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1 | INTRODUCTION

Women and men farmers are increasingly involved in the final stage
of crop breeding pipelines to validate the performance of new varie-
ties within the context of their own environment (Bruno et al., 2018;
de Sousa et al, 2024; Katuuramu et al., 2020; Madu et al., 2024;
Obunyali et al., 2019; Setimela et al., 2017, 2018; Voss et al., 2025;
Worku et al., 2020). Smallholder farmers are highly diverse in terms of
resource endowments and access, preferences, aspirations and con-
straints, even within a community (Crossa et al., 2002; Doss, 2001). It
is therefore essential that on-farm testing strategies adequately cap-
ture the social heterogeneity of smallholders within the target popula-
tion of environments to ensure that crop breeding is responsive to
diverse farmers' needs. Failure to do so could result in the under-, or
overrepresentation of a subset of farmers (Crossa et al., 2002) and,
ultimately, the development of varieties poorly suited to the needs,
constraints and priorities of certain subgroups of the rural population.

Of special concern are women and resource-poor farmers who
are sometimes under-represented in breeding trials without direct
procedures to target them, contributing to gender blindness in breed-
ing programs (Ashby, 2024; Freeman, 2001; Rohrbach, 2001;
Snapp, 2002). For this reason, on-farm testing approaches increasingly
set targets for women farmers' participation as trial hosts or deliber-
ately elicit varietal preferences of women visiting trials (Voss, Cairns,
et al, 2023). However, gender is one axis of social difference that
impacts agricultural production, crop varietal choice and end uses
(Bacud et al., 2024; Bullock & Crane, 2021; Elias et al., 2018;
Harcourt, 2016; Madu et al., 2024; Yami et al., 2024). Social differ-
ences including marital status, age, education level, ethnicity, wealth,
access to capital and in- and output markets, as well as livelihood ori-
entation, are affecting factors that influence the adoption of agricul-
tural innovations (Ruzzante et al., 2021; Schulz & Bérner, 2022) and
farm productivity (Acevedo et al., 2020; Chikowo et al., 2014;
Christinck et al., 2017; Weltzien et al., 2019). Setting targets for
women's participation is therefore an important first step in a more

and social inclusion.

e The distribution of farm types selected by extension agents to host trials closely
reflected the distribution of farm types within the surveyed population. Two farm
types associated with women household heads and three types associated with
men-headed households were identified, highlighting the heterogeneity within
these groups. Other important factors of differentiation included farm assets, live-
stock ownership and maize production features.

e Sampling strategies that explicitly incorporate agronomic and socio-economic
diversity within the target population should be used in the selection of host

women and men farmers for participatory research to ensure appropriate gender

farm typology, gender-responsive breeding, intersectionality, participatory research,
participatory varietal selection, smallholder farmers, social inclusion, women-headed households

gender and socially inclusive breeding strategy, but should not be
seen as an end goal; rather, it opens opportunities for including inter-
secting social dimensions with gender.

Methodologies to select women and men farmers in participatory
research to test agricultural technologies are often not reported
(Laajaj et al., 2020). A meta-analysis of agronomic on-farm trials in
sub-Saharan Africa (SSA) found only 26% of studies provided informa-
tion on the criteria used to select host farmers (Kool et al., 2020). Cri-
teria were either bio-physical or socio-economic, with few studies
using both. In breeding-related studies, the proportion of women par-
ticipating in varietal or trait evaluations is often reported, but rarely
the number of women household heads or plot managers hosting tri-
als (Setimela et al., 2017; Bruno et al., 2018; Worku et al., 2020; de
Sousa et al., 2021; Moyo et al., 2021; Collinson et al., 2022; Gesesse
et al., 2023). This may constitute a shortcoming in the design of on-
farm testing as the gender of the household and plot manager can be
directly related to the household's choice of crop variety (Smale &
Olwande, 2014; Cairns et al., 2022). In southern Africa, the selection
of trial-hosting women and men farmers has primarily been under the
purview of extension agents (Collinson et al., 2022; Madu et al., 2024;
de Roo et al., 2017; Setimela et al., 2017, 2018). Historically, exten-
sion agents preferentially selected farmers in easy-to-access locations,
with higher yields and better agronomic management (de Roo
et al., 2017). To overcome this, there has been increasing training of
extension agents around the importance of farm and farmer heteroge-
neity in on-farm varietal evaluations, including greater inclusion of
women plot managers (Hamadziripi et al., 2024; Voss, Cairns,
etal., 2023).

Smallholder farmers' characterization has been conducted in vari-
ous studies using different approaches suited to the specific purpose.
Farm typologies are often used to handle the heterogeneity of small-
holder farming systems by grouping farms of similar characteristics
(Alvarez et al., 2018; Hammond et al., 2020). Typologies have been
extensively used in sustainable intensification research in southern

Africa to understand the adoption of climate-smart agriculture
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practices (Makate et al., 2018; Mujeyi et al., 2020), gradients of soil
fertility (Masvaya et al., 2010; Mtambanengwe & Mapfumo, 2005;
Zingore et al., 2007), use of organic amendments (Rufino et al., 2011),
crop residue uses and trade-offs in smallholder crop-livestock systems
(Baudron et al., 2014; Baudron, Homann-Kee Tui, et al., 2024;
Rusinamhodzi et al., 2015), adoption of practices to enhance soil fer-
tility (Bellon et al., 1999) and farming system trajectories (Baudron
et al., 2011). These typologies were primarily constructed with vari-
ables associated with resource endowment (for example, farm size,
number of cattle, ownership of key farming equipment, ability to
afford hired farm labour and quantity of mineral fertilizer used). Has-
sall et al. (2023) proposed a methodology for typology construction
that is more flexible in terms of the types of variables that can be
included, variable weighting and the specific features a typology might
represent. If typology development involved more socio-demographic
variables, farm types could be used to select host women and men
farmers for participatory on-farm research. This could ensure ade-
quate representation of diverse farming households (Baudron, Cairns,
et al., 2024) and, retrospectively, quantify farm heterogeneity within
current on-farm phenotyping networks (Crossa et al., 2002).

