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Intercropping has been acknowledged as a sustainable practice for enhancing

crop productivity and water use efficiency under rainfed conditions. However,

the contribution of different planting rows towards crop physiology and yield is

elusive. In addition, the influence of nitrogen (N) fertilization on the physiology,

yield, and soil water storage of rainfed intercropping systems is poorly

understood; therefore, the objective of this experiment was to study the

contribution of different crop rows on the physiological, yield, and related

traits of wheat/maize relay-strip intercropping (RSI) with and without N

application. The treatments comprised of two factors viz. intercropping with

three levels (sole wheat, sole maize, and RSI) and two N application rates, with

and without N application. Results showed that RSI significantly improved the

land use efficiency and grain yield of both crops under rainfed conditions.

Intercropping with N application (+N treatment) resulted in the highest wheat

grain yield with 70.37 and 52.78% increase as compared with monoculture and

without N application in 2019 and 2020, respectively, where border rows

contributed the maximum followed by second rows. The increase in grain

yield was attributed to higher values of the number of ears per square meter

(10-25.33% more in comparison to sole crop without N application) during both

study years. The sole wheat crop without any N application recorded the least

values for all yield-related parameters. Despite the absence of significant

differences, the relative decrease in intercropped maize under both N

treatments was over 9% compared to the sole maize crop, which was mainly

ascribed to the border rows (24.65% decrease compared to the sole crop) that

recorded 12 and 13% decrease in kernel number and thousand-grain weight,

respectively than the sole crop. This might be attributed to the reduced

photosynthesis and chlorophyll pigmentation in RSI maize crop during the
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blended growth period. In a nutshell, it can be concluded that wheat/maize RSI

significantly improved the land use efficiency and the total yield compared to the

sole crops’ yield in arid areas in which yield advantages were mainly ascribed to

the improvement in wheat yield.
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1 Introduction

The world’s burgeoning population (FAO et al., 2019),

consequences of climate change (Challinor et al., 2014), and water

shortage (Varis et al., 2017) are acknowledged to be the major

challenges for global food security. Cereal grains are consumed as

staple foods in many parts of the world. Therefore, their production

is to be increased to meet the food needs of the increasing

population (Grote et al., 2021). Furthermore, improved food

security will also depend on the judicious use of available

resources including land, water, and nutrients (Vågsholm et al.,

2020). Rainfed agriculture is one of the major water-saving practices

which occupy more than 80% of farmland area in the world and

60% in East- and South- Asia (Wani et al., 2009; David et al., 2011).

According to an estimate, about 60% of world grains are produced

from rainfed areas (UNESCO, 2009). However, the yield of crops in

rainfed areas is affected severely under changing climatic scenarios

(Bakhsh and Kamran, 2019). Several approaches, including mixed

cropping practices like intercropping, have been reported as

widespread land management practice to enhance resource use

efficiency. These can be used for achieving higher yield and

productivity under rainfed conditions (Li et al., 2020; Waha

et al., 2020).

Intercropping, growing two or more crops simultaneously in

the same field, has been reported as a sustainable agronomic

approach that not only promotes crop growth but also boosts

grain yield (Maitra et al., 2021). Many advantages have been

demonstrated with intercropping including better soil quality

(Roohi et al., 2022; Wolińska et al., 2022), enhanced microbial

populations (Obi et al., 2022; Zhao et al., 2022), reduced pest

populations (Yang et al., 2022), high nutrient acquisition

efficiency (Zhu et al., 2022), improved agronomic and

physiological parameters (Jo et al., 2022) and overall greater crop

yield (Brahimi et al., 2022). During the last few years, this practice

has gained considerable attention in irrigated agriculture (Cuartero

et al., 2022); various studies have reported a greater increase in grain

yield under irrigated conditions (Cuartero et al., 2022; de Sá Souza

et al., 2022). However, published reports demonstrated that this

practice requires a huge amount of irrigation water (Jannoura et al.,

2014). On the other hand, the unavailability of fresh water is one of

the major yield-limiting factors in rainfed areas (Dotaniya et al.,

2022). With the exception of recent studies (Erythrina et al., 2022;

Jo et al., 2022), there are no published reports on intercropping
02
under rainfed agriculture, particularly intercropping with dual

cereal crops. In addition, previous studies mainly focused on strip

intercropping (Alarcón-Segura et al., 2022; Jo et al., 2022), however,

limited information exists on relay-strip-intercropping (Raza

et al., 2022).

