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Abstract

Smallholder agricultural systems across arid and semi-arid zones of the Global
South face mounting systemic risks stemming from land fragmentation,
climatic anomalies, groundwater depletion, and escalating costs of synthetic
chemical inputs. In response to these vulnerabilities, intercropping drought-
hardy legumes with highwalue horticultural cash crops represents a vital agro-
ecological mechanism to maximize land-use efficiency, conserve soil capital,
and enhance farm enterprise resilience. This twoyear field investigation
(conducted during 2023 and 2024 at Multan, Pakistan) evaluated the
agronomic performance, biological efficiencies, allometric growth parameters,
and economic viability of cluster bean (Cyamopsis tetragonoloba L.) cultivated
in sole stands and intercropped with two morphologically contrasting
horticultural companion crops: okra (Abelmoschus esculentus L.) and chili
(Capsicum frutescens L.). The experiment was arranged in a Randomized
Complete Block Design (RCBD) with three replications across five distinct
cropping treatments: sole cluster bean (Ti), sole okra (T3), sole chili (T3),
cluster bean intercropped with okra (T4), and cluster bean intercropped with
chili (Ts). Interspecific competition for spatial and nutritional resources
significantly altered vegetative and reproductive allometric. Cluster bean
vegetative development was highest in sole stands 19.77 cm plant height at
first picking, 79.57 cm final plant height), but experienced significant
suppression when intercropped with okra 16.72 cm and 69.68 cm,
respectively and chili 16.35 cm and 68.72 cm, respectively. Leaf count per
cluster bean plant was significantly restricted by okra competition 5.53
relative to chili intercropping 6.32 and sole stands 6.23. For companion
vegetables, sole okra produced significantly more pods per plant 12.40 than
intercropped okra 11.17, though cumulative pod yield of 14.85 t ha @ ws.
13.57 t ha™ was statistically maintained. Conversely, chili displayed
pronounced competitive sensitivity: fruit count per plant dropped from 44.65
to 36.22, fruit fresh weight declined from 62.46 gto 47.56 g, and cumulative
cumulative fruit yield suffered a statistically significant reduction from 3.49
t ha ™ in monoculture to 2.65 t ha ™ in intercropping (p = 0.0151). Despite
individual yield tradeoffs, comprehensive partial budget analysis revealed
substantial economic premiums for polyculture diversification. Intercropping
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cluster bean with okra achieved the highest enterprise profitability, delivering
a net financial return of PKR 573,450 ha-1, a marginal net benefit of PKR
474,950 ha-1, a marginal rate of return (MRR) of 1,922.87%. Cluster bean
intercropped with chili also yielded positive financial margins (net benefit of
PKR 204,500 ha-1; MRR of 476.83%, outperforming sole cluster bean
monoculture (PKR 98,500 ha-1. These empirical findings demonstrate that
integrating low-water, nitrogenfixing legumes with heavy-feeder horticultural
vegetables stabilizes agrarian income and provides an adaptable polyculture
model for climatewulnerable smallholder farms.

INTRODUCTION

1.1 Global South Agricultural Transitions and
Resource Stressors

Agrarian systems throughout the Global South
are undergoing severe structural crises driven by
climate-induced thermal anomalies, erratic
precipitation patterns, aquifer depletion, and
the continuous subdivision of agricultural land
holdings. In developing agrarian economies like
Pakistan, where more than 63% of the rural
populace depends directly or indirectly on
agriculture for subsistence and livelihood
security, rural vulnerability is acutely tied to
smallholder land viability. Over 86% of
operational farming holdings in the country are
below 5 hectares in spatial extent. Demographic
expansion at an annual growth rate exceeding
2% has intensified pressures on limited land
banks, resulting in severe per-capita arable land
contraction. Between 2000 and 2011, Pakistan's
total cropped area expanded by a marginal 6.2%
(rising from 22.04 million hectares to 23.40
million hectares), with most of the land allocated
to staple food grains (60%) and cash crops
(23%), while pulse legumes (7%) and
horticultural vegetables (2%) were restricted to
minor areas.

