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Smallholder maize production in sub-Saharan Africa is constrained by soil fertility decline and erratic rainfall,
leading to low dietary diversity. A four-season on-farm study (2018/2019-2021,/2022) was conducted with six
farmers in Murehwa District, Zimbabwe, to evaluate the effects of maize-legume strip cropping on soil nutrient
dynamics, crop yield, and total system nutritional yield. The experiment was a 2 x 6 factorial arranged in a split-
plot randomized complete block design, comparing sole maize with maize strip-cropped with pigeonpea (Cajanus
cajan (L.) Mills), cowpea (Vigna unguiculata L. Walp.), lablab (Lablab purpureus (L.) Sweet), velvet bean (Mucuna
pruriens (L.) DC), and groundnut (Arachis hypogaea L.), with and without Brachiaria ssp. (cv. Mulato II
(CIAT36087) grass border. Rainfall ranged from 495 to 1053 mm, influencing crop and soil responses. Strip
cropping affected soil properties between the 2020/21 and 2021/22 seasons, notably pH, exchangeable potas-
sium (K), and soil organic carbon (SOC). Maize + cowpea improved K (+65 %) and pH (430 %), while maize +
groundnut improved SOC (+5 %). Maize grain yield was strongly influenced by season and its interaction with
the strip cropping system. Maize + velvet bean yielded 2.4 t ha! in 2018/19 and 2020/21, although sole maize
produced the highest overall yield (3.2 t ha™!). Maize + pigeonpea consistently produced the highest grain yield
among legumes (~1.0 t ha™?) and total system protein yield (>0.3 t ha™!), while starch yield was highest under
sole maize in 2020/21. Overall, maize-legume strip cropping, particularly pigeonpea, cowpea, and groundnut,
improved system-level nutrient yield and selected soil properties, demonstrating its potential for climate-resilient
smallholder farming.

population, posing a significant public health concern, contributing to
high rates of severe malnutrition and mortality (Adeyeye et al., 2017;

1. Introduction

Food and nutrition insecurity remains a critical challenge in southern
Africa, affecting the physical, social, intellectual, and economic capac-
ities of its population (Siddiqui et al., 2020), and contributing to low
agricultural productivity and entrenching poverty among smallholder
communities (Nhemachena et al., 2020; Nyoni et al., 2022). Since the
1990s, the nutritional status of smallholder farmers in the region has
eroded, mainly due to reliance on maize-based diets supplemented with
only small amounts of animal protein or legumes (Nyakurwa et al.,
2017). Protein malnutrition currently affects 47-54 % of the African

Lonnie et al., 2018). Alarmingly, the prevalence of malnutrition is pro-
jected to double by 2050 (Nakashima et al., 2022).

Climate change further exacerbates food insecurity in semi-arid re-
gions through recurrent droughts, heat stress, and rainfall variability
(Nhemachena et al., 2020). Traditionally, farmers in these regions grew
nutrient-dense small grains (Musidzaramba et al., 2025) such as pearl
millet (Pennisetum glaucum (L.) R. Br.), finger millet (Eleusine coracana
(L.) and sorghum (Sorghum bicolor (L.). However, over the past 150
years, a strong dietary and production shift toward maize (Zea mays L.)
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has occurred (Nciizah et al., 2021). Maize is now the dominant staple
crop and primary source of dietary carbohydrates in the region, pro-
duced by both commercial and smallholder farmers (Liu et al., 2020;
Ndhlela et al., 2014). Maize production in Zimbabwe is increasingly
constrained by declining soil fertility, erratic rainfall, invasive pests such
as fall armyworm (Spodoptera frugiperda J.E. Smith), diseases, weeds,
unsustainable agronomic practices, and limited access to inputs and
markets (Baudron et al., 2019; Madembo et al., 2020). External shocks
such as the Ukraine-Russia war and the COVID-19 pandemic further
intensified these challenges by hiking fuel, input, and food prices, dis-
rupting labour supplies, and reducing household purchasing power
(Jagtap et al., 2022; Nchanji and Lutomia, 2021). Meanwhile, rapid
population growth has accelerated land fragmentation, leaving most
farmers with fields of less than 3 ha for household production (Makate
et al., 2016).

As a result, smallholder maize yields in Zimbabwe often remain
below 1 t ha™! yr~! (Nyagumbo et al., 2020), which is not enough to
support a rapidly growing population (Fisher et al., 2015). This pro-
duction gap threatens progress toward the United Nations’ Sustainable
Development Goal 2 (Zero Hunger). The dominance of conventional
tillage (CT) and monocropping, based on soil inversion using mould-
board ploughs and similar implements, further undermines system
resilience (Nyakudya and Stroosnijder, 2015). Such practices accelerate
soil erosion, nutrient losses, greenhouse gas emissions, and biodiversity
loss (Haarhoff et al., 2020; Kihara et al., 2020).

In response, legume-based intercropping has been promoted as a
climate-smart strategy to address soil fertility decline, dietary diversity,
and system-level productivity. Legumes enrich soil through biological
nitrogen fixation, improve soil structure, supply dietary protein, and
partially reduce dependence on synthetic fertilizers (Nyamayevu et al.,
2024; Thierfelder et al., 2024). Their inclusion can also raise protein,
starch, and oil yields, which are metrics increasingly emphasized in
assessing food system resilience and human nutrition (Nyamayevu et al.,
2024; Thierfelder et al., 2024).

Among different intercropping methods, strip cropping is gaining
increasing attention for its agronomic and ecological benefits
(Thierfelder et al., 2024; Toker et al., 2024). This spatial arrangement of
alternating strips of cereals and legumes mainly reduces competition for
light between the two species (Toker et al., 2024) and improves pro-
ductivity (Thierfelder et al., 2024; Veres et al., 2020). Strip cropping can
also limit soil erosion and is compatible with mechanization options
suited to smallholder contexts (Juventia et al., 2025; Rehman et al.,
2025). Current efforts in Zimbabwe and Zambia are testing scale-
appropriate mechanization to make strip cropping feasible for
resource-constrained farmers (Baudron et al., 2015; Shonhe, 2022). The
performance of strip cropping, however, depends strongly on climatic
conditions, species traits, and strip configurations (Igbal et al., 2019;
Juventia et al., 2022).

