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1 | INTRODUCTION

Improving the production capacity, food security, and livelihoods of
smallholder farmers in sub-Saharan Africa (SSA), particularly resource-
constrained farmers, is a development priority (Quisumbing et al.,
2015; FAO, 2023; FAO et al, 2023). Ensuring that marginalized
groups benefit equally from new technologies, including improved
varieties, requires first acknowledging that smallholder farmers are
highly diverse in terms of resource and input access, capabilities, and
aspirations. Resource-constrained farmers often have less access to
land, limited financial resources for inputs, fewer assets and animals,
and labor constraints (Peterman et al., 2014; Thuijsman et al., 2022;
Zingore et al., 2007). Women are often a priority group among mar-
ginalized farmers in part because they are frequently resource-
constrained and face productivity gaps related to their differential
access to resources including land, inputs, labor, agricultural extension,
and information (Doss, 2001; Teeken et al., 2021; Tufan et al., 2018;
van Etten et al., 2023).

Recognizing these gaps in achieving equitable benefits from new
technologies, socially inclusive breeding strategies must scrutinize
how variety evaluations are approached to ensure they capture the
real-world conditions that a diverse range of farmers face, including
poorer farmers and women (Voss, Cairns, et al., 2023). This includes,
for instance, verifying variety performance under low-input conditions
or other practices that breeders and agronomists do not consider
“standard” but may be disproportionately relevant for poorer and
women farmers, such as intercropping. Similarly, as new genetic tech-
nologies are developed, it is important that they are also considered
within the realities of their target beneficiaries.

Over the past two decades, there has been extensive investment
toward increasing the efficiency of maize breeding pipelines within
SSA, including strengthening partnerships between national and
international breeding programs, increasing human capital, and facili-
tating the deployment of new tools and technology in breeding pipe-
lines (Cairns & Prasanna, 2018; Prasanna et al., 2021). However, seed
systems' delivery of new genetics to farmers' fields in SSA remains a
bottleneck (Chivasa et al., 2022) and seed production a specific chal-
lenge in the maize seed value chain (Langyintuo et al., 2010). Hybrid
maize seed is produced by crossing two genetically different parent

lines, increasing vyield through heterosis (Gaffney et al, 2016).

when seed from only non-pollen-producing plants was used. Yield gains were
associated with longer ears and more kernels per ear.

e While recycling hybrid maize seed reduces potential yields due to inbreeding
depression, in the years when farmers cannot afford to plant hybrid maize only,
recycling non-pollen-producing hybrid maize seed conferred a yield benefit of

farmer heterogeneity, gender-responsive breeding, hybrid maize seed recycling, smallholder

Heterosis or hybrid vigor is the improved performance of F, hybrid
compared to either of its parents. If seed produced from hybrid
maize is planted (recycled), yields are lower because of inbreeding
depression or reduced biological fitness. Thus, to achieve the yield
benefits associated with heterosis, farmers should buy hybrid seed
every year. In hybrid maize seed production, timely detasseling of
female parent plants is undertaken to avoid self-pollination and a loss
in hybrid vigor of the resultant hybrid seed. Unlike in other regions
of the world, detasseling in hybrid maize seed production fields is
manual in SSA (Collinson et al., 2022). Manual detasseling is slow,
labor intensive and can be prone to human error, leading to issues in
seed quality. Male sterility has been exploited in many regions of the
world to simplify hybrid maize seed production, removing the need
to detassel female seed parents while enabling seed companies to
produce high-quality seed more efficiently (Wan et al., 2021). Cyto-
plasmic male sterility (CMS) and genetic male sterility are both used
in commercial hybrid maize seed production (Andorf et al., 2019;
Kim & Zhang, 2018).

A Seed Production Technology for Africa (SPTA) system using a
naturally occurring dominant male sterility gene, Ms44, has been
developed to eliminate the need for detasseling in hybrid maize seed
production fields (Collinson et al., 2022). Maize hybrids produced
using Ms44 segregate 1:1 for pollen-producing (PP) and non-
pollen-producing (NPP) plants and are referred to as 50% non-
pollen-producing (FNP). NPP plants divert resources from the tassel
to the ear, increasing grain yield, such that FNP maize has a yield
advantage of 200 kg ha™! across vyield levels compared to conven-
tional varieties (Collinson et al., 2022). Thus, the use of SPTA in
hybrid maize seed production in SSA has the potential to both
increase demand by seed companies to update their product portfo-
lios and increase farmers' yields. Furthermore, maize hybrids devel-
oped using Ms44 were also shown to have an increased yield benefit
under sub-optimal nitrogen (N) fertilization (Fox et al., 2017). Low
fertilizer use is a major biophysical constraint to maize production in
SSA, particularly for resource-constrained (Zingore et al., 2007) and
women farmers who often apply less inputs than men (Adam
et al, 2021; Burke et al., 2018; Burke & Jayne, 2021; Djurfeldt
et al., 2019; Gebre et al., 2019). As such, women and other resource-
poor farmers have been identified as beneficiary targets for this

technology.
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Ensuring that FNP hybrids meet the needs, priorities, and con-
straints of resource-poor and women farmers is therefore a priority,
which means validating its performance under these farmers' real-
world  constraints and growing conditions  (Khaipho-Burch
et al., 2023). Recycling maize hybrid seed is not recommended due to
inbreeding depression; however, it remains a practice used by farmers
in SSA (Heisey et al., 1997). In official crop estimates, recycled hybrids
are not considered improved varieties, and the area planted to
recycled hybrids is often reported along with the area planted to land-
races, hindering the accurate estimation of the area under recycled
seed. However, evidence suggests hybrid maize seed recycling is com-
mon. In Zambia, 13% of farmers grow recycled seed (Audet-Bélanger
et al, 2016). Zambezi et al. (1997) estimated that in Malawi 40% of
households grow recycled hybrid seed as one of the varieties,
although this figure may have reduced now with the Farm Input Sub-
sidy Program (FISP) (Hoogendoorn et al., 2018). Smale et al. (1998)
estimated that the proportion of farmers using recycled hybrid seed
varied from 22% to 38% over a 7-year period. In the eastern highlands
of Zimbabwe, Baudron et al. (2019) found that the use of recycled
seed ranged from 5% to 7%. Although the subject has not been exten-
sively researched, several studies indicate that women farmers are
more likely to recycle hybrid seed. Audet-Bélanger et al. (2016) found
that women were more likely to use recycled maize hybrid seed in
Zambia. Similarly, Cairns et al. (2022) showed that the gender of the
household head was a significant predictor of maize variety choice in
Zimbabwe, with recycled seed use associated with female household

heads. In the Eastern Cape of South Africa, widowed female farmers
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were found to grow the most recycled hybrid maize seed (Chimonyo
et al,, 2020).