This systematic under-allocation of spatial
resources to horticulture has generated
widespread public  health  vulnerabilities.
According to World Health Organization
dietary standards, an adult human requires a
minimum balanced daily vegetable and fruit
consumption threshold of 450 g. In contrast,
average consumption in Pakistan remains
restricted to approximately 235 g day-1, creating
an annual national nutritional supply deficit
exceeding 10 million metric tons of essential
protective produce. Resolving this national
shortfall under prevailing land tenure
constraints _requires cropping systems that

enhance biomass and nutritional yield per unit
area without necessitating external land
acquisition or accelerating environmental
degradation.

1.2 The Agro-Ecological Imperative for
Companion Intercropping

For decades, high-input agricultural
intensification =~ paradigms  relied  upon
monoculture cropping regimes sustained by
heavy applications of synthetic inorganic
fertilizers, chemical pesticides, and energy-
intensive machinery. While monocultures
provided shortterm yield gains, these practices
caused  profound  ecological =~ damage:
groundwater contamination from nitrate
leaching,  degradation of native soil
microbiomes,  destruction of  pollinator
biodiversity, and heightened economic exposure
to single-crop failure from pest outbreaks or
climate shocks.

In contrast, intercropping is the simultaneous
cultivation of two or more crop species on the
same spatial parcel for all or part of their growth
cycles. It constitutes an established, ecologically
regenerative  agro-technology. Intercropping
mimics natural polycultures by introducing
temporal and spatial diversity into farming
systems. The fundamental biological advantage
of intercropping rests on complementary
resource use, niche differentiation, and the
facilitation effect. Component crop species with
distinct root architectures, canopy heights,
photosynthetic light-saturation points, and
phenological maturation timelines exploit
ambient resources (solar radiation, soil moisture,
and mineral nutrients) more efficiently than
when cultivated in isolated monocultures.
When interspecific competition is lower than
intraspecific competition, overall polyculture
productivity is enhanced.
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1.3 Crop Characteristics and Ecophysiological
Dynamics

Legume-based intercropping provides critical
ecological services. Symbiotic associations
between leguminous root systems and soil-borne
Rhizobium bacteria facilitate biological nitrogen
fixation  (BNF), converting atmospheric
dinitrogen (N2) into bioavailable ammonium
compounds. This biological input reduces
dependence on synthetic nitrogenous fertilizers,
lowers production costs, and improves long-term
soil health.

e Cluster Bean (Cyamopsis tetragonoloba L.):
Known locally as guar, cluster bean is an annual
warm-season diploid (Z2n = 14) legume well-
adapted to arid and semi-arid conditions. It
features a deep taproot system capable of
extracting moisture from subsoil profiles,
tolerates drought stress, and fixes between 30
and 70 kg N ha-l. Beyond its agronomic
hardiness, its seeds yield an endosperm
hydrocolloid (guar gum) widely used in food
science, textiles, cosmetics, and industrial
manufacturing, making it an economically
valuable cash crop for semi-arid smallholders.

o Okra (Abelmoschus esculentus L.): Belonging
to the Malvaceae family (2n = 130), okra is an
indeterminate, fast-growing summer vegetable
cultivated for its immature fibrous green pods. It
exhibits a broad, erect canopy, high nutrient
uptake, and a sustained indeterminate flowering
habit. These characteristics make it a heavy
feeder that requires continuous soil fertility
throughout its reproductive cycle.

o Chili (Capsicum frutescens L.): A member of
the Solanaceae family, chili is a long-duration,
high-value condiment and cash crop. It has a
branching, semi-spreading canopy, a shallow
root system, and high susceptibility to moisture
stress and shading during floral initiation and
fruit development.

1.4 Research Objectives and Scope

While legume-cereal intercropping (e.g., maize-
cowpea, sorghum-pigeon pea) has received
extensive scholarly attention, empirical field
evaluations assessing legume-vegetable
polycultures under arid conditions remain
limited. Critical knowledge gaps persist
regarding how cluster bean interacts with heavy-
feeding malvaceous crops (okra) versus sensitive
solanaceous crops (chili), and whether

companion cropping stabilizes whole-farm
economic returns.