Participatory varietal selection is used by the International Maize
and Wheat Improvement Center (CIMMYT) maize breeding pipelines
in southern Africa to develop stress-tolerant varieties with
farmer-preferred traits. The first four stages of selection are con-
ducted in experimental research stations, with the final stage of selec-
tion conducted in farmers' fields (Prasanna et al., 2022). Farmers'
preferences and candidate hybrid yields on women- and men-
managed plots are used in the final advancement decision of hybrids
to release for commercialization. There has been a significant effort to
increase farmers' participation in the evaluation of candidate hybrids
and prioritise their feedback in advancement decisions. The number
of women and men farmers evaluating candidate hybrids has
increased from just 40 farmers in 2010 (Setimela et al., 2017) to sev-
eral hundred per pipeline in 2024.

It is essential that on-farm testing itself (not just product evalua-
tions) reflects the real-world conditions within diverse farming house-
holds. In plant breeding, the effectiveness of the selection
environment is a function of the heritability of traits under
selection within that environment and the genetic correlation
between performance in the selection environment and performance
in the target population of environments (Atlin et al., 2001; Werner
et al., 2025). Farms as the selection environment within participatory
breeding approaches must therefore be representative of the larger
target population of environments (Witcombe et al., 2005). Recogniz-
ing both the heterogeneity of smallholder farmers and that host
farmers - as the selection environment - will ultimately dictate the
performance of new maize hybrids within the target population of
environments, maize participatory breeding strategies in southern
Africa have endeavored to ensure host women and men farmers are
representative of the wider population within the target user market
segment. Extension agents have received annual training to sensitize
them on the need to select a diverse range of farms, with emphasis

placed on the inclusion of women and resource-constrained farmers.

iBig

Training primarily consisted of discussing in depth the rational for

People P

selecting different types of farmers based on gender, asset and
resource endowments and average maize production and providing
feedback on the previous year's trials. The latter was included to rein-
force that the trials were not demonstrations, and high-yielding trials
(relative to the wider community) did not meet the overall breeding
objectives. Training also focused on the need for trials to be con-
ducted under farmers' own management practices to ensure they
were reflective of farmers' own real-world conditions.

The primary aim of this study was to evaluate ex-post whether
trial-hosting women and men farmers within a participatory maize
breeding network in southern Africa were representative of the sur-
veyed population they were selected to represent. A secondary aim
was to pilot an inclusive approach to guide the recruitment of on-farm
trial hosts within participatory breeding, using maize trials by the CIM-

MYT in Zimbabwe as a case study.

2 | METHODS

21 | Study area and sampling strategy

Five of Zimbabwe's 10 provinces (Mashonaland West, Midlands,
Mashonaland East, Manicaland and Masvingo) were included in this
study. These five provinces are part of the CIMMYT's maize on-farm
testing network in Zimbabwe and were selected based on bio-physical
criteria, primarily frequency of drought stress and total seasonal rain-
fall. High rainfall areas (relative to the national level) are not targeted
in CIMMYT's maize testing network. Zimbabwe is sub-divided into
five natural regions, with natural region 1 experiencing the highest
annual rainfall (>1,000 mm per annum) and region 5 experiencing the
lowest annual rainfall (<50 mm per annum).

Each province is divided into administrative districts. Eighteen
districts across the five provinces included in this study were ran-
domly selected. The majority of the 18 districts sampled in this study
were in natural regions 3 (500-800 mm per annum) and 4 (450-
650 mm per annum), while four districts were classified as natural
region 2 (700-1,050 mm per annum) (Moyo, 2000). Maize is the pre-
dominant crop in all the selected provinces, grown by over 80% of
households (ZimVac, 2022). The average maize production per house-
hold was estimated at 524 kg per household in Mashonaland West
(natural regions 2 and 3), 295 kg per household in Midlands (natural
regions 3, 4 and 5), 230 kg per household in Mashonaland East (natu-
rals regions 1, 2 and 3), 162 kg's per household in Manicaland (natural
regions 1 to 5) and 141 kg in Masvingo (natural regions 3, 4 and 5)
(ZimVac, 2022).

Within each district, up to 15 wards were chosen based on popu-
lation size, primarily under the guidance of the District Agricultural
Extension Officer (DAEO), considering previous experience of working
with extension agents within a ward. A total of 2,346 smallholder
farms were randomly sampled across the wards, with the number of
women and men farmers per ward proportional to the population size

(Figure 1). Village heads have a registry of all households within their
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FIGURE 1 Location of the 2,040 farming households interviewed during the survey in Zimbabwe. The colour is related to the farm type to

which each household was subsequently allocated. Data points are jittered to highlight the extent of the survey and reduce overlap between
points and do not accurately represent the geo-spatial locations. Type 1 farms were average male-headed households, Type 2 farms were average
female-headed households, Type 3 farms were resource-constrained female-headed households, Type 4 farms were relatively prosperous

households and Type 5 farms were primarily off-farm households.

communities. Extension agents engaged with village heads and ran-
domly selected smallholder farmers from household registries in each
village. Large-scale commercial farmers were excluded in this survey as
they fall beyond the remit of extension agents. The number of wards
per district where the survey was conducted, and the number of
women- and men-headed farm households interviewed within each
ward is summarized in Table 1. Women-headed households included
de jure, where there was no men head of households, and de facto,
where the husband works outside the farming household and is absent
(and thus the wife was interviewed as de facto household head). The
age of the plot manager was not captured in households. In each of
the 18 districts, household heads were interviewed by 10 to 15 trained
agricultural extension agents using a structured questionnaire, which
was implemented using the KoboCollect software between September
to November 2021. The questionnaire included sections on the house-
hold's maize production over the past two years, input use for crop
production, and crop agronomic management, farm and livestock
assets, as well as household demographics. CIMMYT internal ethics
review board provided ethics approval (IREC 2024.005).

To identify differences between host women and men farmers
and the surveyed population, and between women- and men-headed
households, the following analyses were conducted. For categorical
data, a chi-square test of independence was used. For continuous
data, a one-way ANOVA was used. Highly skewed data was log-
transformed (with appropriate offset where required) prior to analysis.
Both analyses were conducted using functions available in the stats
package of R version 4.2.2 (R Core Team, 2024).