The primary aim of this study was to evaluate if the FNP trait
retains a yield benefit when FNP hybrid maize seed is recycled. Given
the yield benefit of NPP plants, the yield of recycled FNP hybrid
maize seed is likely to vary depending on what plants the farmer
chose to recycle. As such, a second aim of this study was to assess if
any of the hybrid recycling scenarios had higher yields. A final aim of
this study was to understand the types of farmers and households

that plant recycled hybrid maize seed in Zimbabwe.

2 | MATERIALS AND METHODS

2.1 | Survey to establish the extent and drivers of
hybrid seed recycling

Zimbabwe is divided into 10 administrative provinces, which are sepa-
rated into 64 districts and subsequently divided into 1970 municipal
wards. Two surveys (Data S1 and Data S2) were conducted in munici-
pal Wards 4 and 27 of Murehwa District, Mashonaland East,
Zimbabwe (Figure 1). Murehwa District was selected as almost 90%
of households grow maize (ZIimVAC, 2020). The two wards in
Murehwa were chosen based on their relatively uniform soil texture
and elevation, working knowledge of extension agents in these wards,
and that they were not located along the main road. The primary aim

of these surveys was to construct typologies to summarize the
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FIGURE 1 Location of surveys, on-station (researcher-managed), andon-farm (farmer-managed) trials in Zimbabwe used in this study.
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large heterogeneity of smallholder farming systems and populations
(Hassall et al., 2023). The first survey (Data S1) was conducted in
2020 and the second in 2023 (Data S2) on the same farms. Details of
the first survey can be found in Cairns et al. (2022). Briefly, 306 farm-
ing household heads were randomly selected and asked to complete a
survey in KoboCollect, assisted by 10 trained enumerators. All ques-
tions were directed to the household head. Questions included age,
gender and education of household head, family size, number of cattle
and small ruminants, income source, food sources, dietary diversity,
cultivated area, total maize produced, total fertilizer and manure used
in maize production, gender of plot manager, soil type, method of land
preparation, date of planting, use of intercropping in maize fields, pes-
ticide use, and weeding frequency. For this study, the 2020 data were
leveraged to help understand key household or plot manager charac-
teristics associated with recycled maize hybrid use and the extent of
recycling hybrid seed over time.

An additional survey (Data S2) was conducted in the same
306 households in 2022; however, questions related to plot-level
management were directed to the plot managers. Recognizing that
there is a relatively high degree of joint management of maize plots in
dual-adult households, joint plot management was included in the
study, and questions related to plot-level management were directed
to joint managers simultaneously. This survey also included questions
related to maize varieties used in the preceding year (2021). From
both surveys, 3 years data (2020-2022) was extracted on maize varie-
ties planted in all fields to determine temporal variations in the seed
recycling practice. International Maize and Wheat Improvement Cen-
ter (CIMMYT) internal ethics review board provided required
approvals (IREC 2020.016, IREC 2023.008). The full questionnaires
for both surveys are provided as Data S1 and Data S2.

2.2 | Field trials

In this study, on-farm and on-station trials of recycled FNP hybrids
were used to assess the potential yield benefit for farmers practicing
hybrid seed recycling. Incorporating primary beneficiaries (the
farmers) into the research and development process is important for
ensuring accurate real-world data (Cash et al., 2003). Therefore, this
study was primarily conducted on-farm in trials managed by extension

officers and farmers in Zimbabwe.
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2.3 | Germplasm

Lines were converted with Ms44 using traditional plant breeding
methods, that is, backcrossing Ms44 into each female used as the
female of the single cross within a three-way hybrid. The lines were
the first to be backcrossed with Ms44 and were chosen primarily
for their abiotic and biotic stress tolerance. Five three-way maize
hybrids were formed using key lines from CIMMYTs maize breeding
pipeline. These hybrids were neither commercial nor advanced
candidate hybrids but were used to assess the impact of Ms44 on
yield.

24 | Treatments

FNP hybrids segregate 1:1 for PP and NPP plants. The phenotype of
PP plants is visibly different to NPP plants. NPP plants have smaller
tassels with fewer branches that do not exert anthers nor produce
pollen (Collinson et al, 2022). Resource partitioning within NPP
plants shifts nitrogen from the tassel to the ear, resulting in signifi-
cantly longer ears and higher kernel number, hundred kernel weight,
and grain yield (Collinson et al., 2022; Fox et al., 2017). Farmer pref-
erence studies have shown farmers can distinguish between NPP
and PP plants and prefer NPP plants due to their visibly higher yield
(Collinson et al., 2022). Considering these visual differences, three
seed recycling scenarios formed the basis of the treatments in this

study (Figure 2):

1. PP scenario: The farmer selects ears from PP plants only, and all
progeny grown from this recycled seed will be 100% PP.

2. Blend scenario: The farmer randomly selects ears in the field and
saves seed from both NPP and PP plants; progeny will subse-
guently segregate approximately 75% PP and 25% NPP.

3. FNP scenario: The farmer select ears from only NPP plants (based
on ear length and grain yield); recycled hybrid seed from NPP will
segregate 1:1 PP:NPP, and progeny will therefore be 50% NPP.