To address these questions, this two-year field
study investigates:

1.The influence of intercropping on the
allometric, vegetative, and reproductive
development of cluster bean, okra, and chili.
2.Interspecific competition and yield trade-offs
between component crop species.

3.The economic feasibility, marginal rates of
return (MRR), and enterprise profitability of
diversified polycultures compared to sole
monocultures under arid field conditions.

MATERIALS AND METHODS

2.1 Study Site

The field trials were conducted at the Vegetable
Research Area, Department of Horticulture,
Faculty of Agricultural Sciences and Technology,
Bahauddin  Zakariya  University, Multan,
Pakistan, across two consecutive experimental
years (2023 and 2024 as reported for this
manuscript). The experiment evaluated cluster
bean intercropping with okra and chili.

2.2 Experimental Design and Cropping
Treatments

The experiment was arranged in a Randomized
Complete Block Design (RCBD) using a two-
factorial arrangement with three biological
replications, establishing a total of 15
experimental field plots.

The experimental treatments comprised five
cropping configurations:

o Treatment 1 (T,): Sole Cluster bean
(Cyamopsis tetragonoloba cv. BR-99)

o  Treatment 2 (T,): Sole Okra (Abelmoschus
esculentus cv. Sabz Pari)

e Treatment 3 (T;): Sole Chili (Capsicum
frutescens cv. Ghotki)

e Treatment 4 (T,): Cluster bean intercropped
with Okra

e Treatment 5 (Ts): Cluster bean intercropped
with Chili

2.3 Agronomic Husbandry and Planting
Architecture

The experimental area was prepared and laid out
according to the randomized complete block
design. Raised ridges were spaced 60 cm apart.
Cluster bean and okra were direct seeded, while
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one-month-old chili seedlings were transplanted
on the same planting date in both experimental
years.

Sowing operations were synchronized across
both experimental years on February 22 (2023
and 2024). Cluster bean and okra were direct
seeded on ridge shoulders. For chili, healthy 30-
day-old nursery seedlings raised in nursery beds
were manually transplanted into field plots on
the same date. In monoculture treatments, intra-
row spacing was maintained at 15 cm for cluster
bean, 30 cm for okra, and 30 cm for chili. In
intercropping treatments (T4 and Ts), cluster
bean was sown in alternating intra-row
configurations between companion plants on
the ridge shoulders.

Fertilizer was applied uniformly across
treatments at 60 kg P,Os ha™, 40 kg K,O ha™
and 30 kg N ha™!, with nitrogen applied in three
split doses.

2.4 Data Collection and Analytical Sampling
Ten representative plants per plot were tagged to
evaluate allometric, vegetative, and reproductive
development across the growing season:

e Vegetative and Physiological Traits: Plant
height (cm) and stem diameter (mm, measured
via digital Vernier callipers) were recorded at
first commercial picking and following the final
harvest. Leaf count per plant was enumerated at
first picking. Leaf chlorophyll concentrations
were measured on fully expanded leaves using a
calibrated  SPAD-502  chlorophyll  meter
(Minolta Camera Co., Japan). Root length (cm)
was measured after carefully excavating root
zones at final harvest. Plant fresh biomass (g) was
recorded immediately upon  whole-plant
destructive harvesting; dry biomass (g) was
determined after oven-drying vegetative matter
at 700C for 72 hours until constant weight was
achieved.

e Reproductive Yield Components: For
cluster bean and okra, pods per plant, pod
length (cm), pod diameter (mm), fresh pod

weight (g), and dry pod weight (g) were recorded
at each harvest. For chili, fruits per plant, fruit
length (cm), fruit diameter (mm), fresh fruit
weight (g), and oven-dried fruit weight (g) were
measured across successive harvests. Total
cumulative yields across all pickings were
converted to metric tons per hectare (t ha™).

