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e The potential of legume-based wheat
intercropping systems in arid-irrigated
areas has not been fully explored.

The study aimed to identify a wheat/
legume intercropping combination that
can increase land productivity with
reduced inputs.

Net biodiversity effect and its compo-
nents helped us to understand the trade-
offs and complementarities between
intercrops.

Wheat/chickpea intercropping had the
best complementarity compared to
wheat/pea and wheat/soybean
intercropping.

Legume-based wheat intercropping have
significant growth potential to improve
the net income of resource-poor farmers.
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ABSTRACT

CONTEXT: By exploiting the complementarities between intercrops, cereal/legume intercropping provides an
opportunity to increase legume production with sustained cereal yield. However, little is known about how
legume choice and spatial configurations affect the performance and economic viability of legume-based wheat
intercropping, especially in arid-irrigated conditions.

OBJECTIVE: We conducted this study to investigate the complementarity of three different legumes (chickpea,
soybean, and pea) with wheat and determine the appropriate strip width for intercrops.

METHODS: A three-year study (2021—2023) was conducted to evaluate the effects of legume choice and spatial
configuration (narrow strips of 0.6 m (NS) and partially wide strips of 1.2 m (pWS) for each intercrop) on wheat/
soybean, wheat/pea, and wheat/chickpea intercropping, and results were compared with their sole systems for
dry matter, nitrogen (N) and phosphorus (P) uptake, yield, and economic returns. We also quantified the in-
tensity of the net biodiversity effect (NE), complementarity effect (CE), and selection effect (SE) for yield, N
(NEy, CEy, and SEy), and P (NEp, CEp, and SEp) gains of legume-based wheat intercropping systems.

RESULTS AND CONCLUSIONS: Our results show that intercrops achieved the highest dry matter, nutrient uptake,
and grain yield with pWS compared to NS. The intercropped chickpea, soybean, and pea achieved 67-71%,
55-62%, and 62-70% of their sole system yield. The intercropped wheat with chickpea, soybean, and pea
produced 66-69%, 57-62%, and 62-66% of sole wheat yield, respectively. Results also confirmed a positive NE
with both NS and pWS, mainly due to the higher CE, which ranges from 37% to 104% of NE under all inter-
cropping systems. The nutrient uptake gain with NS and pW$ ranged from —3.4 kg ha™! to 101.5 kg ha™! (NEy)
and — 0.2 kg ha ! to 13.8 kg ha™! (NEp). On average, maximum LER (1.36), NE (1012 kg ha’l), NEy (86 kg
ha_l), and NEp (12 kg ha'l) were obtained with pWS in wheat/chickpea, followed by wheat/pea and wheat/
soybean intercropping. Overall, wheat/pea intercropping with pWS generated the highest net profit (2014, 1533,
and 1394 USD ha™! in 2021, 2022, and 2023, respectively), which was primarily linked to the high market price
of pea than chickpea and soybean.

SIGNIFICANCE: These results imply that legume choice and spatial configurations influenced complementary and
facilitation interactions between intercrops, and wheat/chickpea and wheat/pea intercropping with pWs could
be adopted as a productive cropping strategy for obtaining higher and diverse crop yields with reduced land and

nutrients than the sole wheat system.

1. Introduction

Since the Green Revolution, the use of chemical fertilizers, pesti-
cides, and irrigation at higher rates/frequencies has effectively miti-
gated the impacts of low soil fertility, pest challenges, and climatic
hazards; and importantly, all these practices had a large-scale positive
impact on crop yields (Tilman et al., 2002). However, due to environ-
mental and social concerns caused by global warming, the growing
demand to reduce the use of anthropogenic inputs in agricultural pro-
duction has significantly affected the consistent crop yields that farmers
were achieving with intensive resource use, mainly in sole cropping
systems (Mahmoud et al., 2022). Considering these concerns, the local
and international governments and agricultural development funding
agencies also prioritize projects focused on sustainable yield increase
with reduced inputs (Grabowski et al., 2019; Raza et al., 2024; Van-
lauwe et al., 2011). Therefore, such circumstances demand that re-
searchers develop and optimize new cropping systems that can increase
crop yields and promote crop intensification without affecting the
environment (Brooker et al., 2023), especially in arid irrigated regions
where farmers use more resources to achieve higher crop yields and net
economic returns.

Intercropping is a complex subject of agronomy. Since antiquity, the
cultivation of crops in mixtures has been a primitive production strat-
egy; however, the scientific approach to strip intercropping is not very
primitive. Compared to sole cropping systems, the higher total system
yield of intercropping systems is usually attributed to resource com-
plementary and facilitation between intercrops and may also be linked
to the improved resilience to pests, diseases, and weeds (Banik et al.,
2006; Lithourgidis et al., 2011; Vandermeer, 1992). Moreover, these
intercropping benefits could be further enhanced by selecting the
appropriate spatial configuration, as the degree of these effects is
directly associated with the intercrop row ratio or strip width or strip
distance between two intercrops (van Oort et al., 2020; Yang et al.,
2017). For example, some researchers achieved higher land use
advantage with wide strips of 2.4 m (Raza et al., 2021b), 3 m (Wang

etal., 2020), 3.1 m (Qian et al., 2018), 3.3 m (Zhang et al., 2015), 5.4 m
(Raza et al., 2023a), 6 m (Smith and Carter, 1998), and 8 m (Capinera
et al., 1985). On the other hand, several scientists have obtained the
maximum intercropping benefits with strip widths between 1 and 2 m
(Feng et al., 2020; Wang et al., 2015; Yang et al., 2017). Similarly, a
recent simulation study reported that the beneficial mutual interactions
for resource capture between intercrops rapidly decrease as intercrop
strips widen (van Oort et al., 2020). Therefore, it is important to
determine how different legume-based intercropping (wheat/chickpea,
wheat/pea, and wheat/soybean) systems with varying strip widths
affect the land- and nutrient-use efficiencies, mainly for those areas
where most of the farmers are growing cereals (wheat or maize) in sole
cropping systems.

