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A comparative analysis of three legume crops (faba bean, peas, and clover) as intercrops with
wheat was conducted under three irrigation treatments (100%, 85%, and 70% ETc) to
evaluate their contributions to enhancing the complementary effect that improves water
usage and wheat production. The irrigation water applied to wheat intercropping systems was
equivalent to that applied to sole wheat, indicating that both intercrops utilized the irrigation
designated for sole wheat. The faba bean-wheat intercropping system exhibited the greatest
water utilization and soil accessible nitrogen across the three irrigation regimens. The
production of intercropped wheat was maximized in the peas intercropping system, in
contrast to the yield of sole wheat. The intercropping system of peas achieved the highest
land equivalent ratio (LER), water equivalent ratio (WER), and change in water use, indicating
enhanced water use efficiency. In an irrigation scenario of 85% ETc, the LER and WER for the
peas intercropping system exceeded those of the faba bean intercropping system under 100%
ETc. The intercropping system with peas had the highest monetary advantage index value.
This suggests that, in the context of limited water resources, intercropping peas with wheat is
advisable to enhance the utilization of available water resources.

Keywords: faba bean, peas, clover, available soil N, land and water equivalent ratios, change
in water use, momentary advantage index

INTRODUCTION
Agriculture is the predominant consumer of freshwater globally, accounting for about two-thirds of
total withdrawals (Gan et al., 2013). Due to the scarcity of freshwater resources in arid and
semiarid regions globally (Forouzani and Karami, 2011), agricultural water allocation must be re-
evaluated to meet the developmental demands of other sectors (Chai et al., 2016). The IPCC (2013)
indicated that climate change is anticipated to exacerbate stress on water resources, since
alterations in precipitation and temperature may result in variations in runoff and water availability
(Cisneros et al., 2014). Prior studies indicated that climate change will exacerbate and hasten the
hydrological cycle, leading to increased water availability in certain regions while diminishing it in
the majority of developing nations (IPCC, 2013). Therefore, enhancing the efficiency of agricultural
water resource utilization and mitigating excessive irrigation would be imperative.

Intercropping is an agroecological technique that entails the simultaneous cultivation of two or
more crops in the same field for a portion or the entirety of the growing season (Bedoussac et al.,
2015). Legume-cereal intercropping systems provide various advantageous agroecological effects:
they increase crop diversification and farm nitrogen self-sufficiency (Tosti et al., 2023), enhance
soil health (Ditzler et al., 2021), manage pests and weeds (Daryanto et al., 2020), and reduce yield
loss while ensuring yield stability (Koskey et al., 2022). The land equivalent ratio, a measure that
assesses the overall net impact on total biomass produced by intercrops, is typically higher in
legume-cereal intercropping systems than in monoculture (Ivanov et al., 2012).
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Moreover, legume-cereal intercropping systems enhance the sustainable use of water resources
and augment water production, as the irrigation water allocated to the primary crops is utilized by
both intercrops (Qin et al., 2013; Yang et al., 2011). Soil evaporation and soil water content were
diminished with the intercropping system in comparison to sole planting (Rahman et al., 2017). Hu
et al., (2015) discovered that intercropping systems utilize more water and improve water use
efficiency by an average of 26%. Moreover, Coll et al., (2012) elucidated that the enhancement of
water production in intercropped species, relative to monoculture, is attributable to superior water
capture efficiency.

Maitra (2020) asserted that the substantial yields achieved by the intercrops are merely a result of
minimal water losses. Furthermore, the water equivalent ratio, a measure that correlates the yield
of intercrops to their water utilization, has been documented to be elevated in intercropping
systems compared to monoculture. Miao et al., (2016) discovered that actual evapotranspiration,
irrigation water utilization, crop transpiration, and groundwater contribution in intercropping
systems exceeded those of sole crops, resulting in markedly higher land and water equivalent ratios
for intercrops compared to single crops.