Wheat and maize are among the widely cultivated cereal crops,

both in irrigated and rainfed agriculture. In the Loess Plateau of

China, where rainfall is a major source of water for crop cultivation,

strip intercropping of these crops is a common practice (Li et al.,

2020). In intercropping, the “border effect” i.e., the ability of border

rows to capture more inputs than others and yield more, is a

common phenomenon (Li et al., 2020; Wang et al., 2021; Zhang

et al., 2021). However, there is a lack of information on the

contribution of inner and border rows towards crop yield,

particularly, in wheat-maize intercropping systems. Intercropping

significantly changes the canopy structure, which in turn can affect

the ventilation, light interception, and leaf area (Li et al., 2021).

Precious studies clearly demonstrated that inner rows intercept less

sunlight when compared with border rows. There is a direct

relationship between sunlight inception with crop photosynthesis

rates. It is also well demonstrated that leaf area greatly influences the

photoassimilates production and its supply to other organs which in

turn can affect the yield of crops (Raza et al., 2022). Similarly,

previously published reports have stated that changing the crop

geometry alters the leaf area and, in this way, indirectly influences

the production of photoassimilates for better growth and yield

(Raza et al., 2022).

Nitrogen is an essential element for plant growth and

development. Its application directly influences plant growth,

development processes, plant nutrient cycling, and photosynthetic

carbon (Zhang et al., 2007). Plants’ response to N application is

highly dose-dependent (Liang et al., 2019). For example, in a recent

study, Wang et al. (2022) demonstrated that increasing N rates

decreased N fertilizer utilization by crop plants. During the last few

years, most of the studies have discussed N’s influence on field-

grown crops under a monocropping system. However, less

attention has been devoted to the influence of N fertilization on

the growth, physiological traits, and productivity of crops,

particularly when grown in strip-intercropping. For this work, it

was hypothesized that N application would improve crop

physiology, yield, and land use efficiency in the wheat-maize

intercropping system under rainfed conditions. The objectives of

this study were to i) assess the effect of N fertilization on the
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physiology and yield performance of the rainfed intercropping

system, ii) and evaluate the performance of border- and inner-

rows in terms of physiological traits and yield of intercrops under

N fertilization.
2 Materials and methods

2.1 Site description

The experimental site was established at Northwest Agriculture

& Forestry University in 2019 and 2020 to explore the influence of

wheat/maize intercropping and N treatments on photosynthetic

and yield traits. The site at the experimental area is a loam soil with

26% field capacity and had been in under spring maize cultivation

during the last three years. The meteorology data of the site location

are from the nearest meteorological station and are given in

Figure 1. The regional climate had the following properties: the

yearly average temperature of 14.5°C and 575 mm of annual

precipitation between 1970 and 2019, of which >65% of rainfall is

concentrated from July to September. Pre-trial soil at the 0-30 cm

layer had the following properties: 0.92 and 0.052, 0.015 and 0.096 g

kg-1 of total N, available N, phosphorus (P), and potassium (K),

respectively; 11.82 ± 0.5 of organic matter and 8.14 of soil pH.
2.2 Experimental design

The experimental field was divided following the randomized

complete block design in which three intercropping viz. sole wheat,

sole maize, and relay-strip-intercropping of both crops and two

nitrogen levels viz. without- and with-N (basal application at 150

and 235 kg ha−1 for wheat and maize, respectively) application were
Frontiers in Plant Science 03
maintained with three replicates. Each treatment plot was 10.5 m in