Generally, the legume-based intercropping systems are practiced to
achieve greater land productivity (grains per unit of land), water-
(grains per mm of water), and nutrient-use efficiency (nutrient uptake
per fertilizer input), particularly under scarce resource conditions
(Gitari et al., 2018; Igbal et al., 2018; Latati et al., 2019; Raza et al.,
2023a; Raza et al., 2019). This is why these systems, e.g., wheat/soy-
bean (Raza et al., 2023a), wheat/pea (Mahmoud et al., 2022), wheat/
chickpea (Singh et al., 2019), maize/soybean (Feng et al., 2020), maize/
peanut (Zhang et al., 2020), etc., are getting much attention from ag-
riculturists and policymakers, primarily from developing countries, as
these systems are more profitable for small landholders (Feng et al.,
2020; Raza et al., 2021b). In line with this, many researchers have
suggested that gradually transforming the current resource-consuming
sole cropping systems into resource-efficient legume-based intercrop-
ping systems will help us to contribute to world food security and higher
economic benefits for farmers (Feng et al., 2020; Igbal et al., 2018) with
fewer environmental effects (Gitari et al., 2018; Hong et al., 2019).
Nevertheless, the performance of intercrops in intercropping systems is
positively or negatively influenced by intercrop combination, inter- and
intra-specific competitive interactions, functional diversity, architec-
ture, and phenology (Mahaut et al., 2020; Te et al., 2023). Thus, for
designing a productive intercropping system, the selection of
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appropriate intercrop species that utilize the available resources at
different times (phenological stages), space (rooting depth), or forms
(nutrient form) is essential in decreasing the competitive interactions
and promoting the complementary and biological regulations between
intercrops (Ahmed et al., 2018; Duru et al., 2015; Igbal et al., 2018;
Sadras and Denison, 2016). However, there is a lack of studies on the
effects of crop combination and varying spatial configurations (narrow
or partially wide strips) on the performance and economic viability of
legume-based cereal intercropping systems using the additive parti-
tioning method.

The net biodiversity effect (NE) measures the yield gain of inter-
cropping systems in absolute terms, e.g., t ha™! or kg ha™! (Loreau and
Hector, 2001). This type of absolute quantification is more important for
intercropping adoption by small landholders as they target the total
system yield rather than the yield of particular species. In estimating the
NE, the expected yield of the intercropping system is based on the
productivity of the crops in sole cropping systems, and it is used as a
benchmark (Elhakeem et al., 2019). Furthermore, it (NE) can be broken
down into two components: (i) complementarity effect (CE), which re-
flects the total yield gain of both intercrops; and (ii) selection effect (SE),
which indicates the relationship between the relative yield gains of in-
tercrops in the intercropping system and their yields in sole cropping
systems (Li et al., 2020). Finally, the NE is equal to CE + SE, and the CE
assesses the true complementarity between intercrops in the intercrop-
ping system, while the SE characterizes the competitive dominance of
one intercrop over the other in the intercropping system (Elhakeem
etal.,, 2019; Li et al., 2020; Mahmoud et al., 2022). Therefore, this study
uses the additive partitioning method to determine the effects of
different spatial configurations on the performance and economic
viability of legume-based wheat intercropping systems. Thus, we hy-
pothesized that the legume-based wheat intercropping system would (i)
achieve higher crop yield and nutrient (nitrogen, N; and phosphorus, P)
uptake than the expected yield and nutrient uptake in their respective
sole systems, (ii) achieve the highest yield and nutrient advantage (high
NE and CE, and low SE) with pWS than NS, (iii) and be an economically
viable crop production strategy for arid irrigated regions, where agri-
culture is under threat due to climate effects.

2. Materials and methods
2.1. Research site

This study was conducted during the winter season of 2021, 2022,
and 2023 in Khairpur Tamewali, a research site of the National Research
Center of Intercropping (NRCI), the Islamia University of Bahawalpur,
Pakistan, located at 72.27°E, 29.63°N, and 130 m above sea level. The
weather data (monthly average temperature, monthly average photo-
synthetically active radiations, and monthly rainfall) during the crop-
ping seasons of this study are presented in Table 1. The soil texture of the
research site was sandy loam. The research site is recognized as an arid
irrigated area, and it has an organic matter, pH, total N, P, potassium
(K), and bulk density of 4.9 gkg ™!, 7.7, 0.4 gkg !, 5.2 mg kg%, 75.2 mg
kg~!, and 1.43 Mg m~3, respectively.
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2.2. Experimental details

We selected one cereal and three legumes commonly sown in this
region as sole crops. The selected cereal was wheat (Triticum aestivum
L.), and legumes were chickpea (Cicer arietinum L.), pea (Pisum sativum
L.), and soybean (Glycine max L.). The experiment had a randomized
complete block design with ten treatments and three replications. Each
block comprised four sole treatments of the selected crops and three
legume-based wheat intercropping treatments (Fig. 1). This study
compared the growth and yield performance of sole wheat/chickpea/
pea/soybean with intercropped wheat and chickpea/pea/soybean in
wheat/chickpea, wheat/pea, and wheat/soybean strip intercropping
systems, which were planted with narrow strips (NS) of 0.6 m or
partially wide strips (pWS) of 1.2 m for each intercrop. The plot area for
each treatment in NS and pWS under intercropping systems was 86.4 m>
(7.2m x 12 m) and 172.8 m? (14.4 m x 12 m), respectively, while the
plot area for each treatment under sole cropping systems was 86.4 m?>
(7.2 m x 12 m). In all treatments, a distance of 15 cm was kept between
wheat rows, a distance of 30 cm was maintained between chickpea/
soybean/pea rows, and a strip distance of 22.5 cm was kept between
wheat and chickpea/soybean/pea strips in intercropping treatments.
Both intercrops in all intercropping systems were planted with equal
land proportions: 50% of the land area for wheat and 50% for chickpea/
soybean/pea. The chickpea/soybean was sown at 16.7 plants m ™2 in sole
soybean/sole chickpea, the pea at 33.3 plants m~2 in sole pea, and the
wheat at 220 plants m~2 in sole wheat. Besides, in intercropping treat-
ments, 50% of the sole planting density of all crops was used for each
intercrop, which rendered the total planting density of intercropping
treatments equal to one (Van Der Werf et al., 2021). All agronomic
practices (sowing and harvesting) and protection measures (weeding
and spraying) were done manually and kept uniform in all treatments,
except threshing, which was done using the multi-crop threshing
machine.