Wheat is a crucial grain crop in Egypt, occupying the largest farmed area during the winter season.
Nonetheless, a significant disparity exists between production and consumption, with the wheat
self-sufficiency ratio of 43%. Intercropping leguminous crops with wheat has been shown to
enhance land and water production, along with farmer advantages (Ouda et al., 2020; Zohry et al.,
2020). The selection of the legume companion crop and the optimal planting density are crucial for
minimizing competition and enhancing complimentary effects to achieve maximum yield benefits
for wheat and optimize water utilization. Abou-Keriasha et al., (2013) indicated that a faba bean
intercropping system with wheat (50% faba bean + 100% wheat at their recommended planting
density) resulted in an 8% reduction in wheat output compared to sole wheat cultivation. Hamada
and Hamd-Alla (2019) also showed a 3% decrease in wheat yield when intercropped with faba bean
(50% faba bean + 100% wheat at their recommended planting density) compared to sole planting
yields. These results indicated intense competition between the two intercrops for light and soil
nutrients, adversely affecting wheat output. Moreover, the impact of the intercropping system on
water use efficiency, particularly under conditions of low water application, was not evaluated.

Several researchers in Egypt implemented intercropping of peas with wheat system. Zohry et al.
(2020) indicated that intercropping 50% peas with 100% wheat at the specified planting density led
to a 5% increase in wheat yield in the second season, relative to sole planting conditions.
Conversely, Abd-Rabboh and Koriem (2021) and Sheha et al. (2015) established an intercropping
system of peas and wheat, with peas planting density of 50% and a wheat planting density of 100%.
They determined that wheat yield decreased by less than 1% relative to the yield achieved with sole
planting. The diminished yield of wheat in intercropping with peas may be attributed to an
inappropriate arrangement of plants, resulting in increased competition for light and soil nutrients.
Furthermore, there was no evaluation of the efficacy of water utilization by this intercropping
system, particularly during conditions of water scarcity.

A further instance of a legume-cereal intercropping system is the fahl clover intercropping with
wheat. Fahl clover is a mono-cut variety of Egyptian clover, characterized by its capacity for stem
branching and is harvested only once. Fahl clover is distinguished by its rapid development and
substantial forage yield, and it may be planted as either an early short-season winter crop or a full-
season winter crop (Bakheit et al., 2016). It can also be intercropped with wheat by combining its
seeds with those of wheat and sowing them simultaneously. During the harvest, the seeds of both
crops are subsequently separated using a sieve (Ali et al., 2017). Ali (2018) and El-Shamy et al.
(2023) intercropped fahl clover at 15%, 25%, and 35% of its recommended planting density with
wheat at 100% of its recommended planting density, achieving the best wheat yield with the lowest
fahl clover density. The effectiveness of water utilized by the intercropping system was not
assessed, especially under conditions of water constraint.
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This study was undertaken to examine faba bean, peas, and fahl clover as intercrops with wheat
regarding their contributions to enhancing the complementary effect, which positively influences
water use efficiency and wheat output. Additionally, to evaluate the impact of imposed water stress
on water consumption by these intercropping systems. The aim of this study was to evaluate the
impact of three legume co-crops (faba bean, pea, and fahl clover) under three irrigation treatments
(100%, 85%, and 70% ETc) on wheat production, land and water equivalent ratios, and farmer
profitability.

MATERIALS AND METHODS
This study consists of a two-year field experiment carried out throughout the consecutive seasons
of 2021/22 and 2022/23 in El-Minia Governorate, Middle Egypt (28.2847° N, 30.5279° E), focusing
on wheat intercropping systems with three legume crops under three irrigation treatments. The
experimental region exhibits an arid climate characterized by cold winters and scorching, dry
summers (Masoued, 2017) (Figure 1). Data on average daily air temperature, relative humidity, and
wind speed for the study seasons were acquired from the weather station situated 320 meters from
the experimental area.

The soil of the experimental site is classified as sandy soil. The physical and chemical properties of
the soil were determined according to Klute (1986) and Tan (1996) (Tables 1 and 2). The irrigation
water was obtained from groundwater, where EC was 0.92 dS/m and pH was 7.53.