length and 9 m in width comprising one meter follow area between

the experimental plots which have north-to-south orientation for

crop rows. Relay-strip-intercropping plots, with three strips in total,

have eight and four rows of wheat and maize with 1.6 and 1.9 m

widths, respectively in each strip. The whole planting geometry is

given in Figure 2. The commonly cultivated wheat and maize

cultivars viz. Yongliang 4 and Xianyu 335 were used with seedling

rates of 180 kg ha-1 and 66,670 plants ha-1, respectively. A row

spacing of 50, 30, and 20 cm was maintained for inter- and intra-

maize and wheat crops, respectively for sole-crops and RSI

treatments. Planting geometry was the same as the local practices

(Ma et al., 2020). For RSI experimental unit, 30 cm distance was

maintained between the adjacent crop rows. Wheat was sown on

October 21 and October 13, and maize was sown on April 06 and

March 30 during the first and second experimental years,

respectively. The competitive growth phase between the two crops

was about 2 months during both years. According to standard

grower practice, phosphorus and potassium were applied at 176 and

40 kg ha−1 by using tricalcium phosphate {Ca3(PO4)2} and sulphate

of potash, respectively. All fertilizers, including treated N, were

applied as the basal dose of both crops under both sole- and RSI

treatments. During both trial years, no irrigation was supplemented

for sole crops and TSI treatments.
2.3 Data collection and analysis

2.3.1 Yield and related traits
During both experimental years, at the maturity stage, plants

from sole- and intercropped- rows were harvested from each

experimental unit, containing eight and four rows (R) of wheat

and maize, respectively, to obtain the yield and related traits. After
FIGURE 1

Daily weather data including the precipitation and average temperature during both experimental years.
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manually threshing, the sun-dried grains of both crops were

weighed. The ear number per meter (EN) in each row was

counted. To calculate the kernels on each ear, approximately 20-

40 ears/cobs per row were counted and then averaged. Furthermore,

approximately 10-12 replications were harvested in each row to

determine the thousand grains’ weight. In the current work, for RSI-

wheat, R1 and R8 were described as border rows while adjusting

rows viz. R2 and R7 were specified as 2nd border rows. While R3 and

R6, and R4 and R5 were characterized as 3rd and center crop rows.

Similarly, for the maize crop, under RSI system, R1 and R4 were

described as the border while the remaining crop rows R2 and R3

were identified as the center crop rows. As opposed to RSI, we

ignored the border effect for sole cropping treatments. For yield

calculation, plants from the middle of the experimental area were

harvested to reduce the experimental error.

2.3.2 Photosynthetic attributes and SPAD values
A high efficient photosynthesis system LI-Cor, LI-6400XT was

employed for Pn, Tr, and Gs measurement. For SPAD values, we
Frontiers in Plant Science 04
used a dual-wavelength chlorophyll meter (SPAD 502, Minolta

Camera Co., Ltd., Japan). For photosynthetic indices, an LED leaf

chamber was used for the measurements. Furthermore, leaf water-

use-efficiency was premeditated as the ratio of Pn and Tr. For that,

we took the samples at about 10:00 a.m. on sunny days. For

measurements, fully emerged top leaves were considered prior to

the flag leaf stage and VT stage in wheat and maize, respectively.

After that, flag- and ear leaves were used respectively in wheat and

maize. For each experimental unit, the measurements were made by

using approximately 10-12 leaves in the border- and center rows.

The critical growth stages of both crops, as described in our

previous study (Li et al., 2019), were considered for the

measurements, including the SPAD value.

2.3.3 Soil water storage
The soil moisture meter Diviner 2000 was used for assessing the

soil water contents. For that, sampling was done from each 10 cm

soil profile until the soil depth of 160 cm. The measurements were

made during the critical crop growth phases, a detailed procedure is
B

C

A

FIGURE 2

Layout of sole- (A, B) and strip- (C) intercropping of both crops.
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described in our previous study (Li et al., 2020). The soil water

storage was determined as the multiplication of water content and

soil depth, as previously reported by Li et al. (2020).

2.3.4 Land equivalent ratio
We considered the partial land equivalent ratios of both crops

(LRpw + LRpm), as previously described (Li et al., 2020), to estimate

the total land equivalent ratio (Eq. 1). Measurements were made by

considering the grain yield of both crops under the sole (Gyws and

Gyms for wheat and maize, respectively) as well as strip-

intercropping system (Gywi and Gymi for wheat and maize

respectively), and planting ratios (Pw and Pm), using the

equation as described by (Yu et al., 2015) with slight modifications.

Land equivalent ratio =
Pw  Gywi
Gyws

+
Pm  Gymi
Gyms

1

2.4 Statistical analyses

Statistical Package for the Social Sciences (SPSS 20.0) software

was used to perform the statistical analyses. One-way ANOVA was

used for analyzing the mean difference at a 5% probability level.

Correlation analyses were performed between grain yield and

components for different rows, and between the Pn and yield

components at various stages in both crops, and their means were

differentiated by performing Duncan’s multiple range tests at

p< 0.05.
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3 Results

3.1 Yield and yield-related traits

Data showed that wheat-maize intercropping system non

significantly affected the ear number per meter row, kernel

number per ear, and thousand kernel weight of both crops during

both study years under N treatments (with- and without N

application), except for ear number per meter row for wheat in 2019

and 2020 (Table 1). Intercropping and N application resulted in 25.33

and10.60%morenumber ofwheat earspermeter rowduring2019and

2020, respectively in comparison to sole crop without N application.

