30.1 32.0 119.6 0.68 75
After-matching 0.024 15.31 54 4.4 36.7 0.84 75

Note: *p<0.10, *p<0.05 and **p<0.01.

https://doi.org/10.1371/journal.pone.0346796.t006
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Fig 2. Propensity score distribution and common support.

https://doi.org/10.1371/journal.pone.0346796.9002

Sensitivity analysis

Sensitivity analysis was conducted to check the robustness of the result using the Rosenbaum bounds test (rbounds).
This helped to determine whether any hidden bias could alter the inferences of the outcome [74]. The results (S5 Table)
indicate that the estimated effect of the treatment on HDDS and FCS is robust to hidden bias. At gamma (F'=1), the effect
was significant (sig+=sig-=0), and the significance remained constant even after allowing gamma to increase from 1 to
2 (=2, sig+=sig-=0). The Hodges-Lehmann point (t-hat+) indicates only a slight decline as the gamma value doubled
(from 8 to 7.5 for HDDS and 75.5 to 69.75 for FCS), implying that the positive effect of the treatment on both indicators of
food security was solely due to the adoption of quality seeds and not unobserved factors.

Discussion

Despite concerted efforts by the government and development partners to promote quality seed potato technologies in
Kenya, the adoption rate remains relatively low. This study found that only 44.18% of smallholder potato farmers adopted
these seeds in the study area, with inaccessibility and high costs cited as the main challenges. Besides the supply chain
inefficiencies, such as inadequate seed multiplication capacity, limited distribution networks, and the unavailability of pre-
ferred varieties, further impede the adoption. In particular, seed companies could not meet demand during peak planting
periods, thus prompting farmers to resort to informal sources or recycle seed stocks more than three times. While recy-
cling may be perceived as a way to reduce the production cost of using seeds, higher recycling can increase vulnerability
to diseases and pests, and decrease crop yields [28]. These findings corroborate the previous findings [25,32,37], who
also documented low adoption rates ranging between 2% to 50% and higher recycling rates of up to 5 times, highlighting
institutional and systemic constraints in potato seed systems in Kenya.

Interestingly, while the majority of non-adopters across the three counties were aware of the risks and challenges of
using uncertified seed, such as spreading pests and diseases (85.2%), decline in yields (79.4%), and reduced ware qual-
ity (36.6%), the vast majority continued to rely on informal seed sources (own-saved, farmer-to-farmer exchange, local
markets or seed-for-seed exchange). These farmers believed that rotating seeds with those from different geographical
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areas (such as exchanging seeds across different sub-counties) was a way of renewing seeds. For instance, during FGD,
some farmers stated that shifting seed sources between regions was sufficient to restore productivity. One farmer at
Imenti Central Sub-County noted that “you cannot plant the seeds from this area, otherwise you will not harvest anything;
farmers here always purchase seeds from Buuri Sub-County because seeds from there do well here”. This statement
shows that most farmers associate location or field change with seed quality renewal, rather than recognizing the under-
lying problems of seed degeneration due to viruses in the tubers themselves. These findings align with misconceptions
around seed renewal and degeneration reported by [37]. They partly explain why many farmers recycle seed, thereby
contributing to lower adoption rates of quality seeds [43].

Econometric results highlight the significant role of socio-economic and institutional factors in influencing both the adop-
tion and intensity of adoption of quality seed potato. Analyzing socio-economic factors, our findings show that education at
all levels positively and significantly affected adoption, but it did not significantly impact the intensity of adoption of quality
seed. This suggests that education plays a key role in the initial decision to adopt, as it enhances farmers’ awareness and
understanding of the benefits of quality seeds. However, once adoption occurs, education level does not affect how much
they use these seeds, suggesting that other factors more strongly determine adoption intensity. These findings are consis-
tent with [51], who also found that education influences the decision to adopt agricultural technology but does not affect its
level of adoption.

In line with [75], we observed that farmers with larger landholdings are more likely to allocate more land to quality
seeds, unlike those with smaller plots. Often, land is used as collateral to access loans, helping farmers overcome liquidity
constraints when acquiring and using quality seeds. Moreover, larger landowners benefit from economies of scale, such
as bulk purchasing of quality seeds. This improves their access to seed multipliers who, due to demand, tend to sell seeds
in large quantities. Previous studies have linked larger land size to reduced production costs, as it allows transaction costs
to be spread across more acres, making new technologies like quality seeds more economically attractive [75,76]. Total
household income also played a crucial role in both adoption and intensity decisions. Higher income enables farmers to
purchase quality seeds and other complementary inputs such as fertilizers and agro-chemicals. This finding aligns with
[50], who stated that higher-income farmers can invest in capital-intensive technologies like quality seeds, which require
more fertilizers, agrochemicals, and management. Siyum et al. [51] also emphasized the role of household income in alle-
viating liquidity constraints faced by smallholders, especially where credit markets are limited.

Further results indicate that farmers with large numbers of livestock and those accessing input subsidies were more
likely to adopt and increase the intensity of quality seeds adoption. Livestock often serve as a proxy for wealth and asset
endowment [77]. More livestock allows farmers to ease financial constraints by selling livestock products and byproducts
such as milk. Higher livestock numbers can also generate more organic manure, substituting commercial fertilizer, lower-
ing production costs, and increasing potential returns. On the other hand, subsidies reduce production costs, motivating
farmers to adopt quality seeds. These findings support previous studies that found a positive relationship between asset
ownership and the adoption of quality seed technologies [49,50].

Regarding institutional factors, the findings show that farmers with access to extension agents were more likely to
adopt quality seeds than those without such access. However, once adoption occurred, access to extension agents did
not influence the amount of land allocated to these quality seeds, suggesting that extension agents are key in disseminat-
ing and promoting new technology at the initial stage. Once adoption occurs, the intensity of adoption is determined by
other factors. The results agree with [78], who stated that extension agents are crucial during the early stages of technol-
ogy adoption because they help transmit information about the technology’s attributes to farmers, but do not determine
how intensively these technologies are used.