2.2 | Developing farm typologies

On-farm testing is an integral part of CIMMYT's maize breeding pro-
gram. The aim is to identify improved genetics for smallholders'
unique management, environment, household use and market condi-
tions (in case of high rate of self-sufficiency) and at harnessing
farmers' knowledge. This testing is critical as it supports the selection
of candidate varieties which are announced for release to partners
for commercialization. The on-farm evaluation of maize varieties con-
siders both their agronomic performance and farmers' preferences,
often related to maize production orientation, resource endowment,
production and household use (and aspirations of individual small-
holder farmers). The relevance of this evaluation depends on how
representative the testing network is of the heterogeneity within
smallholder farmers in the target population of environments. A
typology was therefore constructed to summarize such diversity
within the random sample of farms into a small number of distinct
farm types.

Guided by relevant literature, a total of 17 variables describing
the structure and the function of the farms were selected from the
survey as potential explanatory variables for farm heterogeneity in
terms of socio-demographics, farm and livestock endowments, as well
as maize production system features (Figure 2). These variables are
known to have high variability in smallholder farming systems in
Zimbabwe and to impact maize productivity. They included gender of
the household head, which has previously been shown to be a factor

associated with technology adoption and overall household income
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TABLE 1 Summary of the number of wards and farms in each district that were included in the survey.

Household head Women-headed households
Province District Natural region Wards Number of farms Men Women de facto de jure
Manicaland Buhera 3,4 7 153 72 (47) 81 (53) 40 41
Mutare 3,4 7 122 91(75)  31(25) 5 26
Mashonaland East Hwedza 2,3 7 109 63 (58) 46 (42) 13 33
Marondera 2 11 179 137 (77) 42 (23) ) 36
Mutoko 3,4 5 125 89 (71) 36 (29) 12 24
Seke 2 8 109 80(73)  29(27) 10 19
Mashonaland West Chegutu 2 6 119 86 (72) 33 (28) 13 20
Hurungwe 3,4 7 139 110(79)  29(21) 9 20
Kariba 3,4 4 61 50(82) 11(18) 2 9
Makonde 2,3 8 111 85(77)  26(23) 6 20
Mhondoro Ngezi 2 15 235 162 (69) 73 (31) 34 39
Murehwa 2,3 6 111 59(53) 52(47) 19 33
Masvingo Bikita 3,4 8 110 76(69)  34(31) 8 26
Gutu 3 7 112 90 (80) 22 (20) 4 18
Zaka 3,4 7 106 69 (65)  37(35) 14 23
Midlands Chikomba 3 6 137 80(58) 57(42) 17 40
Gokwe south 3,4 8 115 79 (69) 36(31) 3 33
Gweru 3 12 191 129 (68)  62(32) 27 35

Note: Within women-headed households, the number of de facto and de jure women-headed households is also presented. Numbers in parenthesis are the
percentage of men and women-headed households within each district.

Farm household characteristics Farm endowment Maize production
Age, sex and education of household head, number of cattle and small Maize area, maize production in
household size, farming as main source of income, ruminants, total value of farm past two seasons, total fertilizer
own production as main source of food, proportion equipment used in maize production, use of
of the year food secure manure and intercropping and sex

of plot manager

FIGURE 2 Conceptual framework used in the study to identify maize farm types in Zimbabwe. Farm types were delineated by 1) farm
household characteristics, including main household demographics, significance of farming as income source, subsistence orientation and asset
ownership 2) livestock and farm endowments, capturing herd sizes of large and small ruminants, as well as 3) maize production features, including
area under maize production, sex of the plot manager, total household maize production and level of input use. Past studies have shown that
smallholder farms in Zimbabwe differ significantly across these basic features and that these influence maize productivity.
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(Dassanayake et al., 2015; Etienne et al., 2019; Ruzzante et al., 2021),
area under maize production (Etienne et al., 2019), ownership of
assets (Etienne et al, 2019) and ownership of livestock
(Mtapuri, 2011). Only farms with no missing values for all 17 variables
were included in the typology construction, leaving a total of 2,040
observations. Missing data was a result of a question not being
answered by the survey participant during survey deployment. Struc-
tural continuous variables included the age of the household head,
household size, gender ownership of assets and livestock (cattle and
small ruminants). The value of farming equipment was calculated using
an average 2021 farm-gate prices for ploughs (95 USD), cultivators
(130 USD), scotch carts (500 USD), wheelbarrows (55 USD) and knap-
sack sprayers (30 USD). Structural binary variables included the gen-
der of household head and primary manager of maize plots, and the
level of education of the head of the household (primary school or
less, or above primary school). Functional continuous variables
included total maize production over the past three years, maize area
in 2020, total fertilizer use and proportion of the year the household
was food secure. Binary functional variables included the use of
intercrops and manure (yes or no), farming as the main source of
income (yes or no) and own production as the primary source of food
(yes or no).

A typology was constructed using the methodology developed by
Hassall et al. (2023). Highly skewed continuous variables were first
log-transformed (with appropriate offset where necessary) to provide
more symmetric distributions for the value of farming equipment,
total maize production over the past two years, maize area and total
fertilizer use. A scaled Euclidean distance was used to calculate the
dissimilarity between continuous variables (using the Gower distance
with the vegan R package), and the simple matching coefficient dis-
tance was used to calculate the dissimilarity between binary variables
(using the dist. binary function of the ade4 R package) (Oksanen
et al., 2022). Equal category weighting was applied to the functional
and structural variables, but binary functional and structural variables
were downweighted to limit their influence on the resulting typolo-
gies. Categorical variables can have a strong influence in determining
distinct groupings. This is an artefact of the discrete nature of the data
and not a feature we wished to perpetuate, but rather ensure binary
variables could be included alongside continuous variables. Thus, an
iterative process was used to identify the factor by which binary
variables should be downweighted (Dray & Dufour, 2007). A random
forest was used to assess the importance of different variables in the
separation of the resulting types. When a factor of two was used,
most binary variables had the largest decrease in Gini index
(Figure S1). Using a factor of four resulted in a more homogeneous
mixing of binary and continuous variables in terms of the mean
decrease in Gini index, and this weighting was used in the final typol-
ogy. A principal coordinates analysis was applied to the generalized
distance matrix with six dimensions retained to feed into a hierarchical
clustering with complete linkage. From the resulting dendrogram,
five types were identified. To quantify dissimilarity between each
farm type, the Euclidean distance between cluster centroids was

calculated.