The sole wheat crop without any N application recorded the least

values for all yield related parameters (Table 1).

Wheat-maize intercropping system, N application and years

significantly (P<0.001) affected the individual and total yield of both

crops (Table 2). However, their interactive effect regarding yield was

non-significant (Table 2). Results showed that intercropping with N

application (+N treatment) resulted in the highest wheat grain yield

with 70.37 and 52.78% increase as compared with monoculture and

without N application in 2019 and 2020, respectively. However, sole

plantation of maize and N application resulted in more yield. It was

followed by intercropping and N application (Table 2). Likewise,

intercropping with N application resulted in 33.60 and 29.80%

more maize yield in 2019 and 2020, respectively in comparison to

sole maize grown under N absence. Leaf equivalent ratios recorded

for intercropping and N were significantly more during both

years (Table 2).
TABLE 1 Effect of wheat-maize intercropping system on ear number per meter row (EN), kernel number per ear (KN), and Thousand kernel weight
(TKW) during both study years under with- (+N) and with-out nitrogen (-N) application.

Year Cropping system N levels EN (g) KN (g) TKW (g)

2019 Sole wheat -N 400 c 30.96 a 32.4 a

+N 425.16 bc 36.9 a 38.53 a

Intercropped wheat -N 485 ab 35.09 a 34.30 a

+N 533.34 a 40.70 a 39.46 a

2020 Sole wheat -N 411.67 d 34.66 a 31.03 b

+N 455.33 c 40.16 a 36.33 ab

Intercropped wheat -N 505.66 b 32.8 a 33.94 ab

+N 543.33 a 38.16 a 37.70 a

2019 Sole maize -N 6.20 a 487 a 266.64 a

+N 6.9 a 507.33 a 288.84 a

Intercropped maize -N 6.11 a 465 a 257.67 a

+N 6.86 a 485 a 283.16 a

2020 Sole maize -N 6.23 b 462 ab 246.34 a

+N 6.70 a 487.67 a 268.5 a

Intercropped maize -N 6.24 ab 439.34 b 237.84 a

+N 6.68 ab 457 ab 261.6 a
fro
The means with the different lowercase letters are significantly different based on three-way anova analysis.
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TABLE 2 Effect of wheat-maize intercropping system on wheat and maize yields (t ha-1) and land equivalent ratios (LER) of averaged yield with- (+N)
and with-out nitrogen (-N) application.

Year Cropping system N levels Wheat Maize Total yield (g) LER

2019 Monocropping -N 4.86 d 8.11b 6.49 –

+N 5.95 c 9.48a 7.71 –

Intercropping -N 7.17 b 7.82b 7.50 1.14

+N 8.28 a 9.06a 8.67 1.17

2020 Monocropping -N 5.21 d 6.86 c 6.04 –

+N 6.02 c 8.29 a 7.16 –

Intercropping -N 7.20 b 6.34 d 6.77 1.12

+N 7.96 a 7.71 b 7.84 1.15

Year NS ***

Cropping system *** ***

Nitrogen *** ***

Cropping system * Nitrogen NS NS

Year * Cropping system * Nitrogen NS NS
F
rontiers in Plant Sci
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 frontiers
Weighted means of both crops in both systems i.e., intercropping, and sole cropping system, were expressed as the total yield. The yield of wheat and maize crops under intercropping treatment
was the equivalence values of covered land area of each crop. The means with the different lowercase letters are significantly different based on three-way anova analysis. * Indicates p<0.05;
***, p<0.001; NS indicates non-significant.
FIGURE 3

The kernel number per ear (KN), thousand kernel weight (TKW) and per meter grain yield (Ym, g) of different maize rows under with- and without N
application. Different letters on the top of each bar indicate significant differences among the crop rows, as calculated by Tukey’s HSD test at
P≤ 0.05.
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Data regarding yield and related traits inmaize showed significant

difference among crop rows during both years and N treatments.