The experimental design employed a split-plot design with three replicates. The treatments
comprised the interaction of three irrigation levels with three legume crops intercropped with
wheat (Triticum aestivum L.), specifically faba bean (Vicia faba), peas (Pisum sativum), and fahl
clover (Trifolium alexandrinum), alongside sole wheat and sole legume crops. The irrigation
treatments included the required irrigation amount (RI), which constituted 100% of crop
evapotranspiration (ETc) and served as the control treatment, alongside two imposed water stress
treatments: WS1, representing 85% ETc, and WS2, representing 70% ETc. The irrigation
treatments were allocated to the main plots, whereas the three intercropping methods were
designated to the subplots (Figure 2). The plot space measured 14.4 m² (4.8 x 3.0 m) and included
four raised beds, each 1.20 m in width. The prior crop of wheat was sesame in both seasons, sown
in May and harvested in early September. Figure 3 illustrates the exclusive cultivation of the three
legume crops.

Monocrop and intercropped wheat

Nitrogen fertilizer was applied to wheat (either as a monocrop or intercropped) at a rate of 537.6
kg N/ha in the form of ammonium nitrate (33.5% N) in five equal increments on days 20, 40, 55, 70,
and 85 post-planting. Phosphorus fertilizer was administered as single super phosphate (15.5%
P2O5) at a rate of 240 kg P2O5/ha and was integrated into the soil during land preparation.
Potassium was supplied as potassium sulfate (48.8% K2O) at a rate of 120 kg K2O/ha during land
preparation. The wheat variety Sakha95 was sown on November 18th and 20th during the first and
second seasons, respectively, either as a sole crop or intercropped. It was harvested on the 20th
and 23rd of April during the first and second seasons, respectively. Wheat seeds were planted in six
rows atop the raised beds, with a spacing of 15 cm between each row, according to the full
recommended planting density for both sole and intercropped wheat (108.0 kg seed/ha).

Monocrops and intercropped legume crops

Regarding the three legume crops, faba bean and peas were inoculated with Rhizobium
leguminosarum prior to seeding, while Arabic gum served as a binding agent. The examined
cultivars included Giza716, Master B, and fahl respectively for faba bean, peas, and fahl clover,
either in monoculture or intercropped systems.
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The faba bean was planted on October 21st and 22nd in the first and second seasons, respectively,
and harvested on April 15th and 18th in the first and second seasons, respectively (either sole or
intercropped). The planting density of faba bean was 25% and 100% (27.0 and 108.0 kg seed/ha) of
the recommended density for intercropping and sole cultivation, respectively. Faba bean seeds
were intercropped on both sides of the raised beds, with one plant per hill spaced 20 cm apart. Sole
faba bean seeds were planted in four rows on the top of raised beds, with a spacing of 30 cm
between rows and 20 cm between hills, cultivating two plants per hill. Intercropped and sole faba
bean were each administered 12.5 and 50.0 kg N/ha, respectively, in the form of ammonium nitrate
(33.5% N) in a single application 10 days post-sowing. The sole faba bean was treated with
phosphorus fertilizer, namely single super phosphate (15.5% P2O5), at a rate of 600 kg P2O5/ha,
which was integrated into the soil during field preparation. During land preparation, potassium was
supplied as potassium sulfate (48.8% K2O) at a rate of 120 kg K2O/ha.

The planting dates for peas were October 12th and 14th in the first and second seasons,
respectively, with harvests occurring twice when the green pods were market-ready: February 1st
and March 28th in the first season, and February 3rd and March 30th in the second season (either
sole or intercropped). The planting density of peas was 33% for intercropped and 100% for sole
planting, according to the optimum density. Intercropped pea seeds were seeded on both sides of
the raised beds, with one plant per hill spaced 20 cm apart. Peas seeds were planted on the top of
raised beds in four rows spaced 30 cm apart, with hills positioned 20 cm apart, each containing two
plants. Intercropped and sole peas were administered 50.0 and 150.0 kg N/ha, respectively, with
ammonium nitrate (33.5% N) in three applications during the first, second, and third irrigation
events.