Additional benefits may be achieved by integrating strip cropping
with trap crops such as Brachiaria spp. grasses in border rows. Included
in climate-smart push-pull systems in East Africa, Brachiaria spp. plan-
ted as a border crop may attract stemborers and fall armyworm, whilst
intercropped legumes between maize rows may repel them, effectively
reducing crop damage by these insect pests (Kebede et al., 2018; Midega
et al., 2018). Beyond pest control, Brachiaria borders enhance moisture
retention and provide high-quality fodder (Murage et al., 2015). Com-
bined with legume strip cropping, Brachiaria borders may generate
synergistic benefits for maize yield, soil health, and protein-rich food
production.

However, despite promising evidence from East and Southern Africa,
adoption and testing of maize-legume strip cropping with Brachiaria
borders remain limited in Zimbabwe’s rainfed smallholder systems.
Knowledge gaps persist regarding the combined effects of these factors
on crop yield, soil properties, and system-level nutritional outputs across
various agroecological conditions in Zimbabwe.

The objective of this study was therefore to evaluate the effects of
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maize-legume strip cropping options, with and without Brachiaria grass
borders, on maize productivity, soil quality indicators, and system-level
nutritional yield under rainfed smallholder farming systems. We hy-
pothesized that i) combining Brachiaria borders with maize-legume strip
cropping enhances maize productivity and soil quality under rainfed
smallholder farming systems, and ii) maize-legume strip cropping im-
proves overall system-level protein, starch, and oil yields compared with
sole maize in rainfed smallholder farming systems.

2. Materials and methods
2.1. Study area

The experiment was established in Ward 4 of the Murehwa district,
Zimbabwe, over four consecutive cropping seasons (2018/2019, 2019/
2020, 2020/2021, and 2021/2022). The experimental site was located
in Mashonaland East Province (geographical coordinates: —17.477 S,
31.729 E, with an elevation of 1119 m above sea level). Murehwa dis-
trict lies in agroecological region IIb of the Zimbabwean agroecological
zones, with an annual rainfall of 800 to 1000 mm (Madembo et al.,
2020). It is prone to frequent and severe dry spells during the rainy
seasons. The rainy season typically begins in October or November and
lasts until April/May, with the peak rainfall period occurring from
December to February. Maximum daily temperatures sometimes exceed
32 °C and are experienced from September to December. The lowest
temperatures, of 14 °C, were recorded during the May-July period. The
district is dominated by sandy soils (Haplic Lixisols and Arenosols)
derived from granitic bedrocks (Soropa et al., 2019).

Murehwa district represents a typical smallholder farming system in
the semi-arid regions of southern Africa, where maize is the dominant
staple crop grown under challenging environmental conditions,
including erratic rainfall, poor soil fertility, and frequent droughts.
These characteristics make it a relevant and representative site for
evaluating the impact of strip cropping and legume integration on soil
health, maize grain, and nutritional yield. Major crops grown in the
districts, apart from maize, include sweet potatoes (Ipomoea batatas (L.)
Lam.), groundnut, cowpea, bambara nuts (Vigna subterranea (L.) Verdc),
soybean (Glycine max L.), and common bean (Phaseolus vulgaris L.).
Large and small livestock rearing is also common in the area, featuring a
diverse range of animals, including cattle, goats, sheep, rabbits, and
chickens.

2.2. Farmer selection criteria and experimental design
The farmers used in this study were selected based on:

(a) the farmers’ willingness to collaborate and adhere to standard-
ized management practices during the study period,

(b) availability of sufficient land area to accommodate all experi-
mental treatments, and

(c) farms to be representative of the variability, mainly in soil types,
management practices, and environmental conditions, expected
to be found in the study area.

The experiment was set up as a 2 x 6 factorial arranged in a split-plot
design within a randomized complete block design (RCBD). The main
plot treatments consisted of two grass border levels, with and without a
Brachiaria grass border, while the subplot treatments comprised six strip
cropping systems, namely:

i) Sole maize (Mz) — control

ii) Maize + pigeonpea (Mz + pp) strip cropping
iii) Maize + cowpea (Mz + cp) strip cropping
iv) Maize + lablab (Mz + 1I) strip cropping

v) Maize + velvet bean (Mz + vb) strip cropping
vi) Maize + groundnut (Mz + gn) strip cropping
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The experiment was conducted on six farmers’ fields, serving as
replications. The experiment was repeated in the 2018/2019, 2019/
2020, 2020/2021, and 2021/2022 cropping seasons. Each subplot
measured 10 m x 10 m (100 m?) (see Scheme 2).

2.3. Plot management practices

Crop residues were predominantly removed from the fields by
farmers for alternative household uses such as livestock feed or fuel
material. However, a small proportion (about 5-10 %) of the residues
remained in situ. These residual materials gradually decomposed or
were grazed by free-ranging animals over time.

Land preparation with a mouldboard plough commenced between
October and November of each cropping season using animal traction.
During seeding time, planting basins (0.15 m length x 0.15 m width x
0.15 m depth) were established using a hand hoe to ensure precise seed
placement. The two blocks (grass and no grass) were separated by a 30
m x 30 m (900 m?) area where sole maize was planted in rip lines under
no-tillage. This spatial division aimed to prevent interference between
the main treatments and to reduce external influences, thereby
enhancing the accuracy and validity of data collected from the grass
border and strip cropping systems. This was particularly important as
the trial was also used to assess pest control (data not presented here).

The strip cropping width was 1.80 m, with two maize rows occu-
pying 0.50 m and the legumes occupying 1.30 m within the designated
sub-treatments (Schemes 1 and 2). Two rows of Brachiaria ssp. forage
grass, spaced 50 cm apart, was established during the 2018/19 cropping
season to surround the maize strip cropping plots at all six farmer fields.
The commercial maize variety PAN 53 (medium maturing hybrid) was
sown simultaneously with all the legumes except the velvet bean, which
was planted three weeks after maize planting to avoid excessive crop
competition. The in-row spacing for maize was 0.50 m, with two plants
per station, resulting in a plant population of approximately 44,000
plants ha™!. Velvet bean, pigeonpea, and lablab were sown in two rows
each, and in each strip, they were spaced at 0.5 m x 0.5 m. Groundnut
and cowpea, on the other hand, were sown in three rows at 0.3 m x 0.3
m spacing (Scheme 1). The maize and legume strips were alternated in
each cropping season.

After planting, a pre-plant non-selective foliar herbicide (glyphosate
[N-(phosphonomethyl) glycine] was applied (480 g L™! active ingre-
dient) at a rate of 2.5 L ha™! using a knapsack sprayer to control weeds.
Manual weeding using hand hoes was performed whenever weeds
reached 10 cm in height or circumference, particularly for those with a
stoloniferous growth habit.