2.3 | Farmer selection for hosting on-farm trials
Within the sample used in this study to develop farm typologies,
191 farmers hosted CIMMYT's stage 5 on-farm trials for one breed-
ing pipeline across the same 18 districts. The total number of host
women and men farmers recruited was partially a function of seed
and available resources. However, there has been a significant
effort to increase farmers participation in the evaluation of new
candidate hybrids and incorporate their feedback into the selection
process. These women and men farmers were selected by agricul-
tural extension agents, with no input or validation by CIMMYT, to
host on-farm trials across the same 18 districts. Extension agents
received training prior to farmer selection, highlighting the need to
target a diverse range of women and men farmers and ensure the
inclusion of both women-headed households and women plot
managers. These women and men farmers were included in the sur-
vey (which was conducted the subsequent year) to construct the
typology.

3 | RESULTS

3.1 | Selected host farmers were generally
representative of the surveyed population

Household characteristics of all surveyed participants (excluding host
farmers) and host farmers are presented in Table 2. Approximately
32% of households were women-headed. The average age of the
household head was 54.9 years within the surveyed population and
55.8 years for the subsample of host farmers, with an average family
size of 6.1 in the surveyed population and 6.3 for host farmers.
Sixty-six percent of heads of households within the surveyed popu-
lation had an education higher than primary level. Within the sur-
veyed population, the average farm owned 5.3 cattle, 5.1 small
ruminants and agricultural equipment worth 513.2 USD. Within host
farmers, the average farm owned 5.1 cattle, 4.1 small ruminants and
agricultural equipment worth 598.5 USD. The average area under
maize production was 1.80 ha for the surveyed population and
2.00 ha for host farmers. Host farmers produced significantly more
maize (2,742.99 kg) than the surveyed population (2,105.5 kg)
(P < 0.01). This difference was not related to hosting breeding trials
as maize production was for the season prior to hosting trials. There
was no significant difference between host farmers and the sur-
veyed population in maize production in the previous year. Within
the surveyed population, an average of 373.8 kg fertilizer was used
for maize production, while for host farmers an average of 364.0 kg
fertilizer was used for maize production. Approximately one-third of
households within the surveyed population practiced intercropping
within their maize fields, compared to 41% of host farmers
(P < 0.05). Fifty-seven percent of households within the surveyed
population applied manure in their maize fields, compared to 71% of
host farmers (P < 0.001). Farming was the main source of food for

over 90% of households within the surveyed population and host

8518017 SUOWILIOD SO ot jdde aup Aq peusenob ae ssjole O ‘3N J0 S9N Joj Afed1T8UIUO AB]IA UO (SUORIPUOD-PUE-SLUBY IO A8 | M A.gBUI|UO//SAIY) SUORIPUOD PUe SWS | 8U88S *[9202/20/0T] U0 ARiq1T8UIIUO AB|IM ‘001@ N 3UeIL400D AQ 02002 "€ddd/200T 0T/10p/W00" A3 | 1M Al jeul|uo yduy/Sdny Wwo.y papeojumoq ‘T ‘9202 ‘T1922.52



CAIRNS ET AL.

TABLE 2

People Planet PF | 2

Summary of key characteristics of farms within the surveyed population (excluding trial hosting farmers) and trial hosting farmers.

All presented values are means (with standard deviation in brackets) or percentages. The statistical test used to evaluate the difference between
farmers within the wider survyed population and trial hosting farmers is presented.

Characteristic

Number of farms

Surveyed population
(excluding host farmers)

1846

Women-headed households (%) 317

Women plot 27.5

manager (%)

Age of the head of the household 54.9 (13.7)
Household head education above 66.0

primary (%)

Family size 6.1 (3.5)
Equipment value (USD) 513.2 (461.6)
Cattle (n) 5.1(8.1)

Small ruminants (n) 5.1(12.6)

Maize area (ha) 1.80(9.2)

Maize production (kg) 2103.2 (5,749.3)
Maize production previous year (kg) 2,105.5 (5,695.4)
Quantity of fertilizer used for maize (kg) 373.8 (744.4)
Using intercropping (%) 32.1

Using manure (%) 57.2

Proportion of the year being food secured 0.7 (0.3)
Farming as the main source of food (%) 93.0

Farming as the main source of income (%) 63.5

Host farmers p-value Test X2 value F-value
191

325 0.999 Chi-squared 8.096e-30

325 0.403 Chi-squared 0.701

55.8 (12.4) 0.335 ANOVA 0.93
71.6 0.063 Chi-squared 3.445

6.3(3.5) 0.406 ANOVA 0.692
598.5 (569.1) 0.089 ANOVA 2.894
5.3(9.7) 0.506 ANOVA 0.443
4.1(5.0) 0.857 ANOVA 0.032
2.00 (5.0) 0.579 ANOVA 0.308
2,742.9 (4,721.3) 0.007 ANOVA 0.579
2,154.1 (1,053.1) 0.579 ANOVA 0.308
364.0 (540.6) 0.849 ANOVA 0.036
41 0.027 Chi-squared 4.896

71 0.001 Chi-squared 11.427

0.7 (0.3) 0.047 ANOVA 3.956
94 0.445 Chi-squared 0.583

73 0.013 Chi-squared 6.109

farmers, however only the main source of income for 63% of house-
holds within the surveyed population compared to 73% of house-
holds within host farmers (P < 0.05).