Each year, the late-sown chickpea variety ‘Noor-13’, the elite line of
soybean “UAF-SOY-01” recommended for early-sowing, pea variety
‘Barani Matar’, and wheat variety ‘Fakhar e Bakhar’ were planted in the
first week of November. Each year, the soybean and pea were harvested
from all treatments in the last week of March, and the chickpea and
wheat were harvested in the second week of April. At the sowing, P was
used @ 60 kg ha™! as the basal dose in all plots. Then, for wheat, at 45
and 75 days after germination, the first and second doses of N were
applied @ 60 kg ha™! in wheat rows in all treatments. For chickpea/
soybean/pea, at 45 and 60 days after germination, the first and second
doses of N were applied @ 30 kg ha! in chickpea/soybean/pea rows in
all treatments. We used diammonium phosphate and urea as N and P
fertilizer sources. All plots were irrigated with the same amount of
water; irrigation was done using the flooding method by following the
local government’s irrigation advisory for wheat and chickpea/soy-
bean/pea production.

2.3. Measurements

The dry matter (kg ha_l) and nutrient uptake (N and P; kg ha_l) of

Table 1

Monthly average temperature, monthly average photosynthetically active radiations (PAR), and monthly rainfall during the wheat growing seasons of 2021, 2022, and

2023.
Months Temperature (°C) PAR (Wm2) Rainfall (mm)

2021 2022 2023 2021 2022 2023 2021 2022 2023

November 20 22 23 62 63 66 05 01 07
December 14 16 17 58 53 60 03 05 02
January 13 14 13 59 62 64 12 15 09
February 19 18 21 82 84 86 05 07 05
March 25 27 24 104 107 104 03 02 02
April 29 34 24 127 126 104 07 05 05
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Fig. 1. Field layout of different intercropping and sole treatments. Treatment codes refer to NS (legume-based wheat intercropping systems with narrow strips; in NS,
each intercrop had a strip 0.6 m, and the total strip width was 1.2 m), pWS (legume-based wheat intercropping systems with partially wide strips; in pWS, each

intercrop had a strip 1.2 m meters, and the total strip width was 2.4 m).

wheat, chickpea, pea, and soybean were determined four times, e.g.,
flower initiation/tillering, pod initiation/booting, seed initiation/grain-
filling, and maturity. For this purpose, at each sampling time, ~ 1 m?
(0.6 m x 1.7 m from NS and 1.2 m x 0.85 m from pWS) plants of all
crops were manually harvested from all treatments and dried under the
sun for fifteen to twenty days until they achieved a constant weight.
Then, firstly, the dry matter was measured, and secondly, the nutrient
uptake of all crops was determined following the previously published
procedure and methods, e.g., the Kjeldahl method for N (Bremner, 1996)
and Vanadomolybdate method for P (Ahmed et al., 2018). The dry
matter of all crops in the study was defined as the sum of all the above
ground plant parts of wheat and chickpea/soybean/pea at each sam-
pling time. The grain yield of wheat, chickpea, pea, and soybean was
determined at the maturity of each crop by harvesting the 3.6 m? (0.6 m
x 6 m from NS and 1.2 m x 3 m from pWS) area from intercropping and
sole treatments. The harvested wheat, chickpea, pea, and soybean
samples were dried in sunlight for 10-15 days. After that, the wheat,
chickpea, pea, and soybean grain yield from all treatments was deter-
mined and expressed as the kg ha™?

2.4. Net biodiversity effect

The net biodiversity effect (NE; t ha~1) is calculated as the difference
between the observed total grain yield and the expected total grain yield
of intercrops (Loreau and Hector, 2001):

= (IGYC +IGYL) — (SRDC x SGY ¢ + SRD; x SGYL) (a)

Where IGY¢ and IGY), are the grain yields of cereal (wheat) and
legume (chickpea/soybean/pea), respectively, in intercropping treat-
ments; the SRD¢ and SRDy, are the scaled relative densities of cereal and
legume, respectively, which are calculated as the relative density (RD;
the planting density of intercrop divided by the planting density of sole
crop, which was 0.5, as we used the 50% of the sole planting density for
each intercrop) of cereal or legume divided by the total relative density
of cereal and legume (RD¢ + RDy) in intercropping; and SGY¢ and SGYy,
are the grain yields of cereal and legume, respectively, under sole
cropping treatments (Li et al., 2020). If the observed grain yield of

intercropping exceeds the expected grain yield of sole crops, then the NE
value will be higher than zero (NE > 0), which means there is a yield
gain in intercropping (Elhakeem et al., 2019). As mentioned earlier, the
NE can be broken down into CE and SE (Loreau and Hector, 2001;
Mahmoud et al., 2022):

NE = CE+SE (b)

The CE, in general, explains whether, on average, the intercropping
of two crop species (cereal with chickpea/soybean/pea) benefits each
other in intercropping or not. The CE is calculated using the following
equation:

CE = N x uRYG, x uGYy ©

Where N is the total number of intercrops in intercropping treat-
ments, as in this study, it is always equal to two. The pRYG is the
average relative yield gain of intercrops (RYG¢ + RYGr/2; RYG¢ and
RYG,, are the relative yield gain of cereal and legume, respectively),
calculated as the difference between the relative yield (RY; the grain
yield of intercrop divided by the grain yield of the sole crop) and the
expected relative yield (equal to scaled relative density). The pGYs is the
average grain yield of sole crops (SGY¢ + SGYL/2). Thus, a positive CE
value means that the yield gain of intercropping was due to the positive
interactions between intercrops, e.g., niche complementarity and/or
facilitation, while a negative CE value means that the competition be-
tween intercrops exceeded the niche complementarity and/or facilita-
tion (Mahmoud et al., 2022). Finally, the SE is estimated using the
following question (Li et al., 2020):

SE = % « (ARYGc¢ — ARYG,) x (SGYc — SGY;) @

The SE value typically indicates to which extent an intercrop (cereal
or legume in this study) with a greater yield in sole cropping treatment
produces a higher relative yield gain in intercropping treatment. If the
value of SE is positive, then it means the maximum relative yield gain in
intercropping treatment was linked with the highest-yielding crop in
sole treatment; similarly, if the value of SE is negative, then it indicates
that the highest relative yield gain in intercropping treatment is
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associated with the lowest-yielding crop in sole treatment (Elhakeem
et al., 2019; Li et al., 2020). Additionally, the values of NE, CE, and SE
for N (NEy, CEn, and SEy) and P (NEp, CEp, and SEp) uptake were
determined with the same formulas and equations that were used for
yield, with N and P uptake (kg ha™') substituted for yield (Elhakeem
et al., 2019). For this purpose, we only used the N and P uptake data of
the maturity stage of wheat and chickpea/soybean/pea under different
treatments.