The selection of ears from PP plants produces the same progeny as
would recycled seed from the same hybrid developed without Ms44
and was therefore considered to be the control. To simulate these

scenarios, entries were planted in a nursery and sibmated. At

PP NPP PP PP PP NPP PP NPP PP

FIGURE 2 Visual representation of the three seed recycling scenarios of 50% non-pollen-producing (FNP) hybrid maize used in this study.
Farmers select (a) ears for recycling from pollen-producing (PP) hybrid plants only, (b) ears for recycling from only non-pollen-producing (NPP)
plants, or (c) ears for recycling from PP and NPP plants. Selected plants are visually represented in green text.
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flowering, PP plants were tagged to differentiate them from NPP.
Tagged plants were harvested separately from those without tags to

produce the seed compositions as described above.

2.5 | On-station trial management

On-station trials were conducted at three experimental research sta-
tions in Zimbabwe; the CIMMYT experimental research station,
Harare (—17.77, 31.05, 1480 masl); Rattray Arnold Research Station
(RARS), Harare (—17.68, 21.21, 1369, 1369 masl); and Chiredzi Low-
veld Research Institute, Masvingo Province (—21.02, 31.58, 433 masl).
Four treatments were used on-station—optimal, rainfed, drought
stress and nitrogen (N) stress. Drought and N stress are the major abi-
otic stresses commonly experienced by smallholder farmers in
Zimbabwe. Over the past decade in Southern Africa, six growing sea-
sons have had below average rainfall (Frischen et al., 2020), while fer-
tilizer use in maize production is generally sub-optimal in SSA and
particularly within resource-constrained farms (Zingore et al., 2007)
and female-managed plots (Cairns et al., 2021). To understand the
yield of recycled hybrid seed under experimental conditions related to
stresses smallholder farmers frequently experience, drought and N
stress were therefore included as treatments. To control both the tim-
ing and severity of drought stress, drought trials were conducted in
the off (dry) season. Trials were irrigated until 2 weeks before flower-
ing to ensure plants experienced drought stress at flowering, the most
sensitive stage to drought stress. In N stress trials, fields that had been
depleted of N over the last 10 years were used. The rainfed trial was
conducted in an experimental station location in agroecological zone
two (700-1050 mm per annum).

Optimum and N stress trials were conducted at the CIMMYT
experimental research station in 2019/2020 and 2020/2021. The
rainfed trial was conducted at RARS in 2020/2021 and managed
drought trials were conducted in Chiredzi in 2020 and 2021. Experi-
ments were planted in two row plots (4 m length with 0.75m
between rows and 0.25 m between plants). A nested design was used,
where hybrids were nested by the recycled Ms44 seed blends, repli-
cated four times. All trials received optimal fertilization, except for the
N stress trials. Basal fertilizer (compound D, with NPK ratio 7:14:7,
was applied at a rate of 400 kg ha™?). Top-dressing using ammonium
nitrate (containing 34.5% N) was applied at a rate of 400 kg ha™! at
V6 and VT growth stages. Recommended pest and weed control mea-
sures were used. In N stress trials, muriate of potash (60% K,O potas-
sium) and single super phosphate (19.5% P,Os phosphorus) fertilizer
were applied at a rate of 200 kg ha~*. Recommended plant and weed

control were used at all locations.

2.6 | On-farm trial management

On-farm trials were carried out in 20 farms over five districts in
Zimbabwe (Figure 1) in 2019/2020. Forty-eight percent of trials were
managed by female plot managers, 44% by male plot managers, and

P’:’J—S

8% were jointly managed. Smallholder farmers with poor soils, and/or

People P

in drought prone environments were purposively targeted by local
agriculture research and extension officers to host trials. Two row
plots were planted for each experimental hybrid with plot size of
7.5 m?. A nested design was used, where hybrids were nested by the
recycled Ms44 seed blends, replicated twice.

Land preparation was conducted following the farmer's normal
practices. Plant density was the same as in on-station trials. Basal fer-
tilizer compound D with NPK ratio of 7:14:7 was provided, as well as
fertilizer cups to ensure farmers apply a uniform rate of 250 kg ha™*
across all sites at planting, no further inputs were applied. Pesticides
and protective gear to handle them were provided to farmers to con-
trol fall army worm. Farmers were responsible to ensure plots were
kept weed free. To compensate for the efforts of the farmer to main-
tain the trial, packs of seed, basal compound D and ammonium nitrate
fertilizers were distributed for free for use on their own fields outside
the trial. Due to restrictions to reduce the spread of COVID-19, trials
were monitored by researchers remotely (cell phones) where exten-
sion agents and farmers provided all feedback including pictures of

the trials at various growth stages.

2.7 | Field measurements

At harvest, border plants at the beginning and end of each row were
discarded in on-station trials under N stress and drought stress condi-
tions. In CIMMYT on-station trials, recycled FNP maize hybrids were
tagged at flowering based on their phenotype (NPP or PP). At harvest,
plants were individually hand-harvested as NPP and PP. The number
of ears per plot showing visible signs of ear rots was counted. Ears
were subsequently arranged on a flat, dark nonreflective surface and
photos taken with a tripod for subsequent image analysis. The Ear
analyzer, a digital application supported by Image) software
(Schneider et al., 2012), was used to estimate ear length and width,
kernel length, and width and kernel weight (Makanza et al., 2018).
Ears of each plot were shelled, and grain weight and moisture mea-
sured. In on-farm trials, border rows were discarded prior to harvest,
and all ears were harvested from each plot, manually shelled, and grain
weight and moisture content were measured. Grain yields were

adjusted to 12.5% moisture content.