3.2 | Significant variation was observed between
and within gender-disaggregated groups

In general, differences between farms with women and men heads of
household were the same within the surveyed population and for host
farmers (Table 3). Significantly fewer women heads of households had
an education above primary level compared to men-headed
households (surveyed population, P < 0.001; host farmer P < 0.05).
Women-headed households had significantly fewer agricultural assets
compared to men-headed households. Within the surveyed popula-
tion, the value of agricultural equipment owned was significantly
lower in women-headed households compared to men-headed house-
holds (P < 0.001). Furthermore, women-headed households owned
significantly less cattle (P < 0.001) and small ruminants (P < 0.001)
than men-headed households. Similarly, among host farmers, the
value of agricultural equipment owned was 41% less in women-
headed households compared to men-headed households (P < 0.01).
In addition, women-headed households owned 55% less cattle
(P <0.01) and 47% less small ruminants (P < 0.001) than men-headed
households. The area under maize production was 35% lower in

women-headed households compared to men-headed households
within the surveyed population (P < 0.001) and 57% lower for host
farmers (P < 0.001). Maize production in women-headed households
was significantly lower compared to male-headed households over
two consecutive years in both the surveyed population and host
farmers. While women heads of households were significantly older
than men heads of households within the surveyed population
(P < 0.01), there was no significant difference in age between women
and men heads of households hosting trials. Similarly, there was no
significant difference in the use of intercropping between women- or
men-headed households hosting trials but within the surveyed popu-
lation 40% of women-headed households intercropped maize com-
pared to 29% of men-headed households (P < 0.01).

While there was significant variation between genders at both
the household and plot manager level, there was also large variation
within women-headed households, and women-managed plots
(Figure 3). For example, 37% of women-headed households had
more equipment than the average men-headed household. While
36% of households with women maize plot managers had more
equipment than the average household with men plot managers.
Similarly, 20% of women-headed households owned more cows
than men-headed households. Thirty-seven percent of women-
headed households had equipment of more value than the average
men-headed household. While 36% of households with women

maize plot managers had equipment of more value than the average
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TABLE 3 Summary of women and men-headed households within recruited host farmers and the surveyed population. All presented values
are means (with standard deviations in brackets) or percentages. The ANOVA and chi-squared test statistics are provided in Table S2.

Survey population

Host farmers

Characteristic Women-headed Men-headed p-value Test Women-headed Men-headed p-value Test
Number of farms 584 1,262 60 131
Women plot manager (%) 66.8 9.7 Chi- 68.3 3.8 Chi-
squared squared
Age of the head of the 56.1 54.3 0.009 ANOVA  56.3 55.7 0.786 ANOVA
household
Household head education 50.3 72.2 2.2e-16 Chi- 61.7 77.1 0.042 Chi-
above primary (%) squared squared
Family size 51 6.5 2.2e-16 ANOVA 52 6.8 0.002 ANOVA
Equipment value (USD) 387.0 558.4 <2e-16 ANOVA  409.6 691.4 0.001 ANOVA
Cattle (n) 3.6 57 6.32e-8 ANOVA 29 6.5 0.004 ANOVA
Small ruminants (n) 3.9 57 0.001 ANOVA 26 4.9 0.001 ANOVA
Maize area (ha) 1.32 2.03 <2e-16 ANOVA  1.06 244 0.003 ANOVA
Maize production (kg) 1813.1 3188.7 <2e-16 ANOVA  1616.2 3268.3 0.003 ANOVA
Maize production previous year ~ 1545.5 2364.6 0.007 ANOVA  1018.3 2686.5 0.021 ANOVA
(ke)
Quantity of fertilizer used for 290.3 413.9 0.001 ANOVA  305.7 390.3 0.382 ANOVA
maize (kg)
Using intercropping (%) 39.8 28.8 0.00165 Chi- 48.3 36.6 0.090 Chi-
squared squared
Using manure (%) 56.8 57.4 0.8734 Chi- 63.3 783 0.221 Chi-
squared squared
Proportion of the year being 0.6 0.7 0.000265 ANOVA 0.6 0.7 0.033 ANOVA
food secured
Farming as the main source of 92.0 93.5 0.264 Chi- 95.0 94.7 Chi-
food (%) squared squared
Farming as the main source of 57.2 65.9 0.002 Chi- 81.7 68.7 0.090 Chi-
income (%) squared squared
(a) (b)
Women-headed \N’onven—ngaded
household household
Men-headed household —_— Men-headed household —
Women plot manager Women plot manager
Men plot manager Men plot manager
0 1000 2000 0 10 20 30
Value of agricultural equipment (USD) Number of cattie
(c) (d)
Women-headed Women-headed
household household
Men-headed household ) Men-headed household
Women plot manager Women plot manager
Men plot manager Men plot manager
0 5000 10000 15000

Total maize production (kg)

Total maize production, last season (kg)

FIGURE 3 Average (a) value of agricultural equipment, (b) number of cattle, (c) total maize production and d) total maize production in the
previous season disaggregated by sex of household head and plot manager. Density plots show the distribution of values for each variable.
Variables presented were the most important continuous attributes distinguishing farm types.
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household with men plot managers. Similarly, 20% of women-
headed households owned more cows than the average number of

cows owned by men-headed households.

3.3 | Agricultural assets and gender of household
heads were the most segregating variables of the
typology

From the typology of 2,040 farms, five farm types were identified
using hierarchical clustering and k-means (Figure 4; Table 4). Farm
types corresponded to decreasing capital (equipment value and cattle)
and maize production. The most important variables distinguishing
between farm types identified with a classification random forest
were value of agricultural equipment, gender of household head, num-
ber of cattle and total maize production (Figure 5). The largest cluster
was for Type 2 farms (accounting for 34% of farms), with a relatively
even distribution of the proportion of farms in the four other farm
types (14-19%). In general, farm types were relatively well distributed
across provinces (Figure 1), except Mashonaland West province,
which had relatively higher proportion of Types 1 and 2 farms.

Type 1 farms (384 farms, 19%) were predominantly men-headed
households with men plot managers and a large family size as
depicted in Figures 6 and 7, and Table 4. This farm type was relatively
resource-endowed and commercially orientated. The area under
maize production was larger than any other farm type, with many cat-
tle and small ruminants. Intercropping was practiced by only 2.3% of
farms in this group. The level of farm mechanization was relatively
high with over 80% of farms owning at least one plough, cultivator,
scotch cart, wheelbarrow and knapsack sprayer. Almost 50% of farms
owned two or more ploughs in this farm type.

.t PTP 267

Type 2 farms (700 farms, 34%) were classified as predominantly

s People Pla

men-headed households with men plot managers. Only 4% of farms
within this cluster were women-headed, and these were predomi-
nantly de facto (Table S1). Ninety percent of Type 2 farms owned a
plough (with almost 20% of farms owning more than one plough),
while 68% of farms owned a scotch cart.