2.5 Economic Feasibility and Partial Budgeting
Economic performance was evaluated using the
CIMMYT (1988) partial enterprise budgeting
methodology. Total variable costs of production
(PKR ha-1) included direct agricultural inputs
(seed, nursery raising, fertilizers, chemical sprays,
irrigation water) and labour expenses (tillage,
ridge construction, planting, weeding, and
commercial picking operations) based on local
farmgate market prices.

Gross revenue was calculated from the reported
produce yields and market prices, and net
benefit was obtained after deducting production
costs. Marginal cost, marginal net benefit and
marginal rate of return (MRR) were calculated
following CIMMYT (1988).

To determine the relative financial attractiveness
of switching between cropping systems, marginal
cost (Delta C) and marginal net benefit (Delta B)
were computed:

MRR (%) = (Marginal net benefit / Marginal
cost) x 100.

2.6 Statistical Analysis

All data were subjected to two-way factorial
Analysis of Variance (ANOVA) using the
Statistix 8.1 software package (Analytical
Software, Tallahassee, FL, USA). Cropping
treatments served as the main factor and
experimental years as the secondary factor.
Where the F-test indicated statistical significance
(p le 0.05), posthoc mean separation was
performed using Fisher’s Protected Least
Significant Difference (LSD) test at the 5% level
of probability.
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RESULTS

3.1 Allometric and Yield Responses of Cluster Bean

Table 1. Principal growth and yield responses of cluster bean under sole and intercropping treatments

across 2023 and 2024.

Treatment / Plant height at
factor first picking (cm)  first picking
Ty - Cluster 19.77a 6.23 2
bean alone
T, - Cluster 1672 b 553 b
bean x okra
T; - Cluster
bean x chilies 16.35b 6.32a
Year 1 (2023) 13.68 b 5.09 b
Year 2 (2024) 21.55a 6.97 a
Treatment p- 0.0188 * 0.0453 *
value
Year p-value <0.001 ** <0.001 **
Treatment %

0.2809 ns 0.0552 ns

Year p-value

Leaves plant™' at  Pods

Final plant Pod yield

plant™! height (cm) (t ha™)
49.47 a 79.57 a 3.94 a
37.02 a 69.68 b 3.69 a
45.53 a 68.72 b 3.36a
33.16 b — 3.57a
54.86 a — 3.76 a
0.0906 0.0383 * 0.5367 ns
ns

9;0015 <0.001 ** 0.6587 ns
0.0406 * | 0.3727 ns 0.2253 ns

* Significant at p < 0.05; ** significant at p < 0.01; ns = non-significant. Means sharing a letter within a
factor are not significantly different by Fisher’s LSD at 5%.

Cluster bean vegetative growth was affected by
cropping system. Plant height at first picking was
greater in sole stands (19.77 cm) than in cluster
bean-okra (16.72 cm) or cluster bean-chili
(16.35 cm) systems (p = 0.0188), and final plant
height also differed among treatments (p =
0.0383). Year effects were significant for plant
height at first picking, with 21.55 cm in 2024
compared with 13.68 cm in 2023 (p < 0.001).

e Leaf production at first picking also differed
among treatments (p = 0.0453). Cluster bean-
okra produced 5.53 leaves plant™, compared
with 6.23 and 6.32 leaves plant™! in sole cluster
bean and cluster bean-chili, respectively. Leaf
number was higher in 2024 than 2023 (6.97 vs.
5.09 leaves plant™; p < 0.001).

e The main treatment effect on pods plant™! was
not significant (p = 0.0906), but the treatment x
year interaction was significant (p = 0.0406). In

2024, sole cluster bean produced 66.33 pods

plant™® and cluster bean-chili 56.00 pods
plant™!, whereas all treatment combinations in
2023 were lower (31.80-35.07 pods plant™!).
Thus, reproductive response varied with season
rather than showing a uniform treatment effect.

e Other measured traits, including stem
diameter, SPAD chlorophyll, root length, and
biomass, did not differ significantly among
cluster bean treatments (p > 0.05), indicating
that treatment effects were concentrated mainly
in plant stature and early leaf production rather
than across all measured traits.

e Despite  these  vegetative  differences,
cumulative cluster bean pod yield did not differ
significantly among systems (p = 0.5367) or
between years (p = 0.6587). Mean yields were
3.94 t ha™! in sole stands, 3.69 t ha™! with okra,
and 3.36 t ha™! with chili.
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3.2 Performance and Physiological Responses of Okra (Abelmoschus esculentus)
Table 2. Principal growth, pod-production and yield responses of okra under sole and cluster bean
intercropping across 2023 and 2024.