2.8 | Statistical analysis

To enable the prediction of maize seed recycling practice at farm and
plot level, two logit models were used with data from the first survey
(2020). To assess farm-level variables associated with the use of
recycled hybrid maize seed, the following 15 response variables were
used: age, gender and education level of household head, family size,
number of cattle, number of small ruminants, total cultivated area,
area under maize production, total amount of fertilizer used, total
amount of manure used, total amount of maize produced, food secu-

rity status, food sources, household dietary diversity score, and
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income source. Plot-level assessment used a total of 12 variables
encompassing the field management of maize plots (gender of plot
manager, maize planting time, soil type, area under maize production,
N mineral fertilizer application, P mineral fertilizer application, use of
manure, use of compost, pesticide use, weeding method, slope
of land, land preparation method, and use of intercropping).

Data were delineated from the survey as described by Cairns
et al. (2022). All analyses were conducted in R (version 4.2.2.). As
described by Cairns et al. (2022) at both the farm and plot level, all
variables were initially included. Models were subsequently reduced
using a stepwise backwards elimination model to obtain the lowest
Akaike Information Criterion (AIC). Models were then confirmed using
the genetic algorithm of glmulti (Calcagno et al., 2020). To understand
the relationship between gender of the household head and
household-level characteristics, two further analyses were conducted.
For categorical data, a chi-square test of independence was used to
analyze the frequency table of categorical variables formed by gender
of the household head. For continuous data, an unpaired two-samples
Wilcoxon nonparametric test was used analyze the relationship of the
gender of household head on-farm characteristics. Both the Wilcoxon
rank test and chi-squared test were conducted using the Base R func-
tion (R Core Team, 2024).

For the field data, three on-farm sites were removed from the
combined analysis based on high coefficients of variation (CV) (<50%)
and normality of residuals were used to identify outliers for removal
in the combined analysis. Two on-farm sites with a CV above 50%
and one outlier site yielding 3.41 t ha~* were removed from the anal-
ysis. The ASREML package in R (Version 4.1.2) was used to analyze
grain yield from on-station and on-farm trials, and yield components
derived from image analysis. Linear models were used, with Ms44
seed blend level as the main effect nested in random effects of hybrid,

replication, and block (Equation 1)

Yija = p+Si+R(S); +Hi+ S Hi+ % + T+ 5" Ty + H Ty + S"H Ty
+£bijk

1)

where Yju: is the response variable, u: is the overall mean, S;: is the
fixed effect of the i site, R(S);: is the random effect of the j™ block
nested in the it site, Hy: is the random effect of the k' hybrid, T;: is
the fixed effect of the I" technology, S*Hy, S* Ty, H*Ty, S*H*Tyq are
the random interaction effects between the respective effects, except
$* Ty, which was considered as a fixed effect and % and sb;,-k, are the
random experimental error associated with the whole (a) and the sub-
plot (b). All random effects follow a normal distribution with zero
mean and homogeneous variance and pairwise independent. The
whole plot residual was considered homoscedastic, while for the sub-
plot, we considered the autoregressive model of order one in row and
column direction for each site AR1,ow & ARlcoumn When an autore-
gressive term was negative or not significant, it was removed from
the model. The combined model across all management practices
included the same effects for the model above plus a main fixed effect

of management plus the interaction effects of management with the

other effects in the model. Management interaction effects with
another fixed effect (site and technology) were considered fixed
effects, while the interaction effects with the hybrid random effect

were considered as a random effect.

3 | RESULTS

3.1 | Characteristics of male- and female-headed
households

Household characteristics of farms in 2020 are presented in Table 1.
The proportion of female-headed households participating in the sur-
vey was 43% in 2020 and 44% in 2022. Both male- and female-
headed households grew an average of two maize varieties on the
homefield (fields closest to the farmers' homestead). The relationship
between gender of the household head and household characteristics
in 2020 are presented in Figure 3 and Table 2. Female-headed house-
holds had significantly less cattle than male-headed households
(p < 0.01), with female-headed households owning an average of two
cattle and male-headed households owning an average of 3.58
(Figure 2b). The total area under cultivation was significantly smaller
in female-headed households (3.17 ha) compared to male-headed
households (4.18 ha) (Figure 2d). Female-headed households pro-
duced significantly less maize (456 kg) compared to male-headed
households (670 kg) (Figure 2e); however, there was no significant dif-
ference in the area under maize production between female
(0.70 ha's) and male-headed households (0.78 ha's) (Figure 2f). While
the average 24-h dietary diversity score was generally low, it was sig-
nificantly less in female-headed households (3.91) compared to male-
headed households (4.38) (Figure 2i). Similarly, the percentage of
months households self-reported to be food secure was significantly
lower in female-headed households (55.3%) compared to male-
headed households (68.9%) (Figure 2j). Significantly less female
household heads completed secondary education compared to
male-household heads (Table 2). Almost 11% of male-headed house-
holds used conservation agriculture compared to almost 6% of

female-headed households.

3.2 | Recycling practices

Over the course of the 3-year period 85% of male-headed households
grew only hybrid maize, compared to 72% of female-headed house-
holds. On average 6%, 3%, and 2% of female-headed households used
recycled hybrid seed in 2020, 2021, and 2022, respectively. While, on
average 3%, 3%, and 6% of male-headed households used recycled
hybrid seed in 2020, 2021, and 2022, respectively (Figure 3). Notably,
many households switched between only maize hybrids to recycling
hybrid maize seed (while also using hybrid maize seed) from year to
year. The majority of farms who planted recycled hybrid maize seed
planted it only once over the 3-year period of the study, with no spe-

cific farm type that consistently recycled across years (Figure 4).
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TABLE 1

Household characteristics
Women headed households (%)
Age of household head (years)

Household head with secondary education (%)

Family size

Number of cattle

Number of small ruminants

Total cultivated area (ha)

Area under maize production (ha)
Total maize production (kg)

Fertilizer used in maize production (kg)
Manure used in maize production (kg)
No. of months food secure

24H dietary diversity score (0-12)
Farming as the main source of income (%)
Plot-level characteristics

Female managed (%)

Male managed (%)