Membership in farmer organizations plays a key role in strengthening seed systems and overcoming structural barriers
to quality seeds. Some groups were farmer-initiated, while others, such as village models, were formed with external sup-
port from extension agents or NGOs such as KOPIA, a Korean-funded organization. The main objective of these groups is
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to help farmers buy and transport seeds in bulk, which is essential given that commercial seed multipliers such as Kisima
Ltd. often sell seeds only in large quantities (200 bags or more), beyond the reach of most resource-constrained small-
holders. Through collective action, farmers significantly reduce barriers to accessing quality seeds by lowering acquisition
costs. For instance, farmers pay about KES150 per bag for transportation, compared to KES600 when buying individually.
Beyond access and cost reduction, farmer organizations also provide training in seed multiplication, initial capital for seed
purchases, and diffused-light storage facilities, enabling members to multiply and sell clean seeds to other farmers. This
aligns with findings by [79], who emphasized the role of groups in providing farmers with information on new technologies,
markets, and resources such as credit, all of which promote their adoption. Moreover, farmers can negotiate better prices
and leverage economies of scale to sell their produce through their groups [80,81].

Interestingly, access to credit had a negative effect on the initial adoption of quality seeds but significantly increased the
intensity of use once these seeds were adopted. This credit paradox suggests that liquidity alone may not be the primary
constraint at the initial stage of technology adoption. Other factors, such as risk perception, agronomic uncertainty, and
competing household priorities (such as health, school fees, and smoothing consumption), may play a more central role in
early adoption decisions, whereas the intensity of adoption appears to be more capital-dependent [82]. These findings are
consistent with experimental evidence from Tanzania showing that access to microcredit does not necessarily increase
agricultural technology adoption or productivity [83]. Similarly, [84] attributes the negative effect of credit access on the
adoption of improved sorghum varieties in Kenya to risk perception, arguing that when farmers perceive high production
risks, they may be reluctant to invest borrowed funds in improved technologies. These findings highlight the importance of
bundling credit with other agricultural inputs or providing it in kind for effective use.

The study also highlighted the evolving role of digital information. Contrary to previous studies that have shown a
positive relationship between digital information and the adoption of new agricultural technologies [85,86], our findings
indicate that access to digital platforms had no significant effect on initial adoption, possibly because adoption decisions
are still primarily driven by personal networks, extension agents, and physical seed access. However, once farmers have
adopted quality seeds, access to digital information becomes critical in determining how intensively they use them. Digital
platforms offer timely, personalized information on farming practices, weather forecasts, pest and disease alerts, and mar-
ket prices [68]. This information helps farmers make better decisions, leading to higher yields and increased production.
These findings support previous studies indicating that digital innovations effectively complement conventional extension
services rather than replacing them [87,88].

Other significant barriers included age, distance to the main road, and distance to markets. As farmers grow older, they
tend to stick to traditional practices and are less likely to try innovations. The findings align with [49,89], who suggested
that farmers become skeptical of new technologies as they age. Likewise, farmers farther from the main road and markets
face higher transaction costs when accessing markets or improved seeds, discouraging the adoption of quality seeds and
promoting reliance on locally sourced seeds from neighbors or their own stored seeds. These spatial and demographic
barriers are a pointer to the need for localized input delivery systems and tailored interventions that are friendly to older
farmers.

The impact of quality seeds on food and nutritional security, as reflected by HDDS and FCS, was evident. The adopters
of quality seeds reported an average increase of 0.49 in their HDDS and 6.09 in their FCS, indicating greater access to
diverse, nutritious foods than non-adopters. This demonstrates that adopting quality seeds can directly improve food and
nutritional security through increased yields, which boosts food availability at the household level and allows farmers to
access a variety of food groups. It can also indirectly enhance food security through increased market surpluses, gener-
ating income, especially when markets are available, thereby boosting household purchasing power and access to a wide
range of food items. The results align with existing literature [2,14], which links agricultural technology to better nutritional
outcomes. The study, therefore, emphasizes the potential of strengthening seed systems as a pathway to achieving food
and nutritional security.
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Conclusions and policy implications

The study analyzed the challenges and drivers of the adoption and intensity of quality seed potato use among smallholder
farmers. The key findings indicate that the main challenges hindering potato farmers from using quality seeds are their
unavailability, inaccessibility, and high cost. Moreover, a lack of preferred varieties limits farmers’ adoption of these seeds.
The main factors influencing both the adoption and intensity of adoption of quality seed potatoes were age, land size, total
income, and distance to market. Other factors, such as digital information and credit access, were found to influence the
intensity of adoption but did not significantly influence initial adoption, suggesting that digital advisory services enhance
input intensification rather than initial adoption. Similarly, access to credit alone may not influence initial adoption, but it

is crucial for scaling up the usage of quality seeds once they are adopted. Farmers who used quality seeds had higher
HHDS and FCS, which translated into improved food and nutritional security. These findings underscore the importance of
promoting the adoption of quality seed as a pathway to improving dietary diversity and quality among smallholder farmers.

These results have important policy implications. They emphasize the need for policymakers and development partners
to support the creation of seed multiplication units in rural areas to ensure a steady supply of quality seeds. Additionally,
many farmers, especially those organized into groups, should receive training and certification to multiply seeds, increas-
ing availability and accessibility for smallholder farmers. Moreover, policymakers should strengthen traditional extension
methods by integrating them with digital technologies to ensure that farmers, particularly those in resource-constrained
areas and remote regions, can access timely, personalized information.