Higher kernel number, thousand seed weight, and grain yield were

recorded forRow-2 followed byRow-3 and the valueswere statistically

at par (P<0.05) with solemaize rows during both years andN addition

(Figure 3). The minimum values were depicted for Row-1 followed by

Row-4 under both years and N treatments. For wheat, various rows

performed differently with regard to ear number, kernel weight,

thousand seed weight, and grain yield during both years and N

treatments. Among crop rows, Row-1 depicted higher values of these

traits, however, showed a statically similar response to Row-8 during

both years and under bothN rates (Figure 4). Further, Row-2 (R2) and

Row-7 (R7) recorded lower values than border rows, however,

significantly higher than those of Row-3 (R3), Row-4 (R4), Row-5

(R5), Row-6 (R6) as well as sole wheat rows which showed non-

significantdifference amongeachother and recorded lower values than

other rows (Figure 4).
3.2 Leaf area index

Leafarea indexvaried significantly amongwheatandmaize rowsat

various growth stages with and without N application. In maize, the
Frontiers in Plant Science 07
leaf area index increased linearly with the passage of time till the VT

stage. It started declining thereafter (Figure 5). At V3 and V6 stages,

maximumvalueswere recorded for solemaize and center rows in 2019

and 2020, respectively. However, an opposite trend was recorded at

lateral stages atwhichmaximumvalueswere recorded for central rows

followed by border rows while minimum was recorded for sole maize

rows. For wheat crop, there was non-significant difference for leaf area

index among the crop rows under both N treatments and during both

study years, except for jointing stage during both years and heading

stage in 2020. At jointing stage, border rows promoted leaf area index

during both years (Figure 6). At heading stage, border rows and center

rows recorded thehighestvalues in2019and2020, respectively.Results

revealed that N application significantly promoted leaf area index in

maize and wheat in comparison to no N application.
3.3 Photosynthesis, stomatal conductance,
transpiration, and water use efficiency

There was a significant difference among crop rows, growth

stages and N application in maize and wheat for net photosynthesis

(Pn), transpiration rates (Tr), stomatal conductance (Gs) and leaf

water use efficiency of maize during both years. Among growth
FIGURE 4

The kernel number per ear (KN), ear number per meter row (EN), thousand kernel weight (TKW, g) and per meter grain yield of different wheat rows
under with- and without N application. Different letters on the top of each bar indicate significant differences among the crop rows, as calculated by
Tukey’s HSD test at P≤ 0.05. R, row; SW, sole wheat.
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FIGURE 6

Leaf area index (LAI) of the border-, center- and sole wheat (SW) crop at various growth stages under with- and without N application. Different
letters on the top of each bar indicate significant differences among the various crop growth stages, as calculated by Tukey’s HSD test at P≤ 0.05.
FIGURE 5

Leaf area index (LAI) of the border-, center- and sole maize (SM) crop at various growth stages under with- and without N application. Different
letters on the top of each bar indicate significant differences among the various crop growth stages, as calculated by Tukey’s HSD test at P≤ 0.05.
Frontiers in Plant Science frontiersin.org08
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stages, maximum Pn, Gs, TR and WUE were recorded for V12, R1,

V12-R1, and V3-V6 stages, respectively during both years. For crop

rows, at V3 and V6 stages, maximum Pn, Gs, Tr and WUE were

recorded for sole maize rows during both years. Whereas, at lateral

growth stages, center maize rows depicted significantly higher

values of these traits during both years except for WUE for which

a non-significant difference was depicted for crop rows (Figure 7).

For wheat crop, maximum values of these traits i.e., Pn, Gs, Tr and

WUE were recorded at anthesis stage during both years.

Furthermore, border rows depicted higher values of these traits at

all growth stages during both years. Among N treatments, data

showed that significantly higher values of the aforementioned traits

were recorded for N application as compared with N absence

treatment in both crops during both years of experiment (Figure 8).
3.4 SPAD values

SPADvalues inmaize varied significantlywith varyingN rates, crop

growth stages and rows during both study years (Figure 9). For growth

stages, SPAD values kept on increasing until V12 stage. These were

significantly more at this stage and started decreasing thereafter.
Frontiers in Plant Science 09
Minimum SPAD values were recorded at R5 stage. Different maize

rows showed significant variation at various stages. AtV3 andV6 stages,

maximum values were recorded for sole maize rows. However, at V12

and VR stages, crop center rows recorded maximum values under both

N treatments during both years except for N absence condition in 2019

in whichmaximum values were recorded for sole maize rows. At lateral

growth stages, there was a non-significant difference among crop rows

during both years. Similarly, there was a significant difference for SPAD

values among crop rows and growth stages of wheat during both years.