2.5. Intercropping advantage and economics

The land equivalent ratio (LER) usually indicates the land use
advantage of intercropping systems over sole systems. The LER is
calculated by first calculating the partial LER of cereal (pLERc) and
legume (pLER;) using the following equation (Feng et al., 2020):

GYic
LER: =
D c GYsc (e)
GYp,
LER; =
DLER, GYq (€3]

Where the GYjc or GYy is the grain yield of cereal (wheat) or legumes
(chickpea/soybean/pea) in intercropping treatments, and the GYg¢ or
GYg, is the grain yield of cereal or legumes in sole treatments. Then, the
total LER is determined using the following equation (Feng et al., 2020):

LER = pLER¢ +pLER; (g

When the value of the total LER is >1, it indicates the land-use
advantage of intercropping, but if the value of the total LER is <1,
then it means there is no advantage of intercropping over sole cropping.
Additionally, to determine the competition between chickpea/soybean/
pea and wheat under different legume-based wheat intercropping sys-
tems, we estimated the competition ratios of each intercrop using the
following simplified equations (Raza et al., 2024):

pLERC
CR¢ = x 1 (h)
¢~ DLER,
_ DLER, .
CR; = PLER, x 1 (@)

Importantly, these simplified equations to calculate the CR should
only be used here or where each intercrop’s relative cropping density is
equal to one. In this study, we used the 50% sole planting density of
chickpea/soybean/pea and wheat under different legume-based wheat
intercropping systems that rendered the total planting density of each
system equal to one.

The net income from each treatment was calculated to estimate the
economic viability of legume-based wheat intercropping treatments
over sole treatments. The total production cost of wheat, chickpea, pea,
and soybean in all treatments, from sowing to harvesting, was calculated
as per the local market and labor rates. The total production cost
included the cost of seed, land preparation, sowing, fertilizers (N and P),
pesticides, irrigation charges, labor, harvesting, and threshing. Then, the
gross income of all treatments was estimated considering the crop yields
and their market price at the local market. The net income was estimated
using the following equation:

Net income = Gross income — Total cost @G

2.6. Statistical analysis

This study was conducted over three consecutive years during the
winter seasons of 2020-21, 2021-22, and 2022-23, with three replica-
tions for each treatment. We used the generalized linear mixed effect
model (GLMM) in SPSS 29 to (a) analyze the individual and interactive
effects of years, cropping systems (legume/wheat intercropping with
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narrow strips, NS, legume/wheat intercropping with partially wide,
pWS, and sole crop, SC), and growth stages on dry matter, nutrient (N
and P) uptake, and (b) analyze the individual and interactive effects of
years and cropping systems on grain yield, pLER, LER, CR, and biodi-
versity effects (NE, CE, and SE) for yield and nutrient uptake at the final
harvest within each intercropping system separately (see model details
in Supplementary Table S1 and mixed model ANOVAs in Supplementary
Table S2-10). The interactions determined were years x cropping sys-
tems, years x growth stages, cropping systems x growth stages, and
years x growth stages x cropping systems. In GLMM analysis, years,
cropping systems (NS, pWS, and SC), and growth stages were considered
fixed factors, while replication was included as a random effect
(Mcculloch et al., 2008). The significant differences among sole and
intercropping treatments were determined using the LSD (least signifi-
cant difference) test at a 5% probability level (p < 0.05). All figures and
tables report the means and standard errors of means based on the three
replicates per treatment. Standard errors were calculated as the standard
deviation divided by the square root of the sample size.

3. Results
3.1. Dry matter accumulation

The cropping systems and growth stages had a significant effect (p <
0.05) on wheat, chickpea, soybean, and pea dry matter, and years also
had a significant effect on dry matter of all crops except for chickpea; the
interactive effects between years x cropping systems and years x
cropping systems x growth stages for dry matter were weak, except for
soybean and pea, respectively; and the interactions between years x
growth stages and cropping systems x growth stages for dry matter were
strong and significant for all crops (Table S2). Specifically, wheat
(Fig. 3a-1) obtained the maximum dry matter, followed by chickpea
(Fig. 2a-d), pea (Fig. 2i-1), and soybean (Fig. 2e-h), and all crops ach-
ieved the highest dry matter values in sole systems than intercropping
systems at each measuring stage. Moreover, all intercrops consistently
had the highest dry matter with pWS compared to NS. In intercropping,
wheat produced the maximum dry matter in wheat/chickpea and the
minimum dry matter in wheat/soybean at all stages. For example, at
maturity, the mean highest dry matter of wheat with NS and pWS in
wheat/chickpea (5183.9 kg ha™! and 5718.5 kg ha™!) was 4% and 5%
higher than the corresponding values in wheat/pea (4958.5 kg ha! and
5506.8 kg ha™!) and 9% and 11% higher than the corresponding values
in wheat/soybean (4762.3 kg ha™! and 5130.8 kg ha™!), respectively.
Whereas, among legumes, on average, at maturity, the chickpea
(2404.1 kg ha’l), soybean (1765.7 kg ha’l), and pea (1877.9 kg ha )
accumulated 26%, 24%, and 17% higher dry matter with pWS than the
corresponding values of chickpea (1913.2 kg ha™1), soybean (1420.6 kg
ha’l), and pea (1598.4 kg ha~!) with NS under wheat/chickpea, wheat/
soybean, and wheat/pea, respectively.