Additionally, policies should not only aim to promote initial adoption but also emphasize strategies that enhance con-
tinuous access, availability, and affordability of quality seeds among smallholder farmers. Interventions such as improved
market access, sustained extension support, effective seed distribution networks, better access to seed subsidies, and
secure land rights can strengthen long-term adoption of quality seeds. This, in turn, can contribute to improved food and
nutritional security.

While this study offers valuable insights into the challenges and determinants of quality seed adoption, the intensity of
adoption, and its impact on household food security, the cross-sectional nature of the data limits our ability to determine
duration or long-term adoption dynamics, such as whether farmers consistently adopt quality seed each season or if
adoption is temporal. This distinction is important because sustained use, rather than temporal adoption, is more likely to
generate long-term productivity and welfare gains. Therefore, future research should employ panel or duration models to
assess the sustainability of adoption. For example, they could examine the duration between awareness and adoption,
and the persistence of quality seed use over time, to better understand sustainability dynamics

Supporting information

S1 Table. Comparison of Heckman with OLS estimates of the outcome equation (sensitivity analysis).
(DOCX)

S2 Table. Over-identification checks of the instruments used in the selection equation.
(DOCX)

S3 Table. VIF test for multicollinearity among independent variables in the outcome equation.
(DOCX)

S4 Table. Comparison of Heckman outcome coefficients with marginal effects from alternative models for robust-
ness checks.
(DOCX)

S5 Table. Sensitivity analysis using Rosenbaum bounds for HDD and FCS.
(DOCX)

PLOS One | https://doi.org/10.137 1/journal.pone.0346796 May 8, 2026 20/25



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346796.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346796.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346796.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346796.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346796.s005

PLO\Sﬁ\\.- One

$1 Fig. Residual histogram with a normal curve and kernel density plots.
(TIF)

S2 Fig. Q—-Q plot of Heckman residuals.
(TIF)

S3 Fig. P-P plot of Heckman residuals.
(TIF)

Acknowledgments

The authors are grateful to the research assistants and agricultural extension officers from the three counties for their sup-
port throughout the data collection period. Special thanks to the smallholder potato farmers for their willingness to partici-
pate and share their valuable insights during the survey.

Author contributions

Conceptualization: Margaret N. Mwangi, Wilckyster N. Nyarindo, Marther W. Ngigi, Hezron N. Isaboke.
Data curation: Margaret N. Mwangi, Wilckyster N. Nyarindo, Hezron N. Isaboke.

Formal analysis: Margaret N. Mwangi, Wilckyster N. Nyarindo, Marther W. Ngigi, Hezron N. Isaboke.
Funding acquisition: Marther W. Ngigi.

Investigation: Margaret N. Mwangi, Marther W. Ngigi, Hezron N. Isaboke.

Methodology: Margaret N. Mwangi, Wilckyster N. Nyarindo, Marther W. Ngigi, Hezron N. Isaboke.

Project administration: Margaret N. Mwangi, Marther W. Ngigi.

Supervision: Wilckyster N. Nyarindo, Marther W. Ngigi, Hezron N. Isaboke.

Validation: Margaret N. Mwangi, Wilckyster N. Nyarindo, Marther W. Ngigi.

Visualization: Margaret N. Mwangi, Wilckyster N. Nyarindo, Marther W. Ngigi, Hezron N. Isaboke.

Writing — original draft: Margaret N. Mwangi, Wilckyster N. Nyarindo, Marther W. Ngigi, Hezron N. Isaboke.
Writing — review & editing: Margaret N. Mwangi, Wilckyster N. Nyarindo, Marther W. Ngigi, Hezron N. Isaboke.

References

1. Kavhiza NJ, Zargar M, Prikhodko SI, Pakina EN, Murtazova KM-S, Nakhaev MR. Improving Crop Productivity and Ensuring Food Security through
the Adoption of Genetically Modified Crops in Sub-Saharan Africa. Agronomy. 2022;12(2):439. https://doi.org/10.3390/agronomy 12020439

2. Nabuuma D, Reimers C, Hoang KT, Stomph T, Swaans K, Raneri JE. Impact of seed system interventions on food and nutrition security in low- and
middle-income countries: A scoping review. Global Food Security. 2022;33:100638. https://doi.org/10.1016/j.g9fs.2022.100638

3. FAO, IFAD, UNICEF, WFP, WHO. The state of food security and nutrition in the world 2025: Addressing high food price inflation for food security and
nutrition. Rome: FAQO; 2025.

4. Ngango J, Musabanganji E, Maniriho A, Nkikabahizi F, Mukamuhire A, Ng’'ombe JN. Does agroforestry contribute to household food security? A
micro-perspective from southern Rwanda. For Policy Econ. 2024;165:103252. https://doi.org/10.1016/j.forpol.2024.103252

5. Wakaba D, Ateka J, Mbeche R. Improved Dietary Diversity Through Potato Commercialization in Nyandarua County, Kenya. Food and Energy Secu-
rity. 2025;14(1). https://doi.org/10.1002/fes3.70037

World Food Programme (WFP). WFP Kenya country brief [Internet]. 2025 [cited 2025 Aug 26]. Available from: https://www.wfp.org/countries/kenya

7. Matita M, Chiwaula L, Wadonda Chirwa E, Mazalale J, Walls H. Subsidizing improved legume seeds for increased household dietary diversity:
Evidence from Malawi’s Farm Input Subsidy Programme with implications for addressing malnutrition in all its forms. Food Policy. 2022;113:102309.
https://doi.org/10.1016/j.foodpol.2022.102309

8. Abebe G, Alemu A. Role of improved seeds towards improving livelihood and food security at Ethiopia. Int J Res Granthaalayah. 2017;5(2):338-56.
https://doi.org/10.29121/granthaalayah.v5.i2.2017.1746