Treatment / Plant height at Pods F:;Sllllfold - D;Y Esdl o Pod yield
factor first picking (cm) = plant™! Z;) £ntba :;> Sl (tha™)
T, - Okra alone 2831 a 12.40 a 267.29 a 3534 a 14.85 a
jl;;tgl;fa; 32224 11.17b 244224 31482 13.57a
Year 1 (2023) 28.04 a 12.10 a — — —

Year 2 (2024) 3249 a 11.47 a — — —
Elzaetmem s 0.1033 ns 0.0273*  0.0734 ns 0.1978 ns 0.0730 ns
Year p-value 0.0713 ns 2'51870 — — ns
Treatment 0.7177 ns 04217 _ _ s

Year p-value ns

* Significant at p < 0.05; ns = non-significant. Dashes indicate values not retained in the consolidated
table because the corresponding year-specific estimates were not required for the principal comparison.
e Pod length, pod diameter, fresh pod weight

e Okra pod number was the only principal and dry pod weight were not significantly
reproductive component showing a significant affected by the cropping system. A treatment X
treatment effect. Sole okra produced 12.40 pods year interaction was reported for fresh vegetative
plant™ compared with 11.17 pods plant™ under biomass (p = 0.0052), indicating that biomass
cluster bean intercropping (p = 0.0273). Neither response varied with both cropping treatment
year nor the treatment X year interaction was and year rather than following a consistent
significant. intercropping effect.

e Plant height at first picking did not differ o Cumulative okra pod yield was also statistically
significantly between sole and intercropped okra unchanged by intercropping (p = 0.0730), with
(28.31 vs. 32.22 cm; p = 0.1033). The measured 14.85 t ha ! in sole stands and 13.57 t ha™! when
stem diameter, SPAD chlorophyll and leaf intercropped with cluster bean.

number likewise showed no significant
treatment effects.

.3 Performance and Sensitivity Responses of Chili (Capsicum frutescens)
Table 3. Principal growth, fruit-production and yield responses of chili under sole and cluster bean
intercropping across 2023 and 2024.

Treatment / Plant height at Fruits Fre:Sh iy - Dr}r s _.  Fruit yield
. . 1. _ weight plant™  weight plant™! _

factor first picking (cm) plant™! (tha™?)

(©) (®)

Ty - Chilies 2545 a 44650 62464 10272 349

alone

Ty - Chilies x5 45 3622b 4756 b 7984 2.65b

cluster bean

Year 1 (2023) — 34.68 b 4796 b — 2.67b

Year 2 (2024) — 46.18 a 62.05a - 3.46 a

gﬁime“t s 0.9866 ns 0.0076 **  0.0133* 0.0562 ns 0.0151 *

Year p-value 0.4474 ns 0.0017 ** | 0.0168 * 0.4349 ns 0.0188 *

Treatment x — ns ns ns 0.4653 ns

Year p-value
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* Significant at p < 0.05; ** significant at p < 0.01; ns = non-significant. Dashes indicate values not retained
in the consolidated table where year-specific estimates were not required for the principal comparison.
* Significant at p < 0.05; ** Highly significant at p < 0.01; ns = non-significant.

e Chili showed a clearer treatment response
than okra. Fruit number declined from 44.65
fruits plant™! in sole chili to 36.22 fruits plant™
under intercropping (p = 0.0076), while fresh
fruit weight declined from 62.46 to 47.56 g
plant™ (p = 0.0133). Both variables were also
higher in 2024 than 2023.