A basal fertilizer (7N:14P505:7K20) was applied to maize at planting
at 150 kg ha’l, and top dressing with ammonium nitrate (34.5 % N) was
equally split applied (at four and seven weeks after planting) at 150 kg
ha™! (51.3 kg N ha™!) total application rate. Legumes did not receive
any soil fertility amendments throughout the study period.
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2.4. Data collection

2.4.1. Daily rainfall and temperature

A standard rain gauge (conical shape) was installed at each farmer’s
field and used to measure daily rainfall throughout the study period. The
rainfall was recorded daily before 09:00 a.m. Temperature data were
obtained from NASA Power (NASA POWER | Data Access Viewer (DAV),
2023).

2.4.2. Soil samples

Soil samples were collected from each farmer’s field for field char-
acterization using a soil auger. Soil samples were collected directly from
the treatment plots at a depth of 0-20 cm, both before the 2021 planting
and at the end of the 2022 cropping season, to indicate soil conditions
across participating farms. However, due to limited funding at the onset
of the study and the high costs associated with comprehensive soil an-
alyses, baseline soil samples were not collected before trial establish-
ment. Soils were sampled at six random positions in each treatment of
the farmer’s field and were thoroughly mixed to create a composite
sample that was later sieved through a 2 mm mesh. The samples were
analyzed at the Chemistry and Soils Research Institute (CSRI) Labora-
tory under the Department of Research and Specialist Services (DR&SS)
in Zimbabwe. Parameters of interest were soil pH, available nitrogen,
phosphorus, and exchangeable potassium, magnesium, calcium, and
sodium, and soil organic carbon, which are key soil parameters that
influence plant nutrient availability. The different soil analysis methods
used are listed in Table 1 and are standard laboratory procedures for soil
analysis.

2.4.3. Maize and legume grain yields determination

All crops were harvested each season after reaching their physio-
logical maturity (April-June) from 10 m x 10 m plots (net plot of 3
paired strips of 2 rows by 5 m for maize, pigeonpea, velvet bean, and
lablab, and 3 triplet strips of 3 rows by 5 m for cowpea and groundnut).
Ears/pods were manually separated from the stalks, and total field fresh
weights were recorded. Grain subsamples (randomly selected 10 cobs
for maize and 500 g for legumes) from each treatment were air-dried (at
least 7 days) for dry matter determination. Maize and legume grain
yields were then determined at 12.5 % and 9 % moisture basis,
respectively, from the net plot sub-sample of each plot using Eq. (1). The
grain yield was then calculated on a hectare basis.

(100 — A)

(100 — U) 1)

Adjusted grain yield = Actual grain yield x

where A = measured grain moisture of maize or legumes, and U = the
desired moisture storage content (maize 12.5% and legumes 9%).

2.4.4. Maize grain nutrient yield determination
Maize grain samples (approximately 300 g per treatment) from the
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Scheme 2. Field plan for each farmer replicate. Treatments were randomized at each farmer’s field.

Table 1

Determination of soil parameters and their methods.
Parameter Method Reference
Colour Munsell Colour Chart
Texture Hand texturing (Thien (1979)

Nitrogen (N) KCI extraction method +

colorimetric using UV-VIS

Mulvaney (1996)

spectrometer
Available phosphorus (P) Resin method + UV-VIS Barberis et al.
spectrometer (1995)
Potassium (K), magnesium Ammonium acetate extraction + Sumner and
(Mg), and sodium (Na) Atomic Absorption Spectrometry ~ Miller (1996)

Nelson and
Sommers (1996)
Eckert and Sims
(1995)

Soil organic carbon (SOC) Wet oxidation + Titration

pH CaCl, method in 1:5 soil:solution

2020-2021 and 2021-2022 cropping seasons were analyzed for protein,
starch, and oil content using a Foss Infratec™ 1241 grain analyzer (Foss
Allé, Hillergd, Denmark) at the International Maize and Wheat
Improvement Centre (CIMMYT), Harare, Zimbabwe. Before analysis,
each grain sample was ground and thoroughly homogenized to ensure
uniformity. The nutrient concentrations obtained from the analyzer
were initially expressed on an “as-is” basis, reflecting the moisture
content of each sample at the time of scanning. To ensure consistency
and comparability with legume nutrient data sourced from Feedipedia
(which are reported on a dry matter basis), all maize nutrient values
were converted to a dry matter basis using the actual measured moisture
content of each sample (Eq. 2).

Nutrient,,_;s
1 — moisture fraction

(2)

Nutrientyry matter =

For total system nutritional yield, values for the sole maize system
were derived exclusively from maize grain. While for the strip cropping
systems, which involved both maize and legume crops (cowpea,
groundnut, pigeonpea, lablab, and velvet bean), we included the grain
yield of both crops in the total nutritional output calculations. This
approach reflects the integrated nutritional contribution of the full
cropping system. The nutritional contents/ ratios used for legumes are
presented in Table S1, and the procedure for calculating the total sys-
tem’s nutritional yield is therefore outlined in Table S2.

2.5. Data analysis

Statistical analyses were performed in R Version 4.4.2 (R Core Team,
2024), separately for maize grain yield, legume grain yield, and total
system nutrient yield. To assess treatment effects on maize grain yield,
total system grain nutrient yield, soil pH, and soil chemical nutrients, a
linear mixed-effects model (LMER) was fitted using the lmer() function in
the Ime4 package in R (Bates et al., 2015).

2.5.1. Model 1: maize yield and total system grain nutrient yield
The model used to analyze maize grain yield and total system

nutrient yield was specified as: Response ~ Border x Strip cropping
system x Season + (1 | Farmer) + (1|Farmer:Border) + (1|Farmer:
Border:Strip cropping system), data = data.

Here, Farmer x Border accounts for potential differences in field
management or micro-environmental conditions among farmers. At the
same time, the Border x Strip cropping system captures treatment re-
sponses that may vary depending on whether plots were located at the
border or interior positions. The Season x Strip cropping system interac-
tion assesses the stability of treatment responses under varying climatic
conditions. Random effects were specified to account for variability
among farmers and nested experimental units, with random intercepts
for farmer, farmer-by-border, and farmer-by-border-by-strip cropping
system combinations.