PLOS One | https://doi.org/10.1371/journal.pone.0346796 May 8, 2026 21/25



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346796.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346796.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0346796.s008
https://doi.org/10.3390/agronomy12020439
https://doi.org/10.1016/j.gfs.2022.100638
https://doi.org/10.1016/j.forpol.2024.103252
https://doi.org/10.1002/fes3.70037
https://www.wfp.org/countries/kenya
https://doi.org/10.1016/j.foodpol.2022.102309
https://doi.org/10.29121/granthaalayah.v5.i2.2017.1746

PLO\Sﬁ\\.- One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Smale M, Moursi M, Birol E. How does adopting hybrid maize affect dietary diversity on family farms? Micro-evidence from Zambia. Food Policy.
2015;52:44-53. https://doi.org/10.1016/j.foodpol.2015.03.001

Okello J, Shikuku KM, Lagerkvist CJ, Rommel J, Jogo W, Ojwang S, et al. Social incentives as nudges for agricultural knowledge diffusion

and willingness to pay for certified seeds: Experimental evidence from Uganda. Food Policy. 2023;120:102506. https://doi.org/10.1016/j.food-
pol.2023.102506 PMID: 38037573

Harahagazwe D, Andrade-Piedra JL, Parker M, Schulte-Geldermann E. Current situation of rapid multiplication techniques for early generation
seed potato production in Sub-Saharan Africa. Lima (Peru): CGIAR. 2018. https://cgspace.cgiar.org

Catucuamba Tuquerrez GK, Narvaez Pavén GA, Escobar Moya JC, Hwan Park C. Effect of use of Certified Seed to Increase Potato (Solanum
Tuberosum) Production in Ecuador. Ciencia Latina. 2023;7(5):8310-26. https://doi.org/10.37811/cl_rcm.v7i5.8412

Tessema L, Dagne Z. Aeroponics and sand hydroponics: Alternative technologies for pre-basic seed potato production in Ethiopia. Open Agric.
2018;3:444-50. https://doi.org/10.1515/opag-2018-0049

Okello JJ, Zhou Y, Kwikiriza N, Ogutu S, Barker |, Schulte-Geldermann E, et al. Productivity and food security effects of using of certified seed
potato: the case of Kenya'’s potato farmers. Agric & Food Secur. 2017;6(1). https://doi.org/10.1186/s40066-017-0101-0

Jaleta M, Euler M, Gartaula H, Krishna V. Gender differences in smallholders’ socioeconomic networks and acquisition of seed of improved wheat
varieties in Ethiopia. Front Sustain Food Syst. 2023;6. https://doi.org/10.3389/fsufs.2022.1080401

Kidane Y, Hailemariam B, Fadda C. “Seeds for Needs” experience to improve diversity, nutrition, and crop productivity. 2022 [cited 2025 Aug 25].
Available from: https://cgspace.cgiar.org/items/c8c37538-a1f7-447a-a668-5ed51d8ebc3e

Maredia MK, Bartle B. Excess demand amid quality misperceptions: the case for low-cost seed quality signalling strategies. Eur Rev Agric Econ.
2023;50:360-94. https://doi.org/10.1093/erae/jbac019

Kaliba AR, Gongwe AG, Mazvimavi K, Yigletu A. Impact of Adopting Improved Seeds on Access to Broader Food Groups Among Small-Scale
Sorghum Producers in Tanzania. Sage Open. 2021;11(1). https://doi.org/10.1177/2158244020979992

Smale M, Assima A, Kergna A, Thériault V, Weltzien E. Farm family effects of adopting improved and hybrid sorghum seed in the Sudan Savanna
of West Africa. Food Policy. 2018;74:162—71. https://doi.org/10.1016/j.foodpol.2018.01.001 PMID: 29479132

Usman MA, Haile MG. Market access, household dietary diversity and food security: Evidence from Eastern Africa. Food Policy. 2022;113:102374.
https://doi.org/10.1016/j.foodpol.2022.102374

Van Der Meulen E. How does market-level diversity in the food system relate to dietary diversity scores in urban poor women and children. 2023
[cited 2025 Aug 25]. Available from: https://libstore.ugent.be/fulltxt/RUG01/003/146/670/RUG01-003146670_2023_0001_AC.pdf

Marenya P, Kassie M, Teklewold H, Erenstein O, Qaim M, Rahut D. Does the adoption of maize-legume cropping diversification and modern seeds
affect nutritional security in Ethiopia? Evidence from panel data analysis. 2018 [cited 2025 Aug 25]. Available from: https://ageconsearch.umn.edu/
record/277170/

Nandi R, Nedumaran S. Rural market food diversity and farm production diversity: do they complement or substitute each other in contributing to a
farm household’s dietary diversity?. Frontiers in Sustainable Food Systems. 2022;6:843697. https://doi.org/10.3389/fsufs.2022.843697

Pradel W, Gatto M, Hareau G, Pandey SK, Bhardway V. Adoption of potato varieties and their role for climate change adaptation in India. Clim Risk
Manag. 2019;23:114-23. https://doi.org/10.1016/j.crm.2019.01.001 PMID: 33344151

McEwan M, Spielman DJ, Okello JJ, Hareau G, Bartle B, Mbiri D. Exploring the regulatory space for improving availability, access and quality of
vegetative propagated crop seed. Agric Food Secur. 2021;12:63.