Farms clustered in Type 3 (302 farms, 15%) and Type 4 (282 farms,
14%) were both predominantly de jure women-headed households. Both
farm types had household heads with relatively limited formal education,
particularly Type 4 with 24% of household heads having an education
beyond primary level. Types 3 and 4 farms differed in herd size of cattle
and small ruminants, area under maize production, farm assets, maize
production, use of manure and fertilizer use. Type 3 farms had a higher
number of cattle, and the proportion of farms applying manure to their
maize fields in this farm type was similarly high (83% of farms). Type 4
farms were associated with a very small number of cows and thus, lim-
ited use of manure within maize production. However, the use of inter-
cropping was highest within this farm type, with over 91% of farms
practicing intercropping (compared to 59% of Type 3 farms). For Type 3,
over 80% of farms owned a plough and wheelbarrow, and over 60%
owned a scotch cart. Only one-third of Type 4 farms owned a plough,
while only 20% owned a scotch cart. Interestingly, although TType 3 and
4 farms had predominantly women heads of households (90% and 72%,
respectively), farms that were men-headed had a very low proportion of
household heads achieving education beyond primary level (23 and 16%,
respectively). Similarly, the proportion of households for whom farming
was the major source of income was lower in men-headed households
relative to women-headed households in both Type 3 and 4 farms.

Type 5 farms (372 farms, 18%) were predominantly men-headed
with men plot managers. This farm type had the highest proportion
(92%) of household heads with an education higher than primary

1.0

0.6
L

04

0.2
|

=g
o

FIGURE 4 Dendrogram representing the hierarchical agglomerative clustering using complete linkage method (five clusters were identified),
and representation of the five farm types identified. Type 1 farms were average male-headed households, Type 2 farms were average female-
headed households, Type 3 farms were resource-constrained female-headed households, Type 4 farms were relatively prosperous households

and type 5 farms were primarily off-farm households.
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TABLE 4 Characteristics of five delineated farm types via household survey data (n = 2040). All presented values are means (with standard
deviation in brackets) or percentages.

Farm type
Characteristic 1 2 3 4 5
Number of farms 384 700 302 282 372
Age of the head of the household 55.2(12.5) 55.6 (13.6) 59.0(12.2) 59.2 (14.6) 46.8 (11.8)
Women-headed households (%) 11 4.4 90 72 27
Women plot manager (%) 15 21 79 63 20
Education of the head of the household higher than 8 71 40 24 92
primary (%)
Family size 7.6 (4.6) 6.3(3.2) 5.5(3.7) 49(2.7) 5.6 (2.6)
Equipment value (USD) 876.4 (369.5) 623.8 (489.4) 538.3(363.2) 200.3(271.6) 146.7 (216.1)
Cattle (n) 12.0(12.4) 5.1 (5.6) 54(7.9) 0.9 (2.0) 0.8(1.8)
Small ruminants (n) 10.2 (24.4) 4.8 (5.8) 5.0 (6.4) 2.6(12.3) 2.2(3.7)
Total area cropped to maize (ha) 6.1 (20.6) 1.4 (1.2) 1.5(2.8) 0.7 (0.6) 0.7 (0.4)
Total maize production (kg) 20,791.5(126,239.2) 2,295.9 (4,302.2) 1,893.8(2,824.3) 785.7(759.0) 700.6(983.3)
Total maize production previous year (kg) 13,410.1 (101,028.6) 1,450.7 (1,923.3) 1,507.0(3,432.0) 490.1(507.2) 397.8(432.8)
Total fertilizer used on maize (kg) 1,146.8 (3,171.6) 334.0(522.7) 379.3(1,356.6) 145.8 (109.6) 140.7 (111.0)
Using intercropping (%) 2.3 38 36 51 38
Using manure (%) 55 64 81 29 57
Proportion of the year being food secured 0.8 (0.3) 0.7 (0.3) 0.7 (0.3) 0.5 (0.3) 0.5(0.3)
Own production as the main source of food (%) 96 96 93 93 84
Farming as the main source of income (%) 91 74 66 60 20
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school. Type 5 farms were primarily off-farm households, with few 3.4 | Proportion of farm types within host farmers

cattle and small ruminants and a small area under maize production.
This farm type had a very low level of farm assets, with only 13% of
farms owning a scotch cart and 4% owning a cultivator.

A distance matrix was used to quantify dissimilarity between the five
clusters (Table 5). Type 1 and 3 farms were the closest and Type 3 and 5
farms were the furthest apart. While Type 3 and 4 farms were predomi-
nantly households headed by women, however, the relative distance

between 3 and 4 was 1.7 times greater than the one between 1 and 3.

reflected the surveyed population

The relative proportion of each farm type within the network of on-
farm trial hosts closely reflected the distribution of farm types within
the study area (Table 6). The largest farm type was Type 2. This farm
type also accounted for the largest proportion of farms hosting trials
(38%). The distribution of the other farm types hosting trials was rela-
tively equally distributed, although Type 5 had a slightly lower
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FIGURE 6 Boxplots of structural (a-e) and functional (f-i) continuous variables used to construct a typology of 2,040 farm households in

Zimbabwe. For each farm type continuous variables are disaggregated by sex with solid bars representing women-headed households and outline
only bars representing men-headed households. Type 1 farms were average male-headed households, Type 2 farms were average female-headed
households, Type 3 farms were resource-constrained female-headed households, Type 4 farms were relatively prosperous households and Type 5

farms were primarily off-farm households.

representation. Almost 70% of trials were hosted by men-headed
households (Table 5). De jure women-headed households accounted
for 58% of all women-headed households hosting trials compared to
42% de facto women-headed households (Table S2).

4 | DISCUSSION

Our study reiterates the heterogeneity of smallholder maize women
and men farmers in terms of socio-demographic features, asset and
resource endowments and production orientation. The selection of
representative trial hosting women and men farmers is critical to
ensure new varieties are responsive to a diverse range of farmers'
needs (Voss, Cairns, et al., 2023) and bias that limits their scalability is
not introduced during testing (Laajaj et al., 2020). Earlier studies have
shown host farmers can be more prosperous and better educated
than the wider community they are purported to represent (de Roo
et al., 2017; Laajaj et al., 2020), leading in particular to the underrepre-
sentation of women farmers (Freeman, 2001; Snapp, 2002; van Etten
etal, 2018).