Random effects were specified for (1 | Farmer) and (1 | Farmer:
Border) to account for repeated measures within each farmer-border
combination, and (1 | Farmer:Border:Strip cropping system) to model the
random variation among treatment applications nested within each
farmer-border unit. These random structures appropriately reflect the
hierarchical and split-plot nature of the experimental design, addressing
non-independence of observations within farmers and across
treatments.

2.5.2. Model 2: soil pH and soil chemical properties

The model for soil pH and soil nutrient concentrations was specified
as: Response ~ Border x Strip cropping system -+ (1 | Farmer) + (1 |
Farmer:Border), data = data.

In this model, Farmer, Border, and Strip cropping systems were
considered as fixed effects, while (1 | Farmer) and (1 | Farmer:Border)
were included as random effects to account for inter-farmer variability
and subplot nesting within farmers.

2.5.3. Model evaluation and inference

Model assumptions were verified by examining residual plots for
normality and homoscedasticity. The significance of fixed effects was
evaluated using Type III ANOVA with the Kenward-Roger approxima-
tion for degrees of freedom, implemented via the lmerTest package
(Kuznetsova et al., 2017). When significant main or interaction effects
were detected, post-hoc pairwise comparisons were adjusted using
Tukey’s HSD through the emmeans package (Hou et al., 2021), com-
plemented by agricolae and multcompView for compact letter display.
Variance components were extracted to quantify the contribution of
each random term.

This analytical framework ensured proper handling of hierarchical
error structures and provided robust inference for treatment effects on
yield and soil responses.

3. Results
3.1. Rainfall distribution

Rainfall amounts and distribution varied across seasons during the
study period. The district received a total annual rainfall of 825 mm,
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495 mm, 1053 mm, and 654 mm in the 2018/2019, 2019,/2020, 2020/
2021, and 2021/2022 cropping seasons, respectively, from the onset of
the rainy season. Throughout the study period, the district encountered
dry spells during cropping seasons (Fig. S1). Cropping seasons 2018/
2019 and 2020/2021 recorded a temperature range of 16-23 °C, 2019/
2020 had 17-23 °C, and 2021/2022 recorded 15-23 °C, respectively.

3.2. Effects of cropping systems on soil nutrient dynamics

Fig. 1 illustrates the association between soil pH levels measured
during the 2020/2021 and 2021/2022 cropping seasons under various
strip cropping systems in Ward 4 of Murehwa district. Across all systems,
regression slopes were positive and significant, indicating that soil pH
values in the second season were strongly associated with those recor-
ded in the first season. The strength of association varied by strip
cropping system, with the highest correlation observed in maize +
cowpea (R = 0.84, P < 0.001), and a significant association was also
observed under maize -+ lablab (R = 0.67, P < 0.05).

Strip cropping system significantly (P < 0.05) affected the change in
soil pH between the cropping seasons 2020/21 and 2021/22 (Table S3).
The soil pH results revealed contrasting effects of the different strip
cropping systems between 2020/21 and 2021/22 (Fig. 2). Soil pH
increased slightly under Mz + cp (30 %) but declined under all other
strip cropping systems, with the steepest decline observed in Mz + vb
(—122 %).

The strip cropping system had a significant effect on soil available K
and SOC (P < 0.001 and P < 0.05, respectively), between seasons 2020/
21 and 2021/22 (Table S3). However, no significant effects were
observed on other soil chemical nutrients, including N, P, Mg, Na, and

Soil pH dynamics
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Ca. The change in soil K in 2021/22 relative to 2020/21 differed among
the strip cropping systems (Fig. 3A). The Mz + cp strip cropping system
improved soil K by 65 %. In contrast, all other systems showed declines
in K. Mz + gn was the only system associated with a positive change in
SOC (+5 %); all other systems showed negative mean changes (Fig. 3B).
On the other hand, with and without Brachiaria border treatment
increased the soil available Ca by 12 % and 56 %, respectively (Fig. S2).

3.3. Maize and legume crop performance across seasons

Results indicate that cropping season and the interaction between
season and strip cropping system had a significant effect on maize grain
yields (Table S4). Higher maize grain yields were observed in the 2020/
2021 cropping season, with an average yield of 2.4 t ha™! compared to
other cropping seasons, while the lowest yields were recorded in the
2019/2020 season, with an average of 1.4 t ha! (Fig. 4A). There was
also a significant interaction between cropping season and strip crop-
ping system for maize grain yield (P < 0.01), indicating that treatment
effects were not consistent across years (Table S4, Fig. 4B). Mz sole
produced the highest average yield in the 2018/2019 and 2020/2021
seasons (2.9 t ha ! and 3.2 t ha™!, respectively), significantly out-
performing strip crops (Fig. 4). In contrast, the 2019/2020 and 2019/
2020 seasons showed no significant differences among treatments.

Season, strip cropping system, and their interaction had a significant
effect (P < 0.05) on legume grain yields (Table S4). All cropping seasons
had legume grain yields that were lower than 1 t ha™! (Fig. 5A). The
highest grain yields (0.5 t ha™!) were observed during the 2018/2019
cropping season, and the lowest yield of 0.2 t ha™! was observed during
the 2020/2021 cropping season. Higher mean legume grain yields were

Maize cowpea Maize groundnut Maize lablab
R =0.84, p = 0.00067 R=0.67,p=0.016
R=0.84, p = 0.00055
6.01 y=-089+11x . 16.01 y=045+0.88x

6.01 y=-054+11x

55

5.01
N 4.51
o
N
5
8 4.0 45 5.0 5.5 4.0 45 5.0 5.5 4.0 45 5.0
g, Maize pigeonpea Maize velvet bean Sole maize
-g_ R=0.8,p=0.0017 R=0.81,p=0.0014 p R=0.79, p=0.0023
c9L6'0 y=17+06x 6.0 y=24+045x // 6.0+ y=075+0.79x
(@]

5.51

5.0

4.54

4.0L+ : . . 1 y :

4.0 4.5 5.0 55 4.0 4.5 5.0 5.5 6.0 4.0 4.5 5.0 5.5
Cropping season 2021

Fig. 1. Relationship between soil pH measured in the 2020/21 and 2021/22 cropping seasons under different strip cropping systems in Ward 4, Murehwa district.