e Cumulative chili fruit yield was significantly
lower under intercropping (p = 0.0151),
declining from 3.49 t ha™! in sole chili to 2.65 t

3.4 Economic Analysis

e ha™! with cluster bean, a reduction of
approximately 24%. Year also affected yield (p =
0.0188), while the treatment x year interaction
was not significant.

e In contrast, plant height and the other
measured vegetative traits of chili did not show
significant treatment differences (p > 0.05). The
stronger effects therefore
expressed primarily in reproductive traits and

total fruit yield.

treatment were

Table 4. Partial-budget economic analysis of cluster bean sole and intercropping systems.

Cropping Total cost Net benefit
system (PKR ha™1) (PKR ha™)
Cluster bean 60,558 98,500
alone

Cluster bean x| o5 5 573,450
okra

Cluster bean x o) 765 204,500
chilies

All values are based on the reported enterprise-
budget calculations. The original thesis column
labelled “Benefit cost ratio” contains non-
conventional entries and is not reproduced as a
BCR in this manuscript.

DISCUSSION

4.1 Differential effects of intercropping on
cluster bean

The results indicate that cluster bean responded
to intercropping mainly through changes in
vegetative development rather than a statistically
detectable change in cumulative pod yield. Plant
height at first picking and final plant height were
lower in both intercrop combinations than in
sole cluster bean, and leaf number at first
picking was particularly reduced when cluster
bean was paired with okra. These responses are
consistent with the general expectation that
plants sharing soil volume and canopy space may
experience competition for light, water and
nutrients. Earlier intercropping studies have
likewise reported reductions in growth or yield
of legumes when paired with competitive

companion crops (Hussain, 2003; Alhaji, 2008).

Marginal cost Marginal net MRR

(PKR ha™1) benefit (PKR ha™) (%)
24,700 474,950 1,922.87
22,230 106,000 476.83

Because the present experiment did not directly
measure light interception, soil moisture
depletion, root competition or nutrient uptake,
these processes should be regarded as plausible
explanations  rather than  demonstrated
mechanisms.

The absence of a significant treatment effect on
cumulative cluster bean pod yield is important.
Although vegetative growth was reduced, mean
pod vyield remained statistically similar across
sole cluster bean (3.94 t ha™!), cluster bean-okra
(3.69 t ha™1), and cluster bean-chili (3.36 t ha™).
This indicates that the measured reductions in
stature did not necessarily translate into
proportional yield losses under the conditions of
the experiment. The significant treatment x year
interaction for pod number further shows that
reproductive responses were season dependent.
Such variation cautions against interpreting a
single growth trait as a direct proxy for final yield
performance.

4.2 Contrasting responses of okra and chili
The companion crops differed clearly in their
response to cluster bean. Okra showed a modest
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reduction in pods per plant, from 12.40 in sole
cropping to 11.17 under intercropping, but this
difference did not translate into a statistically
significant reduction in cumulative pod yield
(14.85 versus 13.57 t ha™!; p = 0.0730). Other
measured traits, including plant height, pod
weight and the reported physiological variables,
were also largely unchanged. Taken together,
these results indicate that okra maintained
relatively stable yield performance in the tested
cluster bean-okra configuration.

Chili was more sensitive. Intercropping reduced
fruits per plant from 44.65 to 36.22, fresh fruit
weight from 62.46 to 47.56 g plant™, and
cumulative fruit yield from 3.49 to 2.65 t ha™™.
The significant treatment effects were
concentrated largely in reproductive attributes,
while plant height and other vegetative
measurements were not significantly different.
The pattern is compatible with greater
competition during flowering and fruit
development, although the experiment did not
measure canopy light interception,
photosynthetic rate, flower abortion or soil-
water status and therefore cannot establish the
precise mechanism. Previous studies of vegetable
intercropping have also reported crop-specific
responses to companion species, emphasizing
that compatibility depends on the crop
combination and spatial arrangement (Sing,

1993; Ofosu-Anim & Limbani, 2007).