The delineation of farm types in this study further indicates that
women and men farmers recruited to host trials were generally repre-
sentative of the surveyed population, with the distribution of farm
types within host women and men farmers closely reflecting the dis-

tribution within the surveyed population. This suggests that, with the

purview to sample diversity based on their knowledge of the commu-
nities they serve, extension agents in this study recruited women and
men farmers that, in general, accurately reflected the heterogeneity of
the surveyed population. Encouragingly, there was no significant dif-
ference in the proportion of women-headed households between
host farmers and the surveyed population, confirming the value of
setting gender-based targets for host farmer selection to meet basic
gender-inclusivity requirements (de Sousa et al., 2021; Hamadziripi
et al., 2024; Mancini et al., 2017; Ssali et al., 2023). There were also
no significant differences in indicators of agricultural resource endow-
ments (agricultural equipment and livestock) between host women
and men farmers and the surveyed population. However, maize pro-
duction among host women and men farmers was almost 20% higher
than the surveyed population, although this difference may be related,
in part, to the inclusion of more farms for which farming was the pri-
mary source of income and the slight under-representation of farm
type 5 in the on-farm trial network relative to the surveyed popula-
tion. Type 5 farms were the least involved in agricultural activities
(and produced less maize), which likely accounts, at least in part, for
their relatively lower inclusion.

There were significant gender-based differences in resource
endowments and maize production characteristics at the household
head (and plot manager) level. These differences highlight the impor-
tance of ensuring (and reporting) women's participation, however, this

gender dichotomous categorization overlooks heterogeneity within
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FIGURE 7 Proportions of each farm type with selected characteristics used as structural (a-c) and functional (d-g) binary variables in the
typology. For each farm type (with the exception of the proportion of women-headed households), binary variables are disaggregated by sex with
solid bars representing women-headed households and outline only bars representing men-headed households. Farm types were delineated from
a typology of 2,040 farm households in Zimbabwe. Type 1 farms were average male-headed households, Type 2 farms were average female-
headed households, Type 3 farms were resource-constrained female-headed households, Type 4 farms were relatively prosperous households
and Type 5 farms were primarily off-farm households.

Farm type 1
Farm type 2
Farm type 3
Farm type 4
Farm type 5

Farm type
1

2
3
4
5

each group (Bacud et al., 2024; Teeken et al., 2021). Gender is only
one social factor influencing farm production and varietal preferences
(Bacud et al., 2024; Colfer et al., 2018; Teeken et al., 2021), and this
was underlined by the large variation between women and men and

Farm type 1 Farm type 2 Farm type 3 Farm type 4 Farm type 5
0.35 =

0.24 0.35 -

0.39 0.41 0.42 -

0.34 0.44 0.45 0.31 -

Farms in typology construction

Number Percentage (%)
384 19
700 34
302 15
282 14
372 18

Farms hosting on trials

Number Percentage (%)
39 21
70 38
26 14
26 14
25 13

TABLE 5 Distance matrix between
the cluster centroids of each farm type.
Type 1 farms were average male-headed
households, Type 2 farms were average
female-headed households, Type 3 farms
were resource-constrained female-
headed households, Type 4 farms were
relatively prosperous households and
Type 5 farms were primarily off-farm
households.

TABLE 6 Number of farms within
each farm type and corresponding
number of farms hosting trials by farm
type. Type 1 farms were average male-
headed households, Type 2 farms were
average female-headed households, Type
3 farms were resource-constrained
female-headed households, Type 4 farms
were relatively prosperous households
and Type 5 farms were primarily off-farm
households.

within genders in this study. The delineation of farm types incorporat-
ing key variables associated with maize production identified two farm
types that were associated with women heads of households (Types 3
and 4) and three types with men heads of households (Types 1, 2 and
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5). Critically, Type 1 and 3 farms were found to be more similar than
Type 3 and 4 farms, reiterating heterogeneity within gender-
disaggregated groups in Zimbabwe. Type 3 farms were wealthier than
Type 4 farms, with more farm equipment and larger livestock herds
(cattle and small ruminants). Type 3 farms had a larger area under
maize production and produced almost three times as much maize as
Type 4 farms. Type 4 farms applied less fertilizer and manure, the lat-
ter probably a function of smaller herd size. The use of intercropping
was more prevalent in Type 4 farms. Furthermore, men-headed
households within Type 4 farms had a very low proportion of women
plot managers. These two distinct types of women-headed house-
holds in rural Zimbabwe thus differed in terms of opportunities and
constraints. One implication is that nuanced priorities, preferences
and opportunities of diverse women-headed and men-headed house-
hold farm types is lost when the gender of the household head is the
sole factor used to differentiate trial participants to satisfy social
inclusion criteria.

This study highlighted the relevance of collaborating with local
stakeholders and leveraging local expert knowledge in selecting farms
for participatory research (Manners et al., 2025). However, this
experience may not be universal as local intermediaries sometimes
exclude underrepresented social groups from activities like trials
(Falconnier, 2016; Lund & Saito-Jensen, 2013). A more nuanced and
contextualized approach, recognizing intersectionality, could help
ensure the systematic recruitment of different groups of women and
men farmers. Previously recognizing the importance of sociodemo-
graphic features on production and farmer preferences, Mancini et al.
(2017) ensured a balance of gender, age and wealth between recruited
host farmers, although no details were provided on the methodology
used to ensure this balance. Nanyonjo et al. (2024) selected host
farmers for cassava on-farm trials in Uganda by weighting on gender,
age and market orientation. In the present study, farm types were
delineated ex post to evaluate if host women and men farmers were
representative of the surveyed population, but this approach could be
used ex ante to guide the recruitment of host women and men
farmers, guided by the proportion of each farm type in the surveyed
population. Deliberately increasing the representation of certain farm
types might be desirable in some cases. In this study, for example, the
number of farmers from Type 3 and 4 farms could be increased to
ensure greater representation of women-headed households. The
delineation of a typology, with the inclusion of gender-based variables,
could also facilitate farmer selection to move beyond a one-
dimensional gender approach to operationalize a more multi-
dimensional approach. Within each farm type, gender-disaggregated
targets can also be included at the plot manager level; gender differen-
tiation at the household head level unintentionally neglects the knowl-
edge and preferences of women farmers living in households headed
by men.