Solid lines represent fitted regressions; dashed lines denote the 1:1 line.
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observed from Mz + pp strip cropping (1 t ha™'), and the lowest mean
legume grain yield was observed on Mz + gn strip cropping with 0.2 t
ha~! (Fig. 5B). Across all seasons, Mz + pp strip cropping consistently
produced the highest average legume grain yield, significantly
exceeding that of other strip crops (Fig. 5C). However, the relative
performance of other legume strip crops varied by season. In 2018/19,
Mz + 11 showed intermediate yield levels, while Mz + cp, Mz + vb, and
Mz + gn recorded the lowest yields. In 2019/20 to 2021/22, the yield
advantage of Mz + pp was more pronounced, with no significant dif-
ferences among other strip crops (Fig. 5C).

Additionally, the significant interaction between border and season
was observed for legume grain yield, primarily due to the effect of
growing seasons (Table S4). Overall, yields were highest in 2018/19 and
2021/22 and lowest in the 2020/21 season (Fig. 6A). Within seasons,
with and without Brachiaria border plots did not differ significantly. A
significant interaction was also observed between season, border, and
strip cropping for legume grain yield, indicating that the effect of strip
cropping varied across borders and growing seasons (Table S4). Across
all seasons, pigeonpea consistently outperformed other legume species,
producing the highest grain yields under both border treatments. In the
2018/19 and 2019/20 seasons, characterized by above-average rainfall,
pigeonpea yields exceeded 0.9 t ha™! without Brachiaria and reached
1.0-1.4 t ha~! with Brachiaria borders (Fig. 6B). In contrast, short-
duration legumes such as cowpea, lablab, velvet bean, and groundnut
recorded significantly lower yields (<0.5 tha’l) during the same period.
During the 2020/21 season, yields declined markedly across all systems,
averaging below 0.8 t ha™!, with pigeonpea remaining relatively stable
compared to other legumes. By the 2021/22 season, legume yields
rebounded, particularly for pigeonpea (1.5 t ha~! without Brachiaria and
0.8 t ha~! with Brachiaria), reflecting improved rainfall distribution and
favourable soil moisture conditions.

3.4. Effects of season and strip cropping system on total system protein,
starch, and oil yield

Strip cropping system and its interaction with season significantly
influenced total system protein yield (P < 0.001, Table S5). Among strip
cropping systems, Mz + pp consistently resulted in a significantly higher
total system protein yield (0.34 t ha™!), while Mz sole produced the
lowest (0.15 t ha™) (Fig. 7A). Seasonal variation further affected
treatment performance. In 2020/21, M + pp strip crop achieved the
highest total system protein yield (0.3 t ha™'), significantly exceeding

other strip crops and Mz sole (Fig. 7B). In 2021/22, the treatment
rankings shifted, with M + pp again remaining superior (0.38 t ha™1),
followed by M + 11 (0.25 t ha’l), while Mz sole declined markedly to
0.09 tha ..

The season and the interaction between season and strip cropping
system significantly influenced the total system starch yield (P < 0.01
and P < 0.05, respectively; Table S5). In 2020/21, the average total
system starch yield was highest at 1.9 t ha™!, while in 2021/22 it
declined significantly to 1.5 t ha~! (Fig. 8A). Furthermore, in the 2020/
21 season, Mz sole produced the highest starch yield (2.5 t ha™!),
significantly outperforming strip crops (Fig. 8B). In contrast, during the
2021/22 season, no significant differences were observed among treat-
ments, indicating a narrowing of treatment effects under the conditions
of the season.

4. Discussion
4.1. Seasonal effects on crop performance

Our findings revealed non-uniform rainfall patterns and distribution,
as well as prolonged mid-season dry spells (up to 13 days), particularly
during the cropping seasons 2018/19 and 2019/20. This may have
disrupted the uptake and utilization of mineral nutrients from the soil
due to the gradual depletion of soil moisture. Reduced soil moisture
limits the dissolution and mobility of nutrients, thereby impairing their
availability for plant uptake. As a result, intra-plant competition for
limited resources may have intensified, ultimately lowering overall
grain yield, especially during critical growth stages (Bouhenache et al.,
2025). Bouhenache et al. (2025) and Garcia-Lara and Serna-Saldivar
(2019) demonstrated that poor rainfall distribution reduced nutrient
use efficiency, particularly nitrogen and maize productivity in the SSA
region, including Zimbabwe, even when total seasonal rainfall was
adequate. Additionally, the onset of the cropping season was delayed,
while the end of the cropping season was earlier, thereby shortening the
overall cropping season. This may have adversely impacted critical crop
growth stages, including flowering and grain filling, resulting in poor
crop development and ultimately crop yields. These threats were pre-
viously analyzed in studies for Zimbabwe (Mhlanga et al., 2015) and
represent significant risks in smallholder farming systems in southern
Africa, which are highly dependent on rainfed agriculture. Future pro-
jections suggest that maize-based cropping systems in Zimbabwe will
increasingly be affected by climate disruption, requiring adaptation to a
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changing climate.

4.2. Strip cropping systems and soil quality dynamics

Strip cropping systems significantly influenced key soil chemical
parameters, with outcomes influenced by crop combinations between
the 2020/21 and 2021/22 seasons. The Mz + cp system uniquely
increased soil pH and extractable K, while most other maize-legume
strips and Mz sole showed declines in pH, K, and SOC. Similar find-
ings were reported by Netthisinghe et al. (2023), who observed that
legume-based systems can enhance soil pH through biological nitrogen
cycling and organic matter contributions. Short-duration legumes such
as cowpea appear particularly effective in buffering acidification and
enhancing nutrient cycling, though species differ in their impacts on soil
chemistry (Akchaya et al., 2025; Teng et al., 2024).

Root exudates from maize and legumes release organic acids that
dissociate and liberate protons (H") (Ma et al., 2022; Zhang et al.,
2024a). During N fixation, proton release can temporarily acidify the

rhizosphere, while nutrient leaching and the differential uptake of cat-
ions such as Ca?™, Mg2+, and P alter soil pH depending on texture and
nutrient balance (Sirisuntornlak et al., 2021). The contrasting pH re-
sponses observed among systems likely reflect differences in root
exudate composition, residue quality, decomposition rates, microbial
activity, and nutrient uptake patterns (Markos and Yoseph, 2024; Zhang
et al., 2024b). Velvet bean, for instance, produces abundant, rapidly
decomposing biomass that can accelerate organic acid release and lower
soil pH (Sujatha et al., 2024). The studied soils, being moderately acidic,
are prone to P fixation and aluminum toxicity, which can reduce maize
yields, emphasizing the need for crop combinations that maintain
favourable soil pH for nutrient availability and productivity.