The SPADvalues decreasedwith successive growth stages until the grain

filling stageatwhichminimumvalueswere recorded.Forcroprows,data

showed that maximum values were recorded for border rows at all

growth stages during both years followed by center rows and sole wheat

crop.AmongN treatments, significantly higher valueswere recorded for

N application when compared with no N application in both crops

during both years (Figure 10).
3.5 Soil moisture storage

Soil moisture storage varied significantly among crop stages and

N rates in maize during both years. Among growth stages,
FIGURE 7

Photosynthesis rate (Pn), stomatal conductance (Gs), transpiration rate (Tr) and leaf water use efficiency (WUEleaf) in the border-, center- and sole
maize (SM) crop at various growth stages under with- and without N application. Different letters on the top of each bar indicate significant
differences among the various crop growth stages, as calculated by Tukey’s HSD test at P ≤ 0.05.
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maximum values were recorded at V3 stage during both years.

There was a non-significant difference among various rows at

different growth stages except for VT stage. At VT stage,

maximum values were recorded for border rows followed by

center crop rows. Similarly, minimum values were recorded for

sole maize crop (Figure 11). For wheat crop, there was a non-

significant influence of crop rows on soil moisture storage at various

stages with- and without- N application during both study years.

Although the results were non-significant, the rows between the

strips of both crops recorded higher values than sole and

intercropped wheat rows. Among N treatments, N application

significantly promoted the soil water storage during both

years (Figure 12).
4 Discussion

Intercropping with balanced N application is essential for

increasing crop productivity on sustainable basis, through efficient

use of inputs (Chen et al., 2017). In this work, intercropping

significantly improved the yield of wheat with an opposite trend

to maize in which a significant decrease in yield was depicted.
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Furthermore, the overall grain yield of intercropped rows was

greater than the monocropped rows. Previous studies have clearly

demonstrated that planting geometry influences light interception

and thus affects the crop productivity (Wen et al., 2019; Chapepa

et al., 2020). However, further studies are needed to find out the

contribution of rows of different crops to grain yield under

intercropping system. In this work, under rainfed conditions and

during both experimental years, the land equivalent ratio was

greater than 1. This established that intercropping increased crops

yield besides increasing the cropping intensity. These results are in

line with previous published reports in which authors have

demonstrated that intercropping system significantly promoted

the crop productivity and land use efficiency under irrigated

conditions (Brahimi et al., 2022; Wei et al., 2022). Our results

thus clearly depict that strip intercropping promoted the overall

crop yield under rainfed conditions and semi-arid climate with an

average annual rainfall of about 600 mm. When compared with sole

wheat crop, the higher yields of intercropped rows were mainly

associated with higher numbers of ears per plant and thousand

kernel weight. Higher yield related traits were mainly associated

with the availability of sufficient resources for intercropped wheat

before sowing of corn crop. Also, higher values might be associated
FIGURE 8

Photosynthesis rate (Pn), stomatal conductance (Gs), transpiration rate (Tr) and leaf water use efficiency (WUEleaf) in the border-, center- and sole
wheat (SW) crop at various growth stages under with- and without N application. Different letters on the top of each bar indicate significant
differences among the various crop growth stages, as calculated by Tukey’s HSD test at P ≤ 0.05.
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with higher competitive ability of wheat crop for available resources

i.e., moisture and nutrients under intercropping system. Similarly,

lower maize yield under intercropping treatments was associated

with lower yield-related parameters i.e., kernel number and

thousand grain weight under the same treatment than that of sole

maize. In line with these results, Li et al. (2001b) demonstrated that

maize crop gained significantly higher growth and productivity

after harvesting of wheat crop which may be associated with

availability of more soil moisture and other resources. Similar

results were reported in a recent study of Wang et al. (2015) in

which authors reported improved yield in intercropped-maize rows

than sole crop rows due to the availability of sufficient soil moisture.