Joint management (%)

Applied manure (%)

Applied compost (%)

High weeding frequency (%)

Applied pesticides (%)

Practiced conservation agriculture (%)
Used animal or tractor in land preparation (%)
Flat slope (%)

Steep slope (%)

Mineral N applied (kg)

Mineral P applied (kg)

(@ (b)

P-value = 0.205

Female
Male 0.1

10 20 30 10

Family size
U] (9)

P-value = 0.295

).005
. = P-value = 0.125 - =

94 094

0.0044
oié 0.003 064

0.002
034 03

0.001
0.01 0.000 0.01 0.01

0 1 2 3 3 500

Area under maize production (ha)

Number of cattle

Households recycling hybrid seed (n = 52)

59.3
56.6
37.0
4.89
2.20
2.27
1.06
0.61
486
102
599
513
4.07
46.3

22.2
259
51.9
40.7
18.5
27.8
111
12.9
40.7

7.4
111
54.2
15.7

(c) (d)

P-value = 0.002 P-value = 0.578

30 0 10 20 30

Number of small ruminants
(h) U]

P-value = 0.002

Total fertilizer applied (kg)

1000 500 0 5 10 15 20 25 3

Total manure applied (tons)

Total cultivated area (ha)

24H household dietary
diversity score (0-12)
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Characteristics of households recycling hybrid seed and those who did not plant recycled hybrid seed in 2020.

Households not recycling hybrid seed (n = 254)

40.6
53.5
61.0
578
2.59
2.04
151
0.66
436
151
1,123
6.52
4.20
48.1

29.7
36.5
33.8
47.4
15.0
212
15.0
17.4
56.9
13.9

4.1
56.2
15.0

(e)

P-value = 0.002 0.0015 P-value = 0.012

0.001C
0.0005

.00001

2 0 1000 2000 3000 4000 5000
Total maize produced (kg)

P-value = 0.021 0.0154 P-value < 0.001

0.000 .
6 9 0 25 75 100
Food security score
(% of months food secure)

FIGURE 3 Density plots of (a) family size, (b) number of cattle, (c) number of small ruminants, (d) total cultivated area, (e) total maize
produced, (f) area under maize production, (g) total fertilizer applied on maize, (h) total manure applied on maize, (i) 24-h dietary diversity score,
and (j) food security score in 2020 (n = 306 farms). Wilcoxon test for independent samples was used to compare gender differences.
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TABLE 2 Chi-square test of independence on the relationship between gender of the household head on household and farm characteristics.

Variable Description
Education level of household head Primary
Secondary

Tractor/animal plow
Hand hoe

Method of land preparation for maize

Conservation agriculture
Field gradient Flat
Gentle slope
Steep slope
Manure application Yes
No
Compost application Yes
No
Crop sales
Other

Primary source of income

Female (%) Male (%) X2 value p-Value
25.36 17.29 25.57 <0.001
18.16 39.19
21.61 32.85 9.40 <0.01
16.14 12.68

5.76 10.95

3.17 2.02 2.93 0.282
35.16 46.69

5.19 7.78
17.58 28.82 3.46 0.063
25.94 27.67

7.20 8.36 0.09 0.765
36.31 48.13
20.46 27.38 0.03 0.873
23.05 29.11

Gender 2020

2021 2022

FIGURE 4 Dynamics of recycled hybrid seed use in Murehwa, Zimbabwe. Variation in recycled hybrid seed use across 234 farms between
2020 and 2022. The height of the block is proportional to the number of farms, which grew hybrids/OPVs or recycled seed. The width of stream
connecting the years represents the number of farmers who maintained hybrid/OPV production or migrated to recycled seed and vice versa. The
gender disaggregation shows the proportion of male and female household heads who grew hybrid/OPV and/or recycled seed from 2020

to 2022.

In 2020, 59% of households using recycled seed were female-
headed compared to 41% of the households who did not plant
recycled hybrid seed. Within households using recycled hybrid seed,
only 37% of household heads had secondary level education, while
over 60% of household heads had secondary level education within
households who did not recycle hybrid maize seed. Households plant-
ing recycling hybrid seed had an average of 2.20 cattle, compared to

an average of 2.59 cattle in households not planting recycled
hybrid seed.

At the farm level, education of the household head was one of
the variables that significantly predicted recycling practice (Table 3).
Farmers with secondary education or higher were less likely to recycle
maize seed (p < 0.01). Total maize produced at the farm level was pos-
itively associated with maize seed recycling (p < 0.01), while farms
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TABLE 3 Summary of the estimates for logit models run after
model reduction with of the farm-scale model with the use of
recycled hybrid seed as the response variable to explain the variability
of recycling in Murehwa District, Zimbabwe.

Variable Estimate p-Value
Head of the household with -0.957 0.003
secondary education or higher

Family size -0.122 0.063
Number of small ruminants 0.083 0.140
Cultivated area (ha) —0.137 0.072
Total maize produced (kg) 0.001 0.009
Fertilizer application (kg) —0.005 0.043
Manure application (kg) —0.001 0.123
Number of months food secure —0.107 0.035

TABLE 4 Summary of the estimates for logit models run after
model reduction with of the plot-scale model with the use of recycled
hybrid seed as the response variable to explain the variability of
recycling in Murehwa District, Zimbabwe.

Variable Estimate p-Value
Jointly managed plot 2.104 0.049
Female-managed plot 0.663 0.547
Male-managed plot 0.788 0.465
Plot on flat land —0.522 0.356
Plot on steep slope 1.386 0.015
Land preparation through -0.056 0.907
conservation agriculture

Land preparation through hand hoe 0.799 0.020
Jointly managed plot within —-2.170 0.067
male-household head

Female-managed plot within -0.977 0.475

male household head

that applied more fertilizer were less likely to recycle maize seed
(p < 0.05). Food security was negatively associated with seed recy-
cling (p < 0.05). At plot level, jointly managed plots were more likely
to be planted with recycled maize seed (p < 0.05) (Table 4). Recycled
maize seed was also more likely to be planted on plots with steep
slopes (p < 0.05). Finally, the use of maize recycled seeds was more
likely on plots prepared manually using hand hoes (p < 0.05).