The strong positive response of extractable K under Mz-cp was likely
driven by (i) increased recycling of K through cowpea biomass and roots,
which return nutrients to the topsoil during residue decomposition, and
(ii) improved nutrient retention under residue retention and minimum
soil disturbance (Abdoul-Karim et al., 2025). Similar effects have been
documented in smallholder systems, where residue retention and crop
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diversification reduce subsoil K mobilization (Andrews et al., 2021;
Rusinamhodzi et al., 2016). Conversely, systems with rapid SOC loss or
residue removal tend to deplete K stocks (Islam et al., 2023). Root ex-
udates from maize and legumes may further facilitate K™ solubilization.
However, other legumes in this study generally exhibited declines in
extractable K after one season. This may be attributed to their deeper
root systems and higher K demand, which can lead to greater K uptake
and depletion from subsoil layers. This aligns with findings that species-
specific rooting depth and nutrient demand influence K dynamics (Phiri
and Njira, 2023). In Mz + vb systems, K depletion often results from
higher uptake associated with vigorous biomass production (Yang et al.,
2024). Furthermore, pigeonpea and groundnut tend to access and
extract K from deeper soil horizons, where replenishment is slower,
especially under low-input conditions (Balpande et al., 2016). Addi-
tionally, these legumes often accumulate more biomass, which increases
total nutrient uptake, including K, and may result in reduced residual K
levels in the soil (Balpande et al., 2016).

The Mz + gn strip cropping system uniquely increased SOC over the
two cropping seasons, contrasting with SOC declines observed in other
treatments, such as Mz + vb. Groundnut residues, with their balanced
carbon: nitrogen ratio and moderate lignin content, promote microbial
activity while supporting carbon stabilization (Witcombe and Tiemann,

2022; Yila et al., 2023). Groundnut’s fibrous root system and canopy
cover further enhance belowground carbon inputs and reduce erosion
losses. Meta-analyses confirm that residue retention and cover cropping
can increase SOC by 9-10 %, while manure inputs can raise it by up to
30 %, depending on biomass quality, soil type, and climate (Bolinder
et al., 2020).

In contrast, legumes like velvet bean, despite producing high
biomass, decompose rapidly due to their low lignin and high N content,
leading to short-term carbon losses through accelerated mineralization
and oxidation (Arunrat et al., 2020). These losses are further amplified
in sandy soils with limited physical protection of organic matter, hence
slow SOC build-up (Mbanjwa et al., 2023). The short study duration
likely limited the detection of SOC change, as organic matter turnover
occurs slowly (Yu et al., 2021). Nonetheless, SOC losses could poten-
tially be mitigated through residue retention, reduced tillage, and the
use of organic amendments, such as farmyard manure (Franzluebbers
et al., 2020). Ultimately, the capacity of legumes to maintain or enhance
SOC under strip cropping remains context-dependent, shaped by soil
type, climate, and biomass production levels (Wang et al., 2025b).

Furthermore, without Brachiaria border treatment, exhibited larger
gains in available Ca relative to Brachiaria border treatment. This in-
dicates that crop roots likely accessed more Ca in the soil profile,
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benefiting from less competition (Yang et al., 2024). Furthermore,
literature showed that when rainfall is modest, the absence of vegetative
barriers allows more concentrated nutrient cycling, supporting higher
extractable Ca (Dimande et al., 2024). However, vegetative borders
(Brachiaria) can alter edge nutrient dynamics through competition for
water and mobile nutrients or by altering lateral nutrient flows (Fu et al.,
2023) supported the findings. While vegetative barriers are widely re-
ported to reduce erosion and improve aggregate stability, they can also
sequester nutrients at the margin, reducing their immediate availability
within the cropped strip if competition for shallow soil resources is
strong (da Silva et al., 2021; Nacinovic et al., 2024).

4.3. Impact of strip cropping systems on maize and legume grain yields

Maize grain yields varied significantly across seasons and among
strip cropping systems, largely reflecting the influence of seasonal
growing conditions and the complementary effects of intercrop species.
The highest yields were obtained in 2020/21, with the highest seasonal
rainfall total (1053 mm), while the lowest yields were observed in 2019/
20 with the lowest seasonal rainfall total (495 mm). These results
highlight the vulnerability of maize production to climate variability in
semi-arid regions (Cairns and Prasanna, 2018; Tesfaye et al., 2018).

The significant interaction between season and strip cropping system

on maize grain yield indicates that the advantages of maize yield in
maize-legume strip cropping systems depended on climatic conditions.
For instance, Mz + vb improved yields in 2018/19 and 2020/21, likely
due to velvet bean’s vigorous growth, high nitrogen fixation, deep
rooting, and weed suppression, which reduced competition for available
resources, including moisture. In this study, velvet bean was planted
four weeks after maize, allowing maize to have a starting position
advantage in resource acquisition and rapid and dense ground cover,
minimizing interspecific competition for the maize crop, and Dis-
sanayaka et al. (2024) and Droppelmann et al. (2017) support these
results. However, these benefits were not consistent across all seasons, as
excessive rainfall and management challenges reduced system perfor-
mance. In contrast, dry spells lowered yields due to moisture stress,
which constrained biomass production and reduced organic matter in-
puts (Midega et al., 2018). However, in the 2018/19 and 2020/21
seasons, Mz sole produced the highest yields, likely due to reduced
interspecific competition for light and nutrients under favourable rain-
fall conditions. This aligns with studies by Lu et al. (2023), whose studies
support the notion that under optimal rainfall and management condi-
tions, Mz sole can outperform intercropped systems due to minimized
competition and maximized resource use efficiency. However, in the
2019/20 and 2021/22 seasons, characterized by relatively lower pro-
ductivity across all treatments, yields among the strip cropping systems



C. Madembo et al.

Annals of Agricultural Sciences 70 (2025) 100401

A
31 .
A A B A
a a a a a a a a
—_— .
(1] -
L R ®
= : ‘
= . Border
—_— L] ° ) .
-q-; v $ : B No bracharia grass
= . . . B Bracharia grass
- — L3 °
©
a1 . '
* * .
H *
' T A
01 |
2018/19 2019/20 2020/21 2021/22
Cropping season
B
2018/19 2019/20
a bab b b a bab b b a b b b b a b b b b
3
2
1 i *
) & . é 3 : $
2 0 B aal - Pl .=y T == &5 Strip cropping
5 B Mz+pp
2 2020/21 [ 2021/22 | Biae
£ a bab b b a b b b b a b b b b a bab b b #8 Mz+vb
© 3 B Mz+gn
(U]
2 .
1 i é !
No bracharia grass Bracharia grass No bracharia grass Bracharia grass
Cropping season

Fig. 6. Boxplots showing the influence of the interaction between season and border, and season, border, and strip cropping on legume grain yields. Codes: Mz + pp
= Maize + pigeonpea, Mz + cp = Maize + cowpea, Mz + 1l = Maize + lablab, Mz + vb = Maize + velvet bean, and Mz + gn = Maize + groundnut. The red diamond-
shaped symbols indicate the mean legume grain yield of each factor. Treatments with different superscripted letters are significantly different at a 95 % confidence

level: small letters for border and Capital letters for seasons (Fig. 6A).