Although typology delineation presents a useful tool for the
recruitment of representative on-farm trial hosts, it is important to
recognize that farming systems are very dynamic, particularly within
regions of high climatic variability. As such, surveys may need to be

conducted every year or two to delineate farm types (Baudron, Cairns,

P 271

et al., 2024). In this study, recruited host women and men farmers

People P

accounted for less than 10% of the total farmers surveyed. Given bud-
get is always a constraint of breeding programs in the Global South,
further research is required to understand the minimum number of
women and men farmers that could be surveyed to construct a typol-
ogy to select the required number of host women and men farmers,
but it is likely to be significantly less than used in this study. Key vari-
ables distinguishing between farm types are also likely to change
across crops and geographies. The use of a classification random for-
est helped identify the most discriminating variables in this study, and
this approach could be applied to guide the identification of key vari-
ables in other agro-ecologies and for other objectives.

There are some limitations to this study, including simplified defi-
nitions for some variables that may in reality be complex. In the con-
struction of the typology, for example, the gender of the plot manager
was determined as binary (women or other), which excluded the pos-
sibility of joint management. The household head and plot manager
were also identified by a single member of the household (primarily
the household head), although research points to gendered differ-
ences in the perception of intrahousehold decision making around
crop management (Acosta et al., 2020; Doss et al, 2020; Van
Campenhout et al., 2023). The identification of plot managers in this
study also assumed the person(s) retained control over all aspects of
management, although joint management is common in some areas,
and different management activities for a single plot may involve dif-
ferent individuals (Voss, Gitonga, et al., 2023). Perhaps as a function
of these factors, the proportion of men plot managers within men-
headed households was higher than found in previous research in
Zimbabwe (Cairns et al., 2022). Additionally, typologies essentially aim
to provide a one-dimensional, discrete representation of a multi-
dimensional continuum. The construction of typologies can be subject
to many sources of bias, both implicit and explicit. A particular weak-
ness when combining both continuous and binary variables is the
domination binary variables can have in determining the resulting
clusters. While the methodology applied in this study down-weighted
binary variables, this choice is still subjective. Finally, all extension
agents in this study had received prior training on ensuring diversity
within host farmer selection, which may have contributed to the align-
ment between host farmer characteristics and the surveyed
population. However, there was no control group to understand the
variation in host women and men farmers who would have been
selected without training. This, therefore, limits the ability to quantify
the benefits of training extension agents on farmer selection com-
pared to selection without training.

This study responds to concerns that lower adoption of new crop
varieties by farmers is associated, in part, with breeding programs not
adequately addressing the needs and priorities of different groups of
farmers, particularly resource poor and women farmers (Cullen
et al., 2023; Teeken et al., 2021; Voss et al., 2021). A recent survey of
breeding professionals revealed one-third of biophysical scientists did
not perceive value in the inputs of social scientists within breeding
programs (Rice et al., 2024). This study highlights a clear entry point
where social science perspectives can contribute towards breeding
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efforts. The incorporation of social considerations into product design
and testing strategies is important to ensure breeding programs do
not unintentionally leave behind a socially vulnerable sub-group of
beneficiaries (Cullen et al, 2023; Hellin et al., 2024; McGuire
et al., 2022). The delineation of farm types allows farmer preference
evaluations to acknowledge this heterogeneity and examine variation
across farm types, which may provide more clarity around differing
variety preferences than studies of gender and maize have provided
so far (Voss et al., 2021). The delineation of farm types could also fur-
ther understand the type of women and men farmers that are adopt-
ing improved maize varieties and accrued benefits (Thuijsman
et al., 2022). This approach could also offer opportunities for more
inclusive trait prioritization approaches in the refinement of target
product profiles and a more holistic understanding of how dimensions
of production and consumption shape market segments for new
varieties— including gender-based differences in preferences (Ragot
et al., 2018). This study's findings indicate that proxies of wealth may
be particularly relevant in identifying maize market segments,
although many other factors such as farmer aspirations and intended

end-uses of maize may also be relevant.

5 | CONCLUSIONS

There is currently a resurgence in on-farm participatory research for
crop improvement in sub-Saharan Africa (van Etten et al., 2023). This
aligns in part with concerns that breeding programs are not ade-
quately focused on the diverse needs and constraints of heteroge-
neous populations of farmers, including the unique experiences of
women farmers (Doss, 2001; Voss, Cairns, et al., 2023; Weltzien
et al., 2019). Retrospectively validating host farmer selection based on
sensitization of extension agents to the requirements of a participa-
tory maize breeding program in southern Africa confirmed minimal
elite capture and unconscious bias in the selection of women and men
farmers. This study also reiterates that women-headed households
and men-headed households cannot be treated as being homoge-
neous, and gender-responsive participatory research should strive to
include different types of women and men farmers rather than setting
targets for the participation of women plot managers or household
heads. Finally, these findings support increased focus on wider market
segmentation and attention to variables and dimensions including and
intersecting with gender, that shape farm productivity and farmer
choices. In this sense, it aligns with the growing focus on intersection-
ality in agricultural development (Bacud et al, 2024; Bullock &
Crane, 2021; Elias et al., 2018; Harcourt, 2016; Nanyonjo et al., 2024).

These findings have implications for how research institutions and
seed companies conceptualize and operationalize research with
women and men farmers. Increased focus on gender in recent decades
has helped open the door to considering farmer diversity, but this
dichotomy has ultimately limited our understanding of that diversity
and requires further exploration of the intersecting dimensions with
gender. Farm typologies are a concrete way to operationalize intersec-

tionality and acknowledge intersecting dimensions that impact farmer

experiences. With participatory plant breeding and participatory varie-
tal selection, they have the potential to enable better understanding
of the “customer base” and support deliberate market segmentation

to ensure new varieties are meeting the needs of all farmers.
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