3.2. Nitrogen and phosphorus uptake

The cropping systems and growth stages had a significant effect (p <
0.05) on wheat, chickpea, soybean, and pea N uptake, and years had a
significant impact on N uptake of all crops, except for wheat in wheat/
chickpea; the interactions between years x cropping systems and years
x cropping systems x growth stages for N uptake were non-significant,
except for chickpea and soybean and wheat in wheat/chickpea and
wheat/soybean; and the interactions between years x growth stages and
cropping systems x growth stages for N uptake were found significant
for all crops (Table S3). Legumes and wheat always uptake higher N in
sole systems than in intercropping systems at all sampling stages
(chickpea; Fig. 4a-c and Table 2, soybean; Fig. 4d-f and Table 3, and pea;
Fig. 4g-i and Table 4, and wheat; Fig. 5a-i and Tables 2-4). The mean
highest N uptake was measured in wheat (211.2 kg ha™1), followed by
chickpea (178.1 kg ha™1), pea (163.6 kg ha™!), and soybean (149.3 kg
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Fig. 2. Dry matter of chickpea (a-d), soybean (e-h), and pea (i-1) at the flower initiation, pod initiation, seed initiation, and maturity stages under different inter-
cropping and sole treatments. Treatment codes refer to NS (chickpea/soybean/pea intercropped with wheat in narrow strips), pWS (chickpea/soybean/pea inter-
cropped with wheat in partially wide strips), SCp (sole chickpea), SSy (sole soybean), and SPe (sole pea).

ha™1) in sole systems. Besides, in intercropping, the maximum N uptake
in all crops was always noted with pWS at all stages. On average, at
maturity, the highest N uptake in chickpea (131.1 kg ha™!), soybean
(99.5 kg ha_l), and pea (114.1 kg ha_l) with pWS was 37%, 39%, and
34% higher than the N uptake in chickpea (95.6 kg ha™?!), soybean (71.3
kgha™1), and pea (84.9 kg ha™!) with NS under wheat/chickpea, wheat/
soybean, and wheat/pea, respectively (Tables 2-4). Similarly, at all
stages, the maximum and minimum N uptake in wheat was obtained
with pWS and NS in wheat/chickpea and wheat/soybean, respectively.
For instance, on average, at maturity, the highest N uptake of wheat with
NS and pWS in wheat/chickpea (120.1 kg ha~! and 149.5 kg ha™!) was
6% and 9% higher than those of wheat/pea (112.7 kg ha~! and 137.5 kg
ha™1) and 11% and 16% higher than those of wheat/soybean (108.6 kg
ha ! and 129.1 kg ha™1).

The years, cropping systems, and growth stages showed significant
effects (p < 0.05) on both legumes and wheat P uptake; the interaction
between years x cropping systems was significant for wheat and soy-
bean and non-significant for chickpea and pea P uptake; the interactions
between years x growth stages for P uptake were significant for all
crops, except for chickpea; the interactive effects between cropping
systems x growth stages for P uptake were found significant; and the
interactive effects among years x cropping systems x growth stages for
P uptake were significant, except for soybean and pea (Table S4).
Generally, all crops always uptake higher P in sole systems than in
intercropping systems at all stages (chickpea; Fig. 6a-c and Table 2,
soybean; Fig. 6d-f and Table 3, and pea; Fig. 6g-i and Table 4) and wheat
(Fig. 7a-i and Tables 2-4). While, in intercropping, all crops always had
higher P uptake with pWS than with NS, and the highest P uptake was

measured in wheat, followed by chickpea, pea, and soybean at all stages.
On average, at maturity, chickpea (18.2 kg ha™!), soybean (13.6 kg
ha™'), and pea (15.2 kg ha™!) had 33%, 42%, and 35% higher P uptake
with pWS than the P uptake in chickpea (13.7 kg ha™1), soybean (9.6 kg
ha™'), and pea (11.2 kg ha™!) with NS in wheat/chickpea, wheat/soy-
bean, and wheat/pea, respectively. Similarly, on average, at maturity,
wheat intercropped with chickpea, soybean, and pea had 70%, 58%, and
66% of sole wheat P uptake with pWS and 59%, 53%, and 55% of sole
wheat P uptake with NS under wheat/chickpea, wheat/soybean, and
wheat/pea, respectively.

3.3. Grain yield, land equivalent ratio, and competition ratio

The year had a significant effect (p < 0.05) on the grain yield of
chickpea and wheat in wheat/soybean and wheat/pea, while it showed
a non-significant impact on the grain yield of pea, soybean, and wheat in
wheat/chickpea; the cropping systems depicted significant effect on the
grain yield of all crops; and the interaction between years x cropping
systems for grain yield was found non-significant (Table S5). Both le-
gumes and wheat consistently produced higher grain yields in sole
systems than in intercropping treatments (Tables 2-4). When averaged
over the three years and treatments, the grain yield of all crops exhibited
the following trend: wheat > chickpea > pea > soybean. In addition, all
intercrops had the maximum grain yields with pWS compared to NS in
intercropping systems. On average, wheat achieved 61% (2530.4 kg
ha™1), 56% (2357.1 kg ha 1), and 59% (2471.4 kg ha™!) with NS and
67% (2802.7 kg ha™), 60% (2510.8 kg ha '), and 63% (2645.7 kg
ha’l) with pWS of sole wheat grain yield (4176.3 kg hafl) in wheat/
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Fig. 3. Dry matter of wheat at the tillering (a, e, and i), booting (b, f, and j), grain-filling (c, g, and k), and maturity (g, h, and 1) stages under narrow and partially
wide strips in different intercropping and sole treatments. Treatment codes refer to NS (wheat intercropped with chickpea/soybean/pea in narrow strips), pWS
(wheat intercropped with chickpea/soybean/pea in partially wide strips), and SW (sole wheat).

chickpea, wheat/soybean, and wheat/pea, respectively. While, among
legumes, chickpea produced the maximum grain yield with NS (899.4
kg ha™!) and pWS (1106.5 kg ha™!) in wheat/chickpea, which was
136% and 131% higher than the soybean grain yield with NS (381.7 kg
ha!) and pWS (479.4 kg ha™!) in wheat/soybean and 18% and 20%
higher than the pea grain yield with NS (763.4 kg ha—1) and pWS (924.9
kg ha™!) in wheat/pea, respectively.