3.3 | Recycled FNP seed yielded more than
recycled blend and recycled PP seed under nitrogen
stress

Spatial analysis was used in the grain yield analysis of all trials (on-
station and on-farm) but was more important in adjusting means in
on-farm trials where CVs were high. In the analyses of grain yield, spa-

tial adjustment improved on-farm data quality and precision of field

pp-L2

results by reducing the average standard error of difference of the

People Pla

nest factor (technology) by 72% and the main plot factor (hybrid) in
94% of the trials. The log likelihood of the model increased by 94% of
the trials where spatial adjustment was used (Table 5). In on-station
trials, the mean grain yield ranged from 6.5 to 9.5 t ha~* under opti-
mal conditions, from 2.6 to 3.5 t ha~! under managed drought stress
and 1.6 to 3.7 t ha—* under N stress (Figure 5). In on-farm trials, the
mean grain yield ranged from 0.18 to 3.3 t ha™?, with over 80% of
the trials yielding less than 2 t ha™™.

Under N stress conditions on-station, recycled FNP yielded signif-
icantly more than the recycled blend and recycled PP (p < 0.05). FNP
yielded 2.64 tha=!, while the blend and PP yielded 2.49 and
2.32 t ha™?, respectively (Figure 5b). Similar trends were observed in
the rainfed trial on-station and on-farm trials; however, the differ-
ences in grain yield between FNP, blend, and PP were not significant.
There was also no significant difference in yields between FNP, blend,
and PP under managed drought, rainfed, and optimal conditions on-
station. The combined analysis of grain yield across all on-station and
on-farm trials showed that yields differed significantly (p < 0.001)
between recycling treatments (Figure 5f). Overall, in the combined
analysis, pairwise comparison of treatments showed that when the PP
is compared to the FNP and blend, there were significant differences
at p < 0.001 and p < 0.05, respectively, while no significant difference
was observed between the blend and FNP. The overall estimated
yield advantage of FNP compared to the PP was 116 kg ha™?, and the
difference between blend and PP was 62 kg ha™! (Table 6).

While the presence of ear rots was generally low, ear rot in NPP
plants was less than half that of PP plants under both N stress and
optimal conditions (p < 0.001) (Table 7). Ears of NPP plants were sig-
nificantly wider than those of PP plants under N stress and optimal
conditions (p < 0.001), while FNP hybrids had significantly longer ker-
nels (p < 0.001). Under N stress conditions, hundred kernel weight of
NPP plants was 6.1% higher than that of PP plants. Under optimal
conditions, there was a small (1.3%) yet significant increase in hun-
dred kernel weight in NPP plants compared to PP plants. Significant
interactions between management and recycling treatment were
observed for kernel number and ear length due to the difference in
trend under optimum conditions where NPP ears were shorter
(—0.3%) and had a lower kernel number (—3.5%). However, NPP
plants also had more kernels than PP plants under N stress (17.6%)
and longer ears in NPP plants relative to PP plants under N stress
(5.1%). No significant difference in kernel width between PP and NPP

plants was observed.

4 | DISCUSSION

These results suggest that the practice of recycling hybrid seed is
associated with resource-constrained farmers. At the household level,
the use of recycled hybrid seed was associated with food insecurity,
lower levels of education of the household head, lower fertilizer use,
and higher total maize production. At the plot level, the use of

recycled hybrid seed was associated with jointly managed plots,
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TABLE 5 Effect of spatial adjustment in on-farm trials on the average standard error, log likelihood ratio, and Bayesian information criterion
(BIC). Hybrid denotes the genetic background of 50% non-pollen-producing (FNP) hybrid was evaluated.

Average standard error difference

Ms44 Hybrid Hybrid*Ms44 Log likelihood BIC
Farm No-spatial Spatial No-spatial Spatial No-spatial Spatial No-spatial Spatial No-spatial Spatial
1 0.463 0.438 0.249 0.235 0.099 0.089 12.353 12.495 -11.673 —8.699
3 0.266 0.265 0.217 0.201 0.073 0.050 —18.631 —18.305 50.295 52.900
4 0.168 0.162 0.189 0.166 0.090 0.078 12.864 15.764 —12.695 -11.979
6 0.214 0.288 0.315 0.252 0.182 0.135 0.382 1.682 12.269 16.184
7 0.136 0.134 0.219 0.160 0.137 0.129 9.674 10.261 —6.472 —1.208
12 0.001 0.001 0.163 0.192 0.113 0.092 -3.118 —1.887 19.269 20.065
16 0.415 0.370 0.277 0.265 0.108 0.100 3.915 6.761 4,882 2.369
17 0.296 0.230 0.205 0.154 0.057 0.057 —2.506 0.876 18.045 17.797
18 0.137 0.091 0.217 0.001 0.081 0.104 4.533 7.408 3.966 4732
19 0.147 0.002 0.195 0.190 0.065 0.059 15.009 18.656 —16.985 —21.022
20 0.142 0.137 0.249 0.244 0.129 0.115 8.081 8.139 -3.286 3.036
21 0.167 0.140 0.251 0.176 0.152 0.146 28.764 29.709 —44.496 —39.868
22 0.171 0.141 0.274 0.135 0.138 0.145 -9.118 —-7.098 31.269 30.487
23 0.397 0.194 0.280 0.219 0.069 0.069 0.984 3.062 11.065 13.424
24 0.305 0.380 0.128 0.001 0.052 0.051 -1.163 1.351 15.358 16.846
25 0.145 0.193 0.115 40.784 —68.535
27 0.282 0.001 0.217 0.190 0.042 0.042 -10.193 -9.160 33.418 37.869
28 0.361 0.443 0.218 0.169 0.078 0.064 29.058 35.838 —45.084 -52.127
(a) un-farm (b) Nitrogen stress (c) Optimum
8 8 10.0 P=040ns  (oc=3)
P=0082 (loc=14) P = 000054 = foc=3) = .
— '
, 4 , B I ) 5.0
) 2 J 2 % —— - ) 25
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(d) Managed drought stress (e) Rainfed (f)  Overall grain yield
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FIGURE 5 Grain yield of recycled seed saved from non-pollen-producing (NPP) plants (and progeny were therefore 50% non-pollen
producing (FNP)), pollen-producing (PP) plants, and a blend of NPP and PP plants under (a) on-farm, (b) nitrogen stress, (c) optimum, (d) managed
drought stress, (e) rainfed, and (f) overall grain yield. P indicates significance at 0.05 level, and loc indicates number of locations.