Concerning intercropped fahl clover, 12.0 kg of seeds per hectare (25% of the recommended
planting density) were seeded and harvested simultaneously with wheat. Additionally, 48.0 kg of
sole fahl clover seeds per hectare were sown in the field on the same day as the wheat and
harvested concurrently with the wheat. Nitrogen fertilizer was applied to solitary fahl clover at a
rate of 72 kg N/ha of ammonium nitrate (33.5% N) 20 days post-planting, owing to the diminished
activity of symbiotic bacteria in the soil. Calcium super phosphate (15.5% P2O5) was applied at a
rate of 37.2 kg P2O5/ha during land preparation.

The estimated irrigation water quantities for crop evapotranspiration or irrigation under standard
conditions utilizing a sprinkler system were calculated using the following equation (Allen et al.,
1998):

(1)

where ETc = crop evapotranspiration (mm/day), ETo = reference crop evapotranspiration (mm/
day), and kc = crop coefficient.

ETo values were computed utilizing the Penman-Monteith equation (Allen et al., 1998). The kc
values for wheat, as reported by Ibrahim et al., (2020), are 0.70, 0.93, 1.15, and 0.33 for the initial,
developmental, middle, and end season, respectively, and were utilized to determine the necessary
irrigation water depth in accordance with Allen et al., (1998).

The measurements of water consumptive consumption (WCU, mm) were obtained using a time
domain reflectometry sensor (TDR). The volumetric soil moisture levels at a depth of 60 cm were
measured prior to and following each irrigation session. The seasonal WCU values were computed
utilizing the equation established by Israelsen and Hansen (1962) as follows:

(2)

where i= number of soil layers, θ2= soil moisture content after irrigation, (%, by volume), θ1= soil
moisture content just before irrigation, (%, by volume), and d= depth of the soil layer (mm).
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The amount of required irrigation water was calculated according to the following equation
(Vermeiren and Jopling 1984):

(3) 

where AIW = applied irrigation water depth (mm/day) and Ea = application efficiency equal to 85%
for the sprinkler irrigation system. I= interval, Ea= application efficiency, LR = leaching
requirements (was not considered). We presumed that the irrigation water supplied to the
intercropped wheat suffices to meet the water requirements of its intercropping system with
legume crops, given the low planting density of the legume crops.

Irrigation was applied at preset intervals of every three days. The sprinkler system was utilized to
implement the designated irrigation strategy. The solid-set sprinkler irrigation system comprised
the following components: a pump unit with a capacity of 50 m³/h and a control head unit; main,
submains, and lateral tubes with internal diameters of 150 mm, 110 mm, and 63 mm, respectively;
a sprinkler line measuring 18 m in length with a spacing of 6 m between sprinklers; couplers; a
sprinkler discharge rate of 1.4 m³/h at an operating pressure of 3.5 bar (50.8 psi); and additional
accessories including valves, bends, plugs, and risers. No precipitation was recorded at the
experimental site during either season.

Seed yield for all examined legume crops was determined by harvesting and weighing all plants
within the experimental plot area, followed by aggregating the weights of all plots. A comparable
technique was executed for wheat plants. The biomass of all examined crops was extracted from
the field post-harvest. The experiment was conducted in the same location utilized during the first
season in the second season.

Quantification of soil nitrogen

Soil samples were taken prior to planting and post-harvest to ascertain total nitrogen content.
Employing a hand-operated auger, twelve cores or tiny samples were randomly extracted within
each treatment and repeated. Soil samples were air-dried, softly crushed, and subsequently sieved
through a 2 mm mesh to acquire consistent representative samples. Nitrogen was quantified using
the micro-Kjeldahl method (Hesse, 1971).