The year had a non-significant effect (p < 0.05) on pLER and total
LER of all crops in intercropping systems, except for the total LER of
wheat/soybean; the cropping systems consistently showed significant
impact on pLER and total LER of all crops and intercropping systems;
and the interactions between years x cropping systems for pLER and
total LER were found non-significant, except for pLER of wheat in
wheat/pea (Table S6). Specifically, in all years, both NS and pWS
showed varied effects on partial LER values of wheat and legumes
(chickpea, soybean, and pea) and total LER (LER¢ + LER}) values under
wheat/chickpea, wheat/soybean, and wheat/pea intercropping systems
(Tables 2-4). On average, across the three years, all intercrops achieved
the highest partial LER values with pWS than with NS and exhibited the
following trend for partial LER values: chickpea (0.69) > wheat (0.67)
> pea (0.66) > soybean (0.59). The total LER values of wheat/chickpea,
wheat/soybean, and wheat/pea ranged from 1.15 to 1.40, 0.99 to 1.23,
and 1.12 to 1.36, respectively (Tables 2-4). Overall, when averaged
across the three years, the highest total LER values with NS (1.17) and
PWS (1.36) were obtained in wheat/chickpea, while the lowest total LER
values with NS (1.04) and pWS (1.20) were noticed under wheat/
soybean.

The cropping systems depicted significant effects (p < 0.05) on the

CR of all crops in intercropping systems. However, years and the inter-
active effects between years x cropping systems for CR were weak and
non-significant (Table S7). Overall, both spatial configuration treat-
ments showed varied effects on the CR of chickpea, soybean, pea, and
wheat across the years (Tables 2-4). On average over the three years,
among legumes, the highest value CR was noticed for pea (1.03), fol-
lowed by chickpea (1.02) and soybean (0.99) with pWS, and with NS,
the highest value CR was measured for chickpea (0.92), followed by pea
(0.91) and soybean (0.84). While, the mean maximum CR value (1.20)
of wheat was measured with NS in wheat/soybean, and the mean min-
imum CR value (0.97) of wheat was noted with pWS in wheat/pea
intercropping.

3.4. Net biodiversity effect, complementarity effect, and selection effect

Similar to pLER and total LER values, years depicted varied impacts
on NE, CE, and SE values for grain yield, N, and P uptake under wheat/
chickpea, wheat/soybean, and wheat/pea intercropping systems
(Tables 2-4 and Tables S8-S10). However, cropping systems showed
significant effects on NE, CE, and SE values for grain yield, N, and P
uptake in all intercropping systems, while the interaction between years
and cropping systems for NE, CE, and SE values for grain yield, N, and P
uptake was weak and non-significant, except for NE and CE values for
grain yield of wheat/pea intercropping system (Tables S8-S10). Gener-
ally, the grain yield, N, and P uptake of wheat and legumes with pWS
resulted in yield (positive NE) and nutrient uptake gains (positive NEy
and NEp) in intercropping systems. On average, the maximum NE
(1012.4 kg ha 1), NEy (86.0 kg ha™1), and NEp (11.7 kg ha™!) values
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Fig. 4. Nitrogen (N) uptake of chickpea (a-c), soybean (d-f), and pea (g-i) at the flower initiation, pod initiation, and seed initiation stages under different inter-
cropping and sole treatments. Treatment codes refer to NS (chickpea/soybean/pea intercropped with wheat in narrow strips), pWS (chickpea/soybean/pea inter-
cropped with wheat in partially wide strips), SCp (sole chickpea), SSy (sole soybean), and SPe (sole pea).

were noticed with pWS in wheat/chickpea; the minimum NE (246.1 kg
ha’l), NEy (48.4 kg ha’l), and NEp (5.7 kg ha~!) values were found
with NS in wheat/soybean, indicating that the yield and nutrient uptake
gains were positively or negatively associated with legume choice and
strip width in intercropping systems.

Besides, when averaged over the three years, all three intercropping
systems attained positive CE, CEy, and CEp values with NS and pWS,
except for CEy and CEp with NS in wheat/soybean. In intercropping
systems, wheat/chickpea had achieved the mean highest complemen-
tarity effect (CE; 1034.2 kg ha’l, CEy; 86.6 kg ha’l, and CEp; 11.7 kg
ha™) values with pWS, while wheat/soybean had the mean lowest
complementarity effect (CE; 89.9 kg ha~!, CEy; —1.3 kg ha~!, and CEp;
—0.2 kg ha™) values with NS. The difference in CE, CEy, and CEp values
between NS and pWS was mainly due to the appropriate growing space
in pWS that allowed intercrops to complement each other positively
rather than competing for the resources (nutrients).

Moreover, on average, over the three years, the SE, SEy, and SEp
values were always found positive with NS and negative with pWS under
all intercropping systems, except for positive SE with pWS in wheat/
soybean. Specifically, the mean highest SE (156.1 kg ha™1), SEy (1.0 kg
ha™1), and SEp (0.3 kg ha™1) values were noted with NS under wheat/
soybean; the mean lowest SE (31.0 kg ha™1), and SEy (—1.9 kg ha 1 and
SEp (—0.4 kg ha™!) values were noted with pWS in wheat/pea and
wheat/soybean, respectively. These SE, SEy, and SEp values indicate
that the relative yield and nutrient uptake of chickpea and pea with NS
and soybean with NS and pWS was always lower than the relative yield
and nutrient uptake of wheat under intercropping systems.

3.5. Economic return

The crop yield of legumes and wheat under different cropping sys-
tems showed a direct impact on the economic returns of each treatment
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Fig. 5. Nitrogen (N) uptake of wheat at the tillering (a, d, and g), booting (b, e, and h), and grain-filling (c, f, and i) stages under narrow and partially wide strips in
different intercropping and sole treatments. Treatment codes refer to NS (wheat intercropped with chickpea/soybean/pea in narrow strips), pWS (wheat intercropped

with chickpea/soybean/pea in partially wide strips), and SW (sole wheat).

(Table 5). When averaged over the three years, among intercropping
treatments and systems, the highest gross income (2278 USD ha™') and
net income (1647 USD ha~!) were noticed with pWS in wheat/pea,
while the lowest gross income (1127 USD ha~!) and net income (532
UsSD ha’l) were obtained with NS in wheat/soybean. Overall, on
average, compared to sole wheat, wheat/pea with NS and pWS
increased the net income by 95% and 141%, respectively; wheat/
chickpea with NS and pWS enhanced the net income by 19% and 52%,
respectively, demonstrating that the wheat/pea and wheat/chickpea
with pWS were economically more profitable than the traditional sole
wheat system.