manual land preparation, and steeper slopes. The majority of house-
holds who used recycled hybrid maize seed on their farms only
planted recycled hybrid seed once over the 3-year study period. The
results suggest that the practice of recycling hybrid seed was

associated with resource-constrained farmers. It is likely to be a cop-
ing mechanism to increase total maize production at the household
level when the household was unable to plant the entire area with

hybrid maize. The lower yield potential of recycled hybrid maize
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(Pixley & Banziger, 2004) is likely to account, in part, for the practice
of recycling to be associated with lower total fertilizer use at the
household level. Similarly, fields, which have steeper slopes, are likely
to be less fertile and productive due to greater fertility gradients.

Notably, the gender of the household head and plot manager did
not emerge as significant predictors of hybrid recycling, although the
results suggest significant gender-based disparities in access to some
key resources. These findings contrast with an earlier study using the
same 2020 survey (Cairns et al., 2022), in which gender of the house-
hold head was significantly associated with the use of recycling hybrid
maize seed. In the earlier study, Cairns et al. (2022) treated gender as
the sole explanatory variable and did not include any additional socio-
economic variables. Similarly, using gender as the sole explanatory
variable, Audet-Bélanger et al. (2016) and Chimonyo et al. (2020)
found female farmers in southern Africa more likely to practice hybrid
recycling. In this study, the inclusion of additional socio-economic
variables at the household level resulted in gender of the household
head no longer being a significant predictor of the use of hybrid seed
recycling. This finding suggests that gender per se is not the primary
factor associated with hybrid maize seed recycling, but rather vari-
ables related to household capabilities and resource access, several of
which are correlated with gender of the household head. Female-
headed households in this study had less area under cultivation, less
cattle (a key indicator of wealth in Zimbabwe), lower household food
security, and lower dietary diversity. This concurs with earlier studies,
which highlighted that gender differences in technology use and
productivity are often associated with gender-linked differences in
key variables such as access to inputs, level of education, farm size,
and access to credit (Doss & Morris, 2001; Ndiritu et al., 2014;
Peterman et al., 2014).

TABLE 6 Pairwise comparison of grain yield of recycled maize
seed from non-pollen-producing (NPP) plants, pollen-producing (PP)
plants, and a blend of NPP and PP plants.

Estimated yield difference (t ha™%) p-Value
NPP—blend 0.053 0.07
Blend—PP 0.062 0.03
NPP—PP 0.116 <.001

People Planet PPF |on

Significant temporal variation was found in farms using the prac-
tice of recycling hybrid seed over the 3-year period between male-
headed and female-headed households. The overall extent of hybrid
maize recycling declined during the course of this study, although
there was an increase within male-headed households. This may be
related to several factors, including seasonal rainfall forecasts, meth-
odological differences between surveys, and national input provision
programs. In the first year, the season was predicted to have below
average rainfall (Cairns et al., 2022). The following 2 years were fore-
casted to have average or above average (Tsiko, 2021, 2022). Rainfall
projections are widely shared in national media, through social media,
extension agents, and agro-dealers; thus, most farmers would have
been aware of rainfall projections. Given the use of recycling maize
hybrid seed was highest in the season forecasted to have below aver-
age rainfall, it is likely this information informed farmers' choices
related to the amount of hybrid maize seed they purchased, particu-
larly resource-poor farmers. Farmers are less likely to invest in
improved maize in seasons perceived as drought due to the high risk
of crop failure (Almekinders et al., 2021; Shiferaw et al., 2011). In both
2021 and 2022, rainfall was forecasted to be average or above aver-
age for the season. Additionally, in the first study (2020), survey ques-
tions were directed to the household head only and did not consider
joint decision-making. In the 2023 survey, questions related to varietal
use and agronomic management practices were directed to plot man-
agers, and joint decision-making was included at the plot manager
level (Voss, Gitonga, et al., 2023). The Government of Zimbabwe has
also been running an input support scheme (Pfumvudza) that included
maize seed to increase national maize yields. The households receiv-
ing support from Pfumvudza varied slightly between 2020 and 2023.
Interestingly, jointly managed plots were associated with the practice
of hybrid maize seed recycling, validating the incorporation of joint
decision-making. In the second survey conducted in 2022, farmers
were asked to recall varieties used this previous year 2021, and this
may be subject to recall bias (Kosmowski et al., 2021).

If farmers chose to recycle seed, these results illustrate that how
they recycle FNP seed determines the benefits they derive from
Ms44. This study showed a small, yet significant, yield benefit when
recycling NPP hybrid seed compared to PP (conventional) hybrid seed.