Almekinders CJM, Walsh S, Jacobsen KS, Andrade-Piedra JL, McEwan MA, de Haan S, et al. Why interventions in the seed systems of roots,
tubers and bananas crops do not reach their full potential. Food Sec. 2019;11(1):23-42. https://doi.org/10.1007/s12571-018-0874-4

Axmann N, Fischer T, Keller K, Leiby K, Stein D, Wang P. Access and adoption of hybrid seeds: Evidence from Uganda. J Afr Econ. 2020;29:215—
35. https://doi.org/10.1093/jae/ejz019

Muthoni J, Shimelis H, Mashilo J. Production and availability of good quality seed potatoes in the East African region: A review. Aust J Crop Sci.
2022;(16(07):2022):907—-15. https://doi.org/10.21475/ajcs.22.16.07.p3566

Mastenbroek A. Scaling seed demand through behavioral insights: Applying the COM-B model and behavioral change wheel to the maize seed
sector in Uganda. Agric Syst. 2025;229:104432. https://doi.org/10.1016/j.agsy.2025.104432

Simtowe F, Marenya P, Amondo E, Worku M, Rahut DB, Erenstein O. Heterogeneous seed access and information exposure: implications for the
adoption of drought-tolerant maize varieties in Uganda. Agric Econ. 2019;7(1). https://doi.org/10.1186/s40100-019-0135-7

Wang'ombe JG, van Dijk MP. Low potato yields in Kenya: do conventional input innovations account for the yield disparity?. Agric Food Secur.
2013;2:14. https://doi.org/10.1186/2048-7010-2-14

Okello J, Zhou Y, Kwikiriza N, Ogutu S, Barker |, Schulte-Geldermann E, et al. Determinants of the Use of Certified Seed Potato among Small-
holder Farmers: The Case of Potato Growers in Central and Eastern Kenya. Agriculture. 2016;6(4):55. https://doi.org/10.3390/agriculture6040055

Ogeto M, Mohammed JH, Bedada DG. Adoption of improved potato varieties in Jeldu District, Oromia Region, Ethiopia: A double-hurdle model. Int
J Agric Res Innov Technol. 2019;9:72-80. https://doi.org/10.3329/ijarit.v9i1-2.45405

PLOS One | https://doi.org/10.1371/journal.pone.0346796 May 8, 2026 22/25



https://doi.org/10.1016/j.foodpol.2015.03.001
https://doi.org/10.1016/j.foodpol.2023.102506
https://doi.org/10.1016/j.foodpol.2023.102506
http://www.ncbi.nlm.nih.gov/pubmed/38037573
https://cgspace.cgiar.org
https://doi.org/10.37811/cl_rcm.v7i5.8412
https://doi.org/10.1515/opag-2018-0049
https://doi.org/10.1186/s40066-017-0101-0
https://doi.org/10.3389/fsufs.2022.1080401
https://cgspace.cgiar.org/items/c8c37538-a1f7-447a-a668-5ed51d8ebc3e
https://doi.org/10.1093/erae/jbac019
https://doi.org/10.1177/2158244020979992
https://doi.org/10.1016/j.foodpol.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29479132
https://doi.org/10.1016/j.foodpol.2022.102374
https://libstore.ugent.be/fulltxt/RUG01/003/146/670/RUG01-003146670_2023_0001_AC.pdf
https://ageconsearch.umn.edu/record/277170/
https://ageconsearch.umn.edu/record/277170/
https://doi.org/10.3389/fsufs.2022.843697
https://doi.org/10.1016/j.crm.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/33344151
https://doi.org/10.1007/s12571-018-0874-4
https://doi.org/10.1093/jae/ejz019
https://doi.org/10.21475/ajcs.22.16.07.p3566
https://doi.org/10.1016/j.agsy.2025.104432
https://doi.org/10.1186/s40100-019-0135-7
https://doi.org/10.1186/2048-7010-2-14
https://doi.org/10.3390/agriculture6040055
https://doi.org/10.3329/ijarit.v9i1-2.45405

PLO\Sﬁ\\.- One

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Mburu JM, Oyugi MA, Makenzi PM. Determining if Access to Certified Seed Multipliers Influence Smallholder Farmers’ Use of Certified Seed Pota-
toes (CSPs) in Kipipiri Sub-County, Kenya. AJAEES. 2023;41(10):567-75. https://doi.org/10.9734/ajaeces/2023/v41i102201

Ong’ayo MJ, Gido EO, Ayuya OI, Mwangi M, Kibe AM. Role of networking capability, socio-economic and institutional characteristics on adoption
tendencies of clean seed potato agri-enterprises in central Rift Valley, Kenya. Afr Crop Sci J. 2020;28(s1):131—-44. https://doi.org/10.4314/acsj.
v28i1.10s

Rai P, Bajgai Y. Determinants Influencing Selection of Potato Varietal Technology and the Role of Gender in Farm Decisions in Bhutan. Potato Res.
2022;:1-19. https://doi.org/10.1007/s11540-022-09607-3 PMID: 36532088

Kwambai TK, Griffin D, Struik PC, Stack L, Rono S, Brophy C, et al. Seed Quality and Variety Preferences Amongst Potato Farmers in North-
Western Kenya: Lessons for the Adoption of New Varieties. Potato Res. 2023;67(1):185-208. https://doi.org/10.1007/s11540-023-09626-8

Wauters P, Hutchings J, Munguti F, Borus D, Nyawade S, Atieno EO, et al. Can rooted apical cuttings complement seed systems to improve avail-
ability of quality seed potato in Africa?—The case of Kenya. Crop Science. 2023;64(3):1294-310. https://doi.org/10.1002/csc2.21034

Sigrid G, Wachira K, Mbuthia G, Schuler B. Food losses in the value chain of potatoes in Kenya. In: Arthur FH, Kengkanpanich R, Chayaprasert
W, Suthisut D, editors. Proceedings of the 11th International Working Conference on Stored Product Protection; 2014 Nov 24-28; Chiang Mai,
Thailand. Chiang Mai: Kasetsart University; 2015. pp. 965-970.