More recently, working with the same cropping system, a study of

our group demonstrated that under intercropping system, wheat

crop showed more horizontal root growth than corn crop, and

resulted in less water consumption (Ma et al., 2018). Under arid

regions, such type of root growth results in reduced ability of corn

strips to attain full growth and reduced grain yield of intercropped

strips (Ma et al., 2018). The same has been reported in current

study. The results of this work, therefore, established that water

scarcity is a vital growth restricting factor for maize crop,

particularly under intercropping system. In line with these,

working with intercropped maize, Gou et al. (2016) established

that low temperature with fewer sunny days limited the growth and

developmental processes of the crop. Nitrogen fertilization has been
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considered a dominant tool for increasing crop productivity (Hirel

et al., 2001). And it is well known that higher N rates generally

promote grain yield (Fan et al., 2011). Nitrogen is among the

essential chlorophyll molecules which help in improving the leaf’s

enzymatic activity to promote the photosynthetic process (Nasar

et al., 2022). A number of previous studies have demonstrated the

relationship among N application rates, photosynthetic activity, and

grain yield (Sharma et al., 2019; Minhas et al., 2020). Most studies

clearly mentioned that N fertilization promoted grain formation

mainly by increasing the photosynthetic rates and better assimilates

production (reviewed by Fernandes et al., 2022). A similar was

reported in this study where N addition promoted the grain yield

and related traits in both crops under sole- and combined

cultivation. Furthermore, in line with previous studies, higher

yield under N application was highly associated with better

photosynthesis rates and chlorophyll pigment formation.

Planting geometry in terms of row arrangements influenced the

yield and related parameters. For example, Li et al. (2001a) recorded

significantly higher grain and biomass yields for border and next to

border rows in wheat. Similar was recorded in this study where

border and next to border rows recorded higher yield than others.

Lower yield in other crop rows might be attributed to more shading

effect and less light interception as a result of heighted plants

around those rows. Higher yield in border and next-to-border

rows might be due to the excessive water and nutrient uptake
FIGURE 9

SPAD values of the border-, center- and sole maize (SM) crop at various growth stages under with- and without N application. Different letters on
the top of each bar indicate significant differences among the various crop growth stages, as calculated by Tukey’s HSD test at P ≤ 0.05.
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from the contiguous maize strip, as reported in a recent study of

(Ma et al., 2018). Improved soil conditions and crop growth rates

facilitate grain yield of border rows. Furthermore, our findings

revealed that except the border rows and sole wheat strips, there was

a non-significant difference for grain yield between the intercropped

rows. This showed that increased number of rows and extended

distance among crop rows may reduce the endowment of border

and next-to-border row. In comparison with sole wheat strip,

higher grain yield of border rows was attributed to higher values

of kernel number, number of tillers and thousand grain weight.

Furthermore, the rows between wheat and maize strips depicted

higher values of soil water storage than sole crop strips, which may

facilitate the formation of tillers. High values of number of ears in

the border rows, due to availability of more moisture, were also

reported by Zhu et al. (2016). In comparison with sole crop strips,

higher photosynthesis rates in border rows at reproductive stage in

wheat also contribute to an increase in number of grains and their

weight. The results of this study are in line with Raza et al. (2022)

who reported that more light availability at crop’s reproductive

stages promoted the assimilates formation which in turn promoted

the formation of grains. Similarly, in a recent study, Zhang et al.

(2018) noted that more light interception in crop border rows

increased the number and weight of grains, which ultimately

promoted the overall grain yield. On the other hand, Gou et al.
Frontiers in Plant Science 12
(2016) reported a significant decrease in wheat grain weight when

grown under intercropping system. They reported this decrease was

due to reduced grain filling percentage in intercropped wheat rows.

It is well established from the previously published reports that

photosynthesis is the foundation for biomass accumulation as well

as grain formation (Panfilova et al., 2019; Zhao et al., 2021). In this

work, border rows of intercropped depicted significantly higher

photosynthesis rates when compared with sole crop rows, which

was mainly attributed to higher nutrient uptake and light reception,

as reported in previous study of Wang et al. (2017). Furthermore,

current results demonstrated that border rows depicted higher

values of stomatal conductance and chlorophyll content, same as

reported in previous studies of Gaju et al. (2016) where authors have

reported higher values of chlorophyll content associated with

improved moisture uptake and light interception of border rows.

Contrary to the wheat crop, our results demonstrated lower

values of yield and its components of maize border rows when

compared with sole maize. However, statistically similar values for

grain yield were recorded between the center and border maize

rows. These findings indicated that greater number of maize rows

reduced the contribution of marginal rows and ultimately reduced

the maize yield reduction under intercropping system. A previous

study of our group, working with the same cropping system, clearly

demonstrated that during co-growth period, depleted soil moisture
FIGURE 10

SPAD values of the border-, center- and sole wheat (SW) crop at various growth stages under with- and without N application. Different letters on
the top of each bar indicate significant differences among the various crop growth stages, as calculated by Tukey’s HSD test at P ≤ 0.05.
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levels in intercropped wheat crop further created water scarce