10



C. Madembo et al. Annals of Agricultural Sciences 70 (2025) 100401

A
_125{ b a b b b b
©
< .
=
o
>
c ]
3 0.75
o
S
£ 0.50 1 .
3
2 *
n 0.251 . o
3 |
'g I
0.00
Mz Mz+pp Mz+cp Mz+ll Mz+vb Mz+gn
Strip cropping
B
- ab a b ab ab b c a bc ab bc bc
<
2 1.5
2
'q;,, Strip cropping
£ : B Mz
% 1.0 8 Mz+pp
s B Mz+cp
B Mz+l
g & Mz+vb
» 0.5 g . B Mz+gn
;, .
3 B memey e E = o
F 0.0
2020/21 2021/22
Cropping season

Fig. 7. Boxplots illustrating the influences of the strip cropping system and the interaction between season and strip cropping system on total system protein yield.
Codes: Mz = sole maize, Mz + pp = Maize-pigeonpea, Mz + cp = Maize-cowpea, Mz + 1l = Maize-lablab, Mz + vb = Maize-velvet bean, and Mz + gn = Maize-
groundnut. The red diamond-shaped symbols denote the mean total system protein yield for each treatment (A) and interaction (B). Treatments with different
superscripted letters are significantly different at a 95 % confidence level.

A B
a b 5] a ab ab ab ab b a a a a a a
3 : . F-
S 4 S : .
~ - 4.
.‘.; 5 Strip cropping
= 3 's 31 B Mz
o = : B Mz+pp
8 v 8 Mz+cp
2 £ 21 8 Mz+l
eEa ] 8 Mz+vb
< . r 8 Mz+gn
> >
n 1 @ 4
s s
R °
0 04 . .
2020/21 2021/22 2020/21 2021/22
Cropping season Cropping season

Fig. 8. Boxplots showing the effects of season and the interaction between season and strip cropping on total system starch yield. Codes: Mz = sole maize, Mz + pp =
Maize + pigeonpea, Mz + cp = Maize + cowpea, Mz + 1l = Maize + lablab, Mz + vb = Maize + velvet bean, and Mz + gn = Maize + groundnut. The red diamond-
shaped symbols denote the mean total system starch (A and B). Treatments with different superscripted letters are significantly different at a 95 % confidence level.

11



C. Madembo et al.

were comparable, suggesting that the benefits of legume associations in
stabilizing yield become more apparent under suboptimal or stress
conditions.

Legume yields remained below 1 t ha ! across all seasons, reflecting
low productivity under smallholder conditions with variable rainfall and
soil fertility constraints, consistent with earlier studies (Bitew et al.,
2022; Mupangwa et al., 2021). This additionally highlights the impor-
tance of both temporal and spatial factors in intercropping performance
(Nassary, 2025; Wang et al., 2025a). Seasonal variability was evident,
with the highest yields in 2018/19 and the lowest in 2020/21, empha-
sizing legumes’ sensitivity to both drought and excess rainfall during
flowering and pod filling. Among strip crops, pigeonpea consistently
outperformed other legumes due to its slow initial growth, which re-
duces competition with maize, and its adaptive traits, including deep
rooting, drought tolerance, extended growth duration, and nitrogen
fixation (Frimpong et al., 2025; Khokhar et al., 2021). These traits
enable pigeonpea to exploit residual moisture and nutrients more
effectively than short-duration legumes, such as cowpea or groundnut,
explaining its consistent yield advantage. In contrast, shallow-rooted
species such as cowpea and groundnut are more susceptible to
shading, root-zone competition, and pest pressures, which limit their
performance (Mofokeng and Gerrano, 2021). Excess rainfall in the
2020/21 season suppressed legume productivity by impairing root
growth and function (Nadeem et al., 2019; Striker and Colmer, 2016).
Other studies, including Baxevanos et al. (2017), reported legume ge-
notypes to perform differently in sole cropping compared to strip and
other intercropping systems, leading to changes in the performance
ranking. Therefore, the selection of a particular genotype combination
may also result in negative or positive yield effects (Raza et al., 2024;
Renwick et al., 2020) and may require site-specific adaptation.

Furthermore, the observed interaction between season, border, and
strip cropping on legume yields suggests that seasonal rainfall patterns
were the dominant driver of legume yield variations, while Brachiaria
border had a modulating effect on microclimate and soil moisture dy-
namics. High yields recorded in 2018/19 and 2021/22 corresponded
with greater total rainfall and better intra-seasonal distribution, which
are critical for legume flowering, pod formation, and grain filling.
Adequate and well-distributed rainfall during these phenological stages
enhances reproductive success and seed development in legumes (Chen
et al., 2023). Conversely, the poor legume yields observed in the 2020/
21 season likely reflect moisture stress during critical reproductive
stages, which can severely impair pod set, seed development, and bio-
logical nitrogen fixation. During flowering and pod filling, legumes are
particularly sensitive to water deficits, and even short-term drought
stress can lead to flower abortion, incomplete pod formation, and
reduced translocation of assimilates to developing seeds (Khatun et al.,
2021).

The consistently superior performance of pigeonpea across all sea-
sons is attributable to its deep-rooting system, drought tolerance, and
extended growth duration, allowing it to exploit residual soil moisture
after the cessation of rains (Musokwa and Mafongoya, 2020). Short-
duration legumes such as cowpea and lablab, while beneficial for
early ground cover, were more sensitive to water stress and thus
exhibited stronger yield fluctuations across seasons (Khatun et al., 2021;
Poudel et al., 2025). Although the Brachiaria border did not significantly
increase yields, its role in enhancing soil structure, water infiltration,
and reducing runoff (Diop et al., 2022), likely contributed to main-
taining relatively stable yields under variable rainfall. Over time, these
borders could offer cumulative benefits through improved soil organic
matter and moisture retention (Ruggieri et al., 2020), supporting the
long-term sustainability of maize-legume strip cropping systems in
semi-arid regions.
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4.4. Strip cropping systems effects on total system protein and starch
yields

Strip cropping systems and cropping seasons significantly influenced
total system protein and starch yields, with outcomes largely shaped by
the growth habits, nutritional composition of the legume species, and
prevailing environmental conditions (Juventia et al., 2022). Favourable
environmental conditions may influence total system starch and protein
synthesis. For instance, moderate temperature and moisture in the
temperate regions of Romania supported higher system protein (14.9 %)
and starch yields (Szulc et al., 2020).