Wakaba D, Ateka J, Mbeche R, Oyugi L. Determinants of Irish potato (Solanum tuberosum) commercialization and market participation by farmers
in Nyandarua County, Kenya. Journal of Agriculture and Food Research. 2022;10:100382. https://doi.org/10.1016/j.jafr.2022.100382

Okello J, Zhou Y, Barker |, Schulte-Geldermann E. Motivations and mental models associated with smallholder farmers’ adoption of improved
agricultural technology: evidence from the use of quality seed potato in Kenya. Eur J Dev Res. 2019;31:271-92. https://doi.org/10.1057/
s41287-018-0160-1

Schulte-Geldermann E, Kakuhenzire R, Sharma K, Parker M. Revolutionizing early generation seed potato in East Africa. In: Schulte-Geldermann
E, Low J, Parker M, editors. Root, tuber and banana food system innovations: value creation for inclusive and sustainable development. Cham:
Springer. 2022. p. 415-28.

Atieno EO, Kilwinger FBM, Almekinders CJM, Struik PC. How Kenyan Potato Farmers Evaluate the Seed: Implications for the Promotion of Certi-
fied Seed Potato. Potato Res. 2023;66(3):811-29. https://doi.org/10.1007/s11540-022-09602-8

Otieno G, Ogola RJO, Recha T, Mohammed JN, Fadda C. Climate Change and Seed System Interventions Impact on Food Security and Incomes
in East Africa. Sustainability. 2022;14(11):6519. https://doi.org/10.3390/su14116519

International Potato Center (CIP). Potato for prosperity. In: CIP [Internet]. Lima: CIP; [cited 2025 Sep 3]. Available from: https://cipotato.org/
outcomes/potatoes-for-prosperity/

Nyirenda Z, Nyondo C, Jogo W, Hareau G, Okello J, Gatto M. Assessment of seed system interventions for biofortified orange-fleshed sweet
potato (OFSP) in Malawi. Crop Science. 2023;64(3):1193—-205. https://doi.org/10.1002/csc2.21030

Ng'ombe JN, Prah S, Kiwanuka-Lubinda RN, Nkonde C. Nutrition for all? Input subsidies and equitable diets. Rev Dev Econ. 2025;29:1024-57.
https://doi.org/10.1111/rode.13157

Feukeng FT, Otieno DJ, Rajendran S, Kapalasa E, Mwenye O, Demo P, et al. Determinants and effects of adopting improved potato varieties in
Malawi. Journal of Agriculture and Food Research. 2024;18:101389. https://doi.org/10.1016/j.jafr.2024.101389

Riaz M, Rehman S, Boz I. Factors influencing the adoption of certified potato seeds among the farmers operating in Punjab, Pakistan. Environ Dev
Sustain. 2024;26:16847-61. https://doi.org/10.1007/S10668-023-03313-X

Baglan M, Mwalupaso GE, Zhou X, Geng X. Towards Cleaner Production: Certified Seed Adoption and Its Effect on Technical Efficiency. Sustain-
ability. 2020;12(4):1344. https://doi.org/10.3390/su1204 1344

Siyum N, Giziew A, Abebe A. Factors influencing adoption of improved bread wheat technologies in Ethiopia: empirical evidence from Meket dis-
trict. Heliyon. 2022;8(2):e08876. https://doi.org/10.1016/j.heliyon.2022.e08876 PMID: 35141443

Addison M, Anyomi B, Acheampong PP, Wongnaa CA, Amaning TK. Key drivers of adoption intensity of selected improved rice technologies in
rural Ghana. Sci Afr. 2023;19:e01556. https://doi.org/10.1016/j.sciaf.2023.e01556

Matavel C, Hoffmann H, Rybak C, Steinke J, Sieber S, Muller K. Understanding the drivers of food security among agriculture-based households in
Gurué District, Central Mozambique. Agric Food Secur. 2022;11(1):7. https://doi.org/10.1186/s40066-021-00344-3 PMID: 35127061

Mahal S, Kucha C, Kwofie EM, Ngadi M. A systematic review of dietary data collection methodologies for diet diversity indicators. Front Nutr.
2024;11:1195799. https://doi.org/10.3389/fnut.2024.1195799 PMID: 38577154

Food and Agriculture Organization of the United Nations (FAO). Guidelines for measuring household and individual dietary diversity. Rome: FAO;
2010 [cited 2025 Aug 25]. Available: http://www.foodsec.org

Kone M, Kipkogei S, Ncho S, Zhou D. Market-Oriented Agriculture and Food Security: Evidence from Vegetable Farmers of Korhogo, Northern
Coéte d’'lvoire. Foods. 2025;14(11):1943. https://doi.org/10.3390/foods 14111943 PMID: 40509472

Adeyanju D, Mburu J, Gituro W, Chumo C, Mignouna D, Mulinganya N. Impact of agribusiness empowerment interventions on youth livelihoods:
Insight from Africa. Heliyon. 2023;9(11):€21291. https://doi.org/10.1016/j.heliyon.2023.e21291 PMID: 37920494

PLOS One | https://doi.org/10.1371/journal.pone.0346796 May 8, 2026 23/25



https://doi.org/10.9734/ajaees/2023/v41i102201
https://doi.org/10.4314/acsj.v28i1.10s
https://doi.org/10.4314/acsj.v28i1.10s
https://doi.org/10.1007/s11540-022-09607-3
http://www.ncbi.nlm.nih.gov/pubmed/36532088
https://doi.org/10.1007/s11540-023-09626-8
https://doi.org/10.1002/csc2.21034
https://doi.org/10.1016/j.jafr.2022.100382
https://doi.org/10.1057/s41287-018-0160-1
https://doi.org/10.1057/s41287-018-0160-1
https://doi.org/10.1007/s11540-022-09602-8
https://doi.org/10.3390/su14116519
https://cipotato.org/outcomes/potatoes-for-prosperity/
https://cipotato.org/outcomes/potatoes-for-prosperity/
https://doi.org/10.1002/csc2.21030
https://doi.org/10.1111/rode.13157
https://doi.org/10.1016/j.jafr.2024.101389
https://doi.org/10.1007/S10668-023-03313-X
https://doi.org/10.3390/su12041344
https://doi.org/10.1016/j.heliyon.2022.e08876
http://www.ncbi.nlm.nih.gov/pubmed/35141443
https://doi.org/10.1016/j.sciaf.2023.e01556
https://doi.org/10.1186/s40066-021-00344-3
http://www.ncbi.nlm.nih.gov/pubmed/35127061
https://doi.org/10.3389/fnut.2024.1195799
http://www.ncbi.nlm.nih.gov/pubmed/38577154
http://www.foodsec.org
https://doi.org/10.3390/foods14111943
http://www.ncbi.nlm.nih.gov/pubmed/40509472
https://doi.org/10.1016/j.heliyon.2023.e21291
http://www.ncbi.nlm.nih.gov/pubmed/37920494