4. Discussion

Legume intercropping with cereals often produces a higher total
system yield (legume yield + cereal yield) than their yield in sole

cropping systems due to their agro-ecological interactions (Ahmed et al.,
2018; Li et al., 2020). Specifically, cereal/legume intercropping en-
hances complementary and facilitative interactions while reducing
competitive interactions between intercrops through varied crop func-
tional diversity and architectural differences (Latati et al., 2016; Raza
et al., 2021a). However, the positive or negative influence of such in-
teractions on the system-level productivity is primarily determined by
many factors, such as the choice of crop combination (Latati et al., 2019;
Raza et al., 2023b) and planting configuration (Feng et al., 2019; Khalid
et al., 2023; Yang et al., 2017). Therefore, in this study, we investigated
the complementarity of three different legumes (chickpea, soybean, and
pea) with wheat and examined how the spatial configuration (narrow
strips (NS) of 0.6 m or partially wide strips (pWS) of 1.2 m for each
intercrop) affects the performance of legume-based wheat intercropping
systems in terms of dry matter accumulation, nutrient uptake (N and P),
and economic returns. We hypothesized that the legume-based wheat
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Fig. 6. Phosphorus (P) uptake of chickpea (a-c), soybean (d-f), and pea (g-i) at the flower initiation, pod initiation, and seed initiation stages under different
intercropping and sole treatments. Treatment codes refer to NS (chickpea/soybean/pea intercropped with wheat in narrow strips), pWS (chickpea/soybean/pea
intercropped with wheat in partially wide strips), SCp (sole chickpea), SSy (sole soybean), and SPe (sole pea).

intercropping system would (i) achieve higher crop yield and nutrient
uptake than the expected yield and nutrient uptake in their respective
sole systems, (ii) achieve the highest yield and nutrient advantage (high
NE and CE, and low SE) with pWS than NS, (iii) and be an economically
viable crop production strategy for arid irrigated regions, where agri-
culture is under threat due to climate effects. Our results confirmed that,
on average, over three years, all intercropping systems achieved higher
crop productivity and nutrient uptake with pWS than the expected yield
and nutrient uptake in their respective sole systems; all legume wheat
combinations achieved higher and positive NE and CE values with pWS
than with NS; and wheat/pea and wheat/chickpea intercropping were
economically viable production strategies under arid irrigated condi-
tions, while wheat/soybean intercropping was not economically prof-
itable than sole wheat. Moreover, despite the consistent management
practices and weather conditions across the three years of this experi-
ment, the years showed varied (significant and non-significant)

10

responses on all the measured parameters of legumes and wheat in
different intercropping and sole cropping systems. Notably, most pa-
rameters improved over time and achieved higher values for dry matter,
nutrient uptake, and grain yield in the last experimental year (2023)
than in the previous year (2021). The possible reasons for these effects
may be linked to (i) subtle environmental differences (microclimatic
variations) and soil profile conditions (soil nutrient cycling changes)
within each strip/treatment and intercropping combinations (Feng
etal., 2019), and (ii) varying physiological responses (photosynthetic or
respiration rates) of legumes and wheat that tend to vary each year
slightly with changing planting configurations, e.g., if one crop achieves
higher leaf area than other crops experiences shading conditions (Yang
et al., 2017), which reduces the carbohydrate production and final
system yield of intercropping systems (Raza et al., 2021a), contributing
to the observed overall variability among different cropping systems and
treatments in all years. Similar findings have been reported in previous
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Fig. 7. Phosphorus (P) uptake of wheat at the tillering (a, d, and g), booting (b, e, and h), and grain-filling (c, f, and i) stages under narrow and partially wide strips in
different intercropping and sole treatments. Treatment codes refer to NS (wheat intercropped with chickpea/soybean/pea in narrow strips), pWS (wheat intercropped

with chickpea/soybean/pea in partially wide strips), and SW (sole wheat).

long-term studies, where their data showed that intercropping produc-
tivity increases with species richness and time (Cardinale et al., 2007;
Reich et al., 2012; Zhang et al., 2021b). For instance, a meta-analysis
including the study time as a covariable revealed that transgressive
overyielding of intercropping systems significantly improved over time
(Cardinale et al., 2007); in long-term experiments (>13 years of study)
on grassland biodiversity confirmed that the positive effects of species
richness on dry matter production and system productivity increased
with time (Reich et al., 2012); in addition, in another long-term study
(>08 years of experiment) crop diversity significantly improved the root
biomass accumulation pattern from fourth growing season in year two to
onwards, and this positive effect on root biomass became more and more
pronounced over time (Ravenek et al., 2014). However, further studies
are required, focusing on detailed monitoring of crop type, plant growth
habits, and soil conditions to fully understand the effects of subtle
environmental and soil conditions for large-scale adoption of legume-
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based wheat intercropping systems.

Generally, in this study, crops in sole systems always accumulated
more dry matter and nutrients than their relative values in intercropping
systems. However, in intercropping treatments, the strip width and
legume choice were the main factors that determine the net productivity
of legume-based wheat intercropping systems. For instance, compared
to narrow strips, partially expanding the strip width (pWS) significantly
enhanced relative dry matter accumulation and nutrient uptake in all
wheat-legume combinations. This higher productivity of all intercrop-
ping systems with pWS could be due to the reduced dominance of cereals
over legumes, as evidenced by the significantly higher difference in
legume biomass accumulation than wheat between NS and pWS.
Consistently, the reduced dominance of wheat in pWS also resulted in a
higher uptake of N and P in the intercropped chickpea, pea, and soybean
than NS. These results reflect that spatial arrangement/strip width
regulated the resource capture of intercrops and encouraged the
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Table 5
Total expense, gross income, and net income of legume-based wheat intercropping systems under different intercropping and sole treatments. All values are presented
in USD ha'.
Planting systems Treatments Expenditures Gross income Net income
2021 2022 2023 2021 2022 2023 2021 2022 2023
Wheat/chickpea NS 598 604 551 1398 1335 1472 800 731 921
pWS - - - 1685 1516 1680 1087 912 1129
Wheat/soybean NS 602 614 568 1015 865 1162 413 250 594
pWS - - - 1106 1004 1270 504 390 702
Wheat/pea NS 639 651 603 2159 1935 1807 1519 1285 1204
pWS - - - 2653 2184 1997 2014 1533 1394
Sole cropping Wheat 639 660 650 1429 1128 1444 789 469 794
Chickpea 579 563 465 995 1124 1088 416 561 623
Soybean 571 559 474 529 504 617 —43 —55 143
Pea 647 632 543 2458 2293 1776 1811 1661 1232