In this study, Mz + pp strip cropping produced the highest total
system protein yields compared to other strip crops. This advantage is
likely due to the high productivity of the system and pigeonpea’s ca-
pacity for biological nitrogen fixation, which enhances soil N avail-
ability, a key determinant of protein accumulation (Markos and Yoseph,
2024). Studies have shown that pigeonpea can increase system-level
protein yield by up to 65 % through improved N supply to both the
intercrop and subsequent crops (Chimonyo et al., 2019; Witcombe and
Tiemann, 2022). Additionally, the spatial arrangement of Mz + pp may
have optimized resource use efficiency, reducing interspecific compe-
tition and allowing greater allocation of assimilates toward protein
synthesis (Garcia-Lara and Serna-Saldivar, 2019; Juventia et al., 2022).

In contrast, Mz sole consistently recorded the lowest protein yields,
emphasizing the importance of integrating N-fixing legumes into cereal-
based systems to improve nutritional productivity. Seasonal variation
further influenced treatment performance, yet Mz + pp maintained
significantly higher protein yields in both 2020/21 and 2021/22,
highlighting its resilience under variable rainfall conditions. Similar
patterns have been reported in other recent studies, where pigeonpea
intercropping improved protein productivity through sustained nitrogen
inputs and reduced competition during maize’s early growth stages
(Chimonyo et al., 2023).

Season and season x border interactions significantly affected starch
yield. The decline in starch yield from 2020/21 to 2021/22 highlights
the strong sensitivity of carbohydrate accumulation to climatic condi-
tions. The findings concur with studies by Martinez et al. (2017) and
Wang et al. (2023). High starch yields in Mz sole during 2020/21 align
with the crop’s carbohydrate dominance and reduced competition
compared to intercropping systems, as supported by Al-Naggar et al.
(2020) and Maitra et al. (2024). However, the lack of significant treat-
ment differences in 2021/22 suggests that under moderate rainfall and
potentially greater stress conditions, treatment effects on starch alloca-
tion become less distinct. Previous studies have similarly observed that
maize starch accumulation is closely tied to water availability and
environmental stress, which can override the effects of management
systems (Han et al., 2025; Huang et al., 2023). The relatively higher
starch in Mz + 1, Mz + cp, and Mz + pp in 2021/22, although not
statistically significant, suggests that strip crops with complementary
traits may help stabilize maize carbohydrate yields under challenging
conditions.

4.5. Constraints and appropriateness of strip cropping system for
smallholder farming systems

Although the strip cropping system yielded benefits in this study,
including improvements in some soil nutrients and grain and nutritional
yields, the advantages are not uniform and are sensitive to seasonal
variation. The system faced several challenges that warrant further
research to better align cropping designs with farmers’ practical needs
and preferences. The challenges included: (i) methodological limitations
related to site soil type variability — the absence of a quantitative
baseline of soil properties before 2020/21 hindered a detailed evalua-
tion of long-term soil effects, hence interpretations should be focused on
observed changes over the past two seasons rather than cumulative over
the full trial period across farmers. Future studies should incorporate
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comprehensive initial soil profiling to enhance understanding of soil-
treatment interactions; (ii) long-term monitoring of strip cropping ef-
fects — trials lasting fewer than five seasons may not fully capture the
stability or resilience of strip cropping systems under varying climatic
conditions. Therefore, longer-term trials are essential to evaluate the
sustainability of such systems, yield stability, and soil quality dynamics
over time; (iii) limited measurement of underlying processes —
although yield improvements were observed, the study did not quantify
key processes that may have caused such improvements. Further
research is needed to assess root distribution, microbial mediation,
biological nitrogen fixation, soil moisture retention, and weed sup-
pression, which could not be conducted due to funding constraints.
Future research should incorporate these measurements to gain a deeper
understanding of why certain cropping combinations perform better
under specific conditions; (iv) finally, future research should test how to
optimize border width, species, and management, and examine eco-
nomic trade-offs for labour, input costs, and use of such resources in
mixed crop/livestock systems.

5. Conclusions

This study aimed to understand the effects of maize-legume strip
cropping systems on crop productivity, soil quality, and nutrition under
smallholder farming conditions in Zimbabwe. Despite seasonal vari-
ability, the integration of legumes, particularly pigeonpea, consistently
improved total system protein yield compared to sole maize, high-
lighting the value of long-duration, nitrogen-fixing legumes in boosting
soil N and grain nutritional quality. The 2020/21 season, with above-
average rainfall, supported higher yields of protein and starch, while
the drier 2021/22 season led to reductions, highlighting the sensitivity
of these systems to climate variability. Although sole maize produced
higher starch yields under favourable rainfall, intercropping with le-
gumes offers long-term soil fertility benefits that may offset short-term
yield trade-offs.

Soil nutrient analysis revealed that specific strip cropping systems,
notably maize intercropped with cowpea and groundnuts, improved key
fertility indicators by enhancing pH, K, and SOC, which are critical in
low-input smallholder contexts. These improvements highlight the role
of legume-based strip cropping in promoting a more balanced and fertile
soil environment, thereby supporting sustainable crop production.

Yield gaps among systems were driven by variations in soil nutrient
availability and seasonal rainfall patterns, emphasizing the need for
strategic species selection and adaptive management. While maize-
legume strip cropping is relatively new in Zimbabwe, the results
affirm its potential to improve soil parameters like K and food and
nutrition security. Long-term evaluations are therefore warranted to
fully capture the agronomic and ecological benefits of this approach in
smallholder farming systems.

Overall, integrating suitable legume species such as cowpea,
pigeonpea, velvet bean, or groundnut into maize-based strip cropping
systems can enhance the system’s sustainability under variable rainfall
conditions. These findings reinforce the potential of maize-legume strip
cropping as a viable strategy for stabilizing maize productivity of
smallholder farming systems in southern Africa.
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