PLO\Sﬁ\\.- One

58. Belay A, Mirzabaev A, Recha JW, Oludhe C, Osano PM, Berhane Z, et al. Does climate-smart agriculture improve household income and food
security? Evidence from Southern Ethiopia. Environ Dev Sustain. 2023;:1-28. https://doi.org/10.1007/s10668-023-03307-9 PMID: 37362980

59. Mujeyi A, Mudhara M, Mutenje M. The impact of climate smart agriculture on household welfare in smallholder integrated crop—livestock farming
systems: evidence from Zimbabwe. Agric & Food Secur. 2021;10(1). https://doi.org/10.1186/s40066-020-00277-3

60. Sisay K. Impact of irrigated agriculture on households’ income and food security: evidence from the south-west region of Ethiopia. Irrig Drain.
2024;73:676-93. https://doi.org/10.1002/ird.2898

61. Gebiso T, Ketema M, Shumetie A, Leggesse G. Drivers of crop commercialization in central and southern Oromia, Ethiopia. Discov Food.
2023;3(1). https://doi.org/10.1007/s44187-023-00055-7

62. Abebe GK, Bijman J, Pascucci S, Omta O. Adoption of improved potato varieties in Ethiopia: the role of agricultural knowledge and innovation
system and smallholder farmers’ quality assessment. Agric Syst. 2013;122:22-32. https://doi.org/10.1016/j.agsy.2013.07.008

63. Zhou R, Yin Y. On willingness to pay and impact mechanism of green agricultural products: a case of shrimp rice in Hunan, China. Front Sustain
Food Syst. 2024;8. https://doi.org/10.3389/fsufs.2024.1465425

64. Greene WH. Econometric analysis. 5th ed. Upper Saddle River (NJ): Prentice Hall; 2003.
65. Heckman JJ. Sample Selection Bias as a Specification Error. Econometrica. 1979;47(1):153. https://doi.org/10.2307/1912352

66. Omotilewa OJ, Ricker-Gilbert J, Ainembabazi JH. Subsidies for Agricultural Technology Adoption: Evidence from a Randomized Experiment with
Improved Grain Storage Bags in Uganda. Am J Agric Econ. 2019;101(3):753—72. https://doi.org/10.1093/ajae/aay108 PMID: 33281194

67. Meriggi NF, Bulte E, Mobarak AM. Subsidies for technology adoption: Experimental evidence from rural Cameroon. J Dev Econ. 2021;153. https://
doi.org/10.1016/j.jdeveco.2021.102710

68. Miine L, Akorsu AD, Boampong O, Bukari S. Drivers and intensity of adoption of digital agricultural services by smallholder farmers in Ghana. Heli-
yon. 2023;9:e23023. https://doi.org/10.1016/j.heliyon.2023.e23023

69. Austin PC. An Introduction to Propensity Score Methods for Reducing the Effects of Confounding in Observational Studies. Multivariate Behav Res.
2011;46(3):399-424. https://doi.org/10.1080/00273171.2011.568786 PMID: 21818162

70. ROSENBAUM PR, RUBIN DB. The central role of the propensity score in observational studies for causal effects. Biometrika. 1983;70(1):41-55.
https://doi.org/10.1093/biomet/70.1.41

71. Maina KW, Ritho CN, Lukuyu BA, Rao EJO. Socio-economic determinants and impact of adopting climate-smart Brachiaria grass among dairy
farmers in Eastern and Western regions of Kenya. Heliyon. 2020;6(6):e04335. https://doi.org/10.1016/j.heliyon.2020.e04335 PMID: 32637709

72. Tesfaye M, Gutema P. Impact of improved forage technology adoption on dairy productivity and household income: a propensity score matching
estimation in Northern Ethiopia. Adv Agric. 2022;2022:6197119. https://doi.org/10.1155/2022/6197119

73. Tione G, Westengen OT, Holden ST, Katengeza SP, Makate C. Contribution of Community Seed Banks to farmer seed systems and food security
in Northern and Central Malawi. Food Policy. 2025;132:102860. https://doi.org/10.1016/j.foodpol.2025.102860

74. Neme AA, Tefera TL, Abdi BB, Aweke CS. The impact of contract farming on income of smallholder vegetable farmers in the Central Rift Valley of
Ethiopia. Discov Agric. 2024;2:11. https://doi.org/10.1007/s44279-024-00024-3

75. Kalema EP, Akpo E, Muricho G, Ringo J, Ojiewo CO, Varshney RK. Mapping out market drivers of improved variety seed use: The case of sor-
ghum in Tanzania. Heliyon. 2022;8:€08715. https://doi.org/10.1016/j.heliyon.2022.e08715

76. Michelson H, Gourlay S, Lybbert T, Wollburg P. Review: Purchased agricultural input quality and small farms. Food Policy. 2023;116:102424.
https://doi.org/10.1016/j.foodpol.2023.102424

77. Yalew W, Yehuala S, Petros T. Determinants of the Adoption of Improved Sorghum and Sesame Seeds; the Case of West Gondar Zone, Ethiopia.
IJEES. 2020;5(5):82. https://doi.org/10.11648/].ijees.20200505.11