Farmers often select ears to save for planting the following season

TABLE 7 Number of ear rots and yield components and difference between non-pollen-producing (NPP) and pollen-producing (PP) plants of
recycled 50% non-pollen-producing (FNP) hybrids under two management conditions (nitrogen stress and optimal) in on-station trials.
Optimum Nitrogen stress Significance
PP NPP % diff PP NPP % diff Management Management:FNP
Ear rots (number) 0.86 0.34 —60.5 1.53 0.80 —47.7 <0.001 0.272
Ear width (cm) 5.01 5.04 0.6 4.38 4.58 44 0.039 0.003
Ear length (cm) 15.05 15.00 -0.3 12.03 12.64 5.1 0.011 0.033
Kernel length (mm) 0.70 0.71 14 0.68 0.70 29 0.845 0.067
Kernel width (mm) 0.40 0.40 0.0 0.40 041 2.5 0.879 0.694
100 kernel weight (g) 32.79 33.22 1.3 30.83 32.72 6.1 0.813 0.013
Kernel number 161.10 155.40 -35 107.30 126.2 17.6 0.486 0.002
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based on appearance (assumed yield potential). NPP plants have sig-
nificantly longer ears, with a greater number of kernels per ear, com-
pared to PP plants (Collinson et al., 2022) and therefore might be
preferentially selected for seed recycling. However, further research
on farmer selection of recycled FNP hybrids would be needed to con-
firm this. While FNP hybrids provide a yield benefit of 200 kg ha™?!
benefit across a range of yield levels (Collinson et al., 2022), it was
found that FNP in recycled hybrid seed from NPP plants conferred a
yield benefit of 14% (116 kg ha™?) relative to the PP control, while
recycled seed from a mixture of PP and NPP plants conferred a yield
benefit of 7% (62 kg ha™?). Thus, conscientious farmers who select
ears from NPP hybrid maize plants for the next season could expect a
yield benefit of 116 kg ha~* compared to farmers selecting ears from
PP plants (derived from conventional hybrid seed). Trait preference
studies have shown farmers in Zimbabwe prefer larger kernel size
(Kassie et al., 2017; Setimela et al., 2017). Both kernel length and
100-kernel weight were significantly higher in recycled NPP hybrid
seed compared to recycled PP hybrid seed, although the difference
was relatively small, and the genetic background of the hybrid may
have a larger effect on overall grain size.

The results of the logit models showed that farmers were more
likely to plant recycled hybrid maize seed on steeper slopes, which is
likely to result in greater fertility gradients and less fertilizer applied.
Thus, N stress is likely to be prevalent in fields planted with recycled
hybrid maize seed. Under on-station N stress trials, recycled NPP
hybrid seed vyielded almost 14% more than recycled seed from PP
(conventional) hybrids. Thus, farmers could expect a small, yet signifi-
cant, yield benefit to recycling NPP seed relative to PP. Yield gains
were associated with significantly bigger ears with a larger number of
kernels per ear, consistent with previous studies dissecting the yield
benefit of FNP hybrids (Collinson et al., 2022; Fox et al., 2017;
Loussaert et al., 2017). Interestingly, NPP plants have significantly less
ear rots than PP plants, and this relationship needs to be further
investigated. The lines used in this study were selected based on their
tolerance to key abiotic and biotic stresses and were converted by
backcrossing Ms44 into each female used as the female of the single
cross within a three-way hybrid to provide proof of concept for the
yield benefit of Ms44. The aim of deploying SPTA is to simplify hybrid
maize seed production and help drive hybrid replacement. Thus, lines
subsequently converted with SPTA will commonly be used as the
female of the single cross in new candidate hybrids advancing through
maize breeding pipelines in eastern and southern Africa. However,
unlike CMS, Ms44 is stable across genetic backgrounds (Collinson
et al., 2022; Fox et al., 2017), and the results will therefore be consis-

tent across genetic backgrounds.

5 | CONCLUSIONS

The hybrid seed production technology previously provided the first
documented example of a single gene technology in maize (Ms44) to
significantly increase yields in low-input farmers' fields (Collinson

et al., 2022). While recycling hybrid seed results in a yield penalty

compared to hybrid maize seed due to inbreeding depression
(Pixley & Banziger, 2004), it has previously been associated with
female-headed household in Southern Africa. To ensure greater social
inclusion within the validation stage of a new genetic technology, this
study explored seed recycling patterns among households and investi-
gated whether different recycling scenarios of FNP maize could pro-
vide a yield benefit.

Household use of recycled hybrid seed was found to vary across
years. Recycling in this study was used by more resource-constrained
farmers, with lower input use, and is therefore likely a coping strategy
for resource-poor households to maximize the area under maize pro-
duction while minimizing potential financial losses in seasons that are
predicted to have below average rainfall. Recycling FNP hybrid maize
would provide a small, yet significant, yield benefit to farmers planting
recycled seed over conventional recycled hybrid seed. Recycling from
NPP plants exclusively provided the largest yield benefit, although
recycling randomly still generated some benefit; additional research
on farmers' current recycling practices is needed to fully assess the
implications of these yield gains. While the yield advantage is small,
the additional yield benefit from FNP hybrid maize, even if it is
recycled, may be important to vulnerable farmers during years marked
by drought.

Since production technologies are often adapted by farmers,
depending in part on the household's capabilities, resources or invest-
ment capacity (Thuijsman et al., 2022), it is important to understand
how farmers might adapt technologies in unexpected or nonstandar-
dized ways and what the impacts might be. The findings from this
study illustrate why and how new technologies should be evaluated
under real-world conditions, particularly those used by resource-poor
farmers (Cairns et al., 2022; Voss et al., 2021). The results show the
diversity of smallholder farmers found even within a relatively small
geographical area and meaningful differences in practices among
these groups, underscoring the value of bringing social considerations
into new product design and testing strategies (Cullen et al., 2023).
This study also reinforces the need to move away from homogenous
comparisons of women and men and include household characteristics
that interact with gender (Teeken et al., 2021; van Etten et al., 2023).
This will help ensure, as crop breeding programs in SSA aim deliber-
ately to engage and benefit a more diverse range of users (Lawali
et al., 2024; Nchanji et al., 2024; Ssali et al., 2023; Teeken et al., 2021)
that new genetic technologies help increase resource-poor farmers'
yields, food security, and income (Crossa et al., 2017; Pixley
et al., 2022; Prasanna et al., 2022).
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