conditions for marginal corn rows (Ma et al., 2018). Similar

results were reported in this work. In addition, during blended

growth period, photosynthesis rates in external maize rows were

lower than those of sole maize crop which may be the leading cause

of decreased number of grains and their weight. In line with these,

similar was reported in a previous study of Andrade et al. (1999)

where authors have reported reduced number of grains per cob in

marginal crop rows associated with less availability of soil moisture

and reduced photosynthetic rates. Similarly, during the blended

growth period, increased height of wheat crop may have caused the

shading effect for the companion crop. A significant reduction in

chlorophyll content of maize crop due to shading has been well

reported in previous study (Naseer et al., 2022). Similarly, Pang

et al. (2018) demonstrated that shading reduced CO2 absorption

and in this way reduced the production of photosynthetic pigments.

At the same time, photosynthetic rates in the external crop rows of

intercropping were reduced than the sole crop strips. On the other

hand, a significant recovery in photosynthetic rates has been

observed after harvesting of wheat crop which might be

associated with the absence of shading and improved light

interception after harvesting of companion crop. Thus, from the

above results, it is concluded that reduced assimilates production

particularly during the blended-growth period result in lower
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thousand grain weight and ultimately grain yield in marginal

crop rows.

Our results established that intercropping treatments and N

application significantly increased the water use efficiency of both

crops. A positive relation between the photosynthetic rates and leaf

water use efficiency has been reported in a number of previous

studies (Lawson and Vialet-Chabrand, 2019; Eyland et al., 2021).

According to Ma et al. (2018), crop border rows potentially

contributed to increase the leaf water use efficiency associated

with high light interception. Sole wheat crop and intercropped

maize recorded statistically similar values during the experimental

period and border rows recorded lower water use efficiency than

center crop rows. Furthermore, after wheat harvest, companion

corn rows depicted higher water use efficiency. Thus, during this

recovery phase, moisture conservation practices should be adapted

to increase the yield of companion crop, particularly under semi-

arid conditions without irrigation supplements. Freshwater

shortage has emerged a worldwide problem for agricultural crops

(Garrido-Cardenas et al., 2020; Yusuf et al., 2020). Intercropping

has been reported as a sustainable approach for enhancing crop

performance under water scares conditions (Bitew and Abera,

2019). In current work, our results demonstrated that

intercropping treatments improved crop yield and overall

productivity under rainfed conditions. Similarly, some other
FIGURE 11

Soil water storage under sole maize row (SMR), intercropped maize row (IMR) and the rows between the intercropped strips of both crops at various
growth stages under with and without N application. Different letters on the top of each bar indicate significant differences among the various crop
growth stages of maize, as calculated by Tukey’s HSD test at P ≤ 0.05.
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studies also reported that intercropping promoted crop/s yield and

land use efficiency more than sole cropping system (Layek et al.,

2018; Nasar et al., 2020). Higher yield in intercropping was

attributed to improved moisture and nutrient uptake from the

soil, and above-ground plant performance (Nwokoro et al., 2022;

Zhao et al., 2022). In this work, there was a positive correlation for

number of ears and grain yield. Therefore, the planting density can

be appropriately increased to better harvest the advantage of the

border rows. In conclusion, our results demonstrated that

intercropping promoted the yield of wheat, however, there was a

decline in intercropped maize which draw our attention to adapt

suitable approaches such as cultivation of shade-tolerant cultivars,

for increasing the productivity of intercropped maize. The use of

organic nutrient sources including straw or biochar also helps in

improving the water retaining capacity of the soil (Guo et al., 2022).

These practices may contribute towards better growth of maize

during recovery phase (Li et al., 2020).
5 Conclusions

Wheat-maize intercropping and N application promptly

improved the LUE and overall grain yield in arid regions without
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irrigation supplements. This increase in grain yield was due to the

significant improvement in wheat yield where border rows

contributed maximum followed by second rows which were

further attributed to the higher values for yield-related traits

during both study years. Regardless of the absence of significant

differences, intercropped maize, under with and without N

application, recorded somewhat decrease in grain yield during

both years which was mainly due to the border and second rows

in which lower values were attributed to the reduced photosynthesis

and chlorophyll pigmentation during the blended growth period.

This study identified the greatest possibility for wheat-maize strip

intercropping production improvement in rainfed areas in China

and provided important information for optimizing the geometry of

maize-wheat intercropping, improving regional productivity, and

ensuring food security.
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