78. Kassa, Giziew A, Ayalew D. Determinants of adoption and intensity of improved faba bean cultivars in the central highlands of Ethiopia: a
double-hurdle approach. CABI Agric Biosci. 2021;2(1). https://doi.org/10.1186/s43170-021-00045-8

79. Ali EB, Awuni JA, Danso-Abbeam G. Determinants of fertilizer adoption among smallholder cocoa farmers in the Western Region of Ghana.
Cogent Food & Agriculture. 2018;4(1):1538589. https://doi.org/10.1080/23311932.2018.1538589

80. Mwalongo S, Akpo E, Lukurugu GA, Muricho G, Vernooy R, Minja A, et al. Factors Influencing Preferences and Adoption of Improved Groundnut
Varieties among Farmers in Tanzania. Agronomy. 2020;10(9):1271. https://doi.org/10.3390/agronomy 10091271

81. Sapkota M, Joshi NP, Kattel RR, Bajracharya M. Determinants of maize seed income and adoption of foundation seed production: evidence from
Palpa District of Nepal. Agric & Food Secur. 2017;6(1). https://doi.org/10.1186/s40066-017-0119-3

82. Giné X, Yang D. Insurance, credit, and technology adoption: Field experimental evidence from Malawi. J Dev Econ. 2009;89(1):1-11. https://doi.
org/10.1016/j.jdeveco.2008.09.007

83. Nakano Y, Magezi EF. The impact of microcredit on agricultural technology adoption and productivity: Evidence from randomized control trial in
Tanzania. World Development. 2020;133:104997. https://doi.org/10.1016/j.worlddev.2020.104997

84. Mwangi B, Macharia |, Bett E. A multi-dimensional adoption approach for improved sorghum varieties in eastern Kenya: a climate change adapta-
tion perspective. Clim Dev. 2021;13:283-92. https://doi.org/10.1080/17565529.2020.1763237

PLOS One | https://doi.org/10.1371/journal.pone.0346796 May 8, 2026 24125



https://doi.org/10.1007/s10668-023-03307-9
http://www.ncbi.nlm.nih.gov/pubmed/37362980
https://doi.org/10.1186/s40066-020-00277-3
https://doi.org/10.1002/ird.2898
https://doi.org/10.1007/s44187-023-00055-7
https://doi.org/10.1016/j.agsy.2013.07.008
https://doi.org/10.3389/fsufs.2024.1465425
https://doi.org/10.2307/1912352
https://doi.org/10.1093/ajae/aay108
http://www.ncbi.nlm.nih.gov/pubmed/33281194
https://doi.org/10.1016/j.jdeveco.2021.102710
https://doi.org/10.1016/j.jdeveco.2021.102710
https://doi.org/10.1016/j.heliyon.2023.e23023
https://doi.org/10.1080/00273171.2011.568786
http://www.ncbi.nlm.nih.gov/pubmed/21818162
https://doi.org/10.1093/biomet/70.1.41
https://doi.org/10.1016/j.heliyon.2020.e04335
http://www.ncbi.nlm.nih.gov/pubmed/32637709
https://doi.org/10.1155/2022/6197119
https://doi.org/10.1016/j.foodpol.2025.102860
https://doi.org/10.1007/s44279-024-00024-3
https://doi.org/10.1016/j.heliyon.2022.e08715
https://doi.org/10.1016/j.foodpol.2023.102424
https://doi.org/10.11648/j.ijees.20200505.11
https://doi.org/10.1186/s43170-021-00045-8
https://doi.org/10.1080/23311932.2018.1538589
https://doi.org/10.3390/agronomy10091271
https://doi.org/10.1186/s40066-017-0119-3
https://doi.org/10.1016/j.jdeveco.2008.09.007
https://doi.org/10.1016/j.jdeveco.2008.09.007
https://doi.org/10.1016/j.worlddev.2020.104997
https://doi.org/10.1080/17565529.2020.1763237

PLO\S\% One

85. Asante BO, Ma W, Prah S, Temoso O. Promoting the adoption of climate-smart agricultural technologies among maize farmers in Ghana: using
digital advisory services. Mitig Adapt Strateg Glob Chang. 2024;29. https://doi.org/10.1007/s11027-024-10116-6

86. Fan D, Gan W. Does the adoption of Internet digital technologies improve farmers’ fertilizer management performance? An empirical analysis
based on the China Rural Revitalization Survey. Int J Agric Sustain. 2025;23. https://doi.org/10.1080/14735903.2025.2467619

87. Rajkhowa P, Qaim M. Personalized digital extension services and agricultural performance: Evidence from smallholder farmers in India. PLoS One.
2021;16(10):€0259319. https://doi.org/10.1371/journal.pone.0259319 PMID: 34710166

88. Steinke J, van Etten J, Miller A, Ortiz-Crespo B, van de Gevel J, Silvestri S. Tapping the full potential of the digital revolution for agricultural exten-
sion: an emerging innovation agenda. Int J Agric Sustain. 2020;19:549-65. https://doi.org/10.1080/14735903.2020.1738754

89. Mugumaarhahama Y, Mondo JM, Cokola MC, Ndjadi SS, Mutwedu VB, Kazamwali LM. Socio-economic drivers of improved sweet potato varieties
adoption among smallholder farmers in South-Kivu Province, DR Congo. Sci Afr. 2021;12:e00818. https://doi.org/10.1016/j.sciaf.2021.e00818

PLOS One | https://doi.org/10.1371/journal.pone.0346796 May 8, 2026 25/25



https://doi.org/10.1007/s11027-024-10116-6
https://doi.org/10.1080/14735903.2025.2467619
https://doi.org/10.1371/journal.pone.0259319
http://www.ncbi.nlm.nih.gov/pubmed/34710166
https://doi.org/10.1080/14735903.2020.1738754
https://doi.org/10.1016/j.sciaf.2021.e00818