4.3 Seasonal effects and interpretation of
variability

Year effects were evident for several traits,
particularly cluster bean early growth and pod
number and chili fruit number, fresh fruit
weight and total yield. For chili, fruit yield
increased from 2.67 tha™! in 2023 to 3.46 t ha™
in 2024, while the treatment % year interaction
was not significant. For cluster bean, plant
height and leaf number were also greater in
2024, and the significant treatment * year
interaction for pod number indicates that
treatment responses were not identical between
years. These patterns demonstrate seasonal
variability in crop performance. Because the
study did not quantify the specific
environmental variables responsible, the year
effect should be interpreted as evidence of

seasonal variation rather than attributed to a
particular climatic driver.

4.4 Economic implications of the cropping
systems

The economic analysis provides a different
perspective from the individual-crop yield
results. Intercropping increased total production
costs relative to sole cluster bean, from PKR
60,558 ha™! to PKR 85,258 ha™! for cluster
bean-okra and PKR 82,788 ha™! for cluster
bean-chili. However, the additional costs were
accompanied by higher net benefits. The cluster
bean-okra system generated a net benefit of
PKR 573,450 ha™!, compared with PKR 204,500
ha™ for cluster bean-chili and PKR 98,500 ha™!
for sole cluster bean. The corresponding
marginal rates of return were 1,922.87% and
476.83% for cluster bean-okra and cluster
bean-chili, respectively, relative to the sole-
cluster-bean baseline.

These economic results should be interpreted
within the assumptions of the partial-budget
analysis. The higher return from cluster bean-
okra reflects the combined value of the two
harvested crops and the reported production
costs; it does not mean that every component
crop individually yielded more under
intercropping. In particular, chili yield declined
significantly under intercropping, whereas the
okra vyield difference was not statistically
significant. The reported marginal returns are
specific to the production costs and produce
prices used in the study and should not be
generalized across locations or market periods
without updated economic data.

4.5 Agronomic interpretation and research
implications

Overall, the experiment demonstrates crop-
specific compatibility rather than a universal
benefit of cluster bean intercropping. Cluster
bean retained statistically similar pod vyield
across systems, okra maintained cumulative yield
despite a lower pod count per plant, and chili
experienced measurable reproductive and yield
penalties. The economic analysis nevertheless
showed positive marginal returns for both
intercrop configurations examined. Future trials
should focus on spatial arrangement, relative
plant density and planting-time differences,
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particularly for cluster bean-chili systems, while
retaining cluster bean-okra as a candidate
configuration ~ for  further = multi-season
evaluation. Additional measurements of light
interception, soil moisture, nutrient uptake and
standard intercropping indices such as land
equivalent ratio would help determine the
mechanisms and biological efficiency of these
combinations more rigorously.

CONCLUSIONS AND
IMPLICATIONS

This two-year field study showed that the effects
of cluster bean intercropping were crop specific.
Cluster bean experienced reductions in several
vegetative traits under intercropping, but
cumulative pod vyield was not significantly
different among cropping systems. Okra showed
a significant reduction in pods per plant but no
significant reduction in cumulative pod yield.
Chili, in contrast, showed significant reductions
in fruit number, fresh fruit weight and total fruit
yield under intercropping.

RESEARCH

The economic analysis showed positive marginal
returns for both intercropping configurations
relative to sole cluster bean, with the reported
net benefit and MRR being higher for cluster
bean-okra than for cluster bean-chili. These
economic results reflect the combined output of
the component crops, and the costs and prices
used in the analysis and should therefore be
interpreted as system-specific rather than
universally transferable.

The findings support further evaluation of
cluster bean-okra as a potentially compatible
vegetable  intercrop  under  comparable
conditions. For cluster bean-chili, future
experiments should test wider spacing, altered
row arrangements and/or staggered planting
dates to reduce possible competition. Multi-
location and multi-season trials, together with
direct measurements of resource capture and
standard intercropping-efficiency indices, are
needed before broader agronomic
recommendations are made.
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