Treatment codes refer to NS (chickpea/soybean/pea intercropping with wheat in narrow strips; in NS, each intercrop had a strip 0.6 m), pWS (chickpea/soybean/pea
intercropping with wheat in partially wide strips; in pWS, each intercrop had a strip 1.2 m meters). The market price for all crops was obtained in April 2021, 2022, and
2023. The market price for wheat was USD 345 t ! in 2021, 276 t ! in 2022, and 336 t ! in 2023; for chickpea, it was USD 675 t ! in 2021, 686 t ! in 2022, and 625 t !
in 2023; for soybean, it was USD 650 t ™! in 2021, 615 t ! in 2022, and 776 t* in 2023; for pea, it was USD 1840 t ™! in 2021, 1593 t~! in 2022, and 1207 t ! in 2023.

strip width could reduce the competitive interactions and species
domination in legume-based wheat intercropping systems.

Previous field observations have reported that intercropping of ce-
reals with legumes improves land productivity (Igbal et al., 2018) and
resource use efficiency (Raza et al., 2021a), which ultimately produces
higher economic returns than the corresponding sole cropping systems
(Feng et al., 2019). Similarly, in this study, all intercropping combina-
tions with both strip widths achieved total LER values higher than one,
which means that legume intercropping with wheat under arid irrigated
conditions was more productive than sole wheat cropping practice.
Specifically, the total LER values of legume-based wheat intercropping
systems ranged between 1.04 and 1.17 with NS and 1.20-1.36 with
pWS. The highest grain yields of cereal (wheat) and legume (chickpea)
in wheat/chickpea intercropping, followed by wheat/pea and wheat/
soybean intercropping, indicated that the legume choice in legume-
based wheat intercropping systems directly influenced the overall pro-
ductivity of the system (Latati et al., 2019; Raza et al., 2023b). The
provision of appropriate growing space for the intercropped species can
maximize the yield of both wheat and legumes (van Oort et al., 2020;
Zhang et al., 2015), especially in systems like wheat/chickpea where
complementary interactions are more dominant than competitive in-
teractions (Mahmoud et al., 2022). Moreover, in all years and inter-
cropping systems, the CR values of wheat and legumes with pWS were
always close to one, indicating that the chickpea/soybean/pea can be
intercropped with wheat, as both intercrops in their respective inter-
cropping systems with pWS were utilizing the available resources more
complementary rather than competitive manner. The possible reason for
these results is associated with the appropriate growing space for both
intercrops in pWS than in NS, as in most intercropping systems under
close or narrow strips, cereals always acquire and accumulate higher
land and nutrients, respectively, than legumes that in the end translate
into the uneven distribution of resources and yield plenty of legumes
(Raza et al., 2023a; Raza et al., 2019; Yang et al., 2017). Overall, the
results mentioned above led us to conclude that legume intercropping
with wheat using appropriate strip widths for both intercrops has sig-
nificant growth potential to increase legume production and maintain
wheat production by exploiting the complementarity and facilitation
interactions.

Since higher economic returns are mostly considered the primary
objective in the farmer’s fields, a simple economic assessment verified
that the intercropping systems with pWS were more profitable and
economically rational than the sole traditional wheat cropping system.
Among the four crops utilized in this study, the mean market price for
wheat, chickpea, soybean, and pea was USD 319 t’l, USD 662 t’l, USD
680t1, and 1547t %, respectively. As a result, the net profit of wheat/
pea and wheat/chickpea intercropping was considerably higher than the
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sole wheat system, making them economically captivating for wheat
farmers, especially with pWS. In contrast, the net profit in wheat/soy-
bean intercropping is more attributed to the selection effect, which
suggests that farmers should prefer sole wheat over wheat/soybean
intercropping to earn more yield and economic returns. All in all, both
wheat/pea and wheat/chickpea would be economically sustainable and
agro-ecological friendly systems, as they encourage resource use
complementarity between cereal and legumes. All three crops are locally
grown by the farmers, especially in South-Asian countries, e.g., China,
India, and Pakistan, and could be easily adapted to produce more
diverse and high protein grains under the present scenario of limited
resources and climate change.

5. Conclusion

This study revealed that legume choice in legume-based wheat
intercropping systems and appropriate strip width for each intercrop
were crucial in defining the relative nutrient and grain yield gains,
economic output, and inter-specific interactions between wheat and
legumes. These results provided an understanding of variation in dry
matter accumulation, nutrient uptake, grain yield, and dissection of net
biodiversity effect in wheat/chickpea, wheat/pea, and wheat/soybean
intercropping systems. The data reflected that wheat/chickpea inter-
cropping has the best complementarity compared to wheat/pea and
wheat/soybean, and it produced higher relative grain yield and accu-
mulated more nutrients (N and P) per unit of land and applied resources.
Both wheat/chickpea and wheat/pea intercropping systems produced
considerably higher net profits than wheat/soybean, while wheat/soy-
bean net profit was attributed mainly to a positive selection effect. These
results support that intercropping of wheat with legumes, especially
chickpea and pea, requires fewer anthropogenic inputs than conven-
tional sole systems and, thus, has the potential for sustainable agricul-
tural intensification with a reduced environmental footprint.
Additionally, the partially expanded strips in wheat/legume intercrop-
ping shift the ecological interactions in a positive direction and create
room for possible mechanization of the legume-based wheat intercrop-
ping systems. All in all, these results support the worth of legume-based
wheat intercropping with partially wider strips and provide a way for-
ward for agricultural engineers and agronomists to promote the adop-
tion of cereal legume intercropping systems through farmer-friendly
mechanization and production techniques.
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