Evaluation of the studied intercropping systems

Land equivalent ratio (LER): LER is an evaluation of the land utilization efficiency of the
intercropping system (Rao and Willey, 1980) and it is calculated as follows:

(4)

where LERA and LERB are the partial land equivalent ratios of crop A and crop B, respectively.
Yint,A and Yint,B are the intercropped yields of crop A and crop B, respectively. Ymono,A and
Ymono,B are the monoculture yields of crop A and crop B, respectively. If LER > 1, it indicates a
higher land utilization efficiency of the intercropping system than that of the monoculture.

Water equivalent ratio (WER): WER quantifies the amount of water that would be needed in single
crops to achieve the same yield as produced with one unit of water in intercrops, and it is
calculated according to the formula of Mao et al., (2012) as follows:

(5)

where Yint,A, Ymono,A,Yint,B, and Ymono,B are the yields of intercropped crop A, mono crop A,
intercropped crop B (legume crop) and mono crop B, respectively. WUint, WUmono,A, and
WUmono,B are water use by the intercropping system, water use of mono crop A, and water use of
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intercropped crop B, respectively. If the WER > 1, it suggests that the production of a unit of water
is higher than that of the monoculture.

Change in water use (ΔWU)

The ΔWU index (Morris and Garrity, 1993) was employed alongside WER to evaluate the benefits of
water use efficiency in intercrops relative to monoculture. ΔWU measures the relative disparity
between the observed water intake in the intercrop (WUint,obs) and the anticipated water use
derived from the water consumption of the two crop species, adjusted by weights reflecting their
proportion in the intercrop (WUint, exp). The anticipated water consumption in intercropping
correlates with the water usage of each species in monoculture and the relative yield achieved in
intercropping compared to solo cropping (partial LER). Consequently, this formula uses the partial
land equivalent ratio of crops A and B as coefficients for ΔWU (Mao et al., 2012) as delineated
below:

 (6)

 (7)

Both WER and ΔWU assess whether a specific intercrop yield (comprising two species) would be
attained with increased water (WER > 1; ΔWU < 0) or decreased water (WER < 1; ΔWU > 0)
compared to that utilized in sole crops.

Assessment of economic performance

Total income (TI) and monetary advantage index (MAI) were computed to assess the economic
benefits of wheat intercropping systems in comparison to sole planting, as per the equation
provided by Raza et al., (2021):

Total return (US $ ha-1) = (yield A x price A) + (yield B x price B) (8)

where A and B represent wheat and the intercropped species, respectively. The prices utilized in
the analysis were farm prices as follows: The prices per ton for wheat, faba bean, peas, and fahl
clover in the first season were 474, 972, 889, and 2222 USD/ton, respectively, while in the second
season, the prices were 430, 605, 806, and 2258 USD/ton, respectively.

Additionally, the monetary advantage index (MAI) was computed based on the LER. It offers
explicit insights into the economic benefits of the intercropping system. The MAI was computed as
outlined by Ghosh (2004).

MAI= (Value of combined intercrops) * (LER-1)/LER (9)

A positive MAI value indicates the benefits of the intercropping system.

Statistical analysis

All data acquired from the seasonal experiments were analyzed statistically using a split-plot design
with three replicates, as per Gomez and Gomez (1964). Least significant differences (LSD) at a 5%
probability level were employed for mean comparisons as per Waller and Duncan (1969). The F test
was conducted as per Snedecor and Cochran (1989).

RESULTS
Weather conditions at the experimental site
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Figure 4a showed that mean temperature was high at both the start and end of the first season, in
contrast to the second season. The mean temperature was high in the second season compared to
the first for the remainder of the growing season. Moreover, a nearly identical tendency in the
fluctuations of relative humidity (Figure 4b) was observed during both seasons. Conversely,
significant fluctuations in wind speed values (Figure 4c) were noted in both seasons. Consequently,
the ETo values (Figure 4d) were somewhat elevated at the onset and end of the first season, while
remaining lower for the most of the season. Accordingly, the value of the required irrigation water
and water consumption of the intercropping system is anticipated to be greater in the second
season than in the first season.

Irrigation volumes utilized and water consumption of both sole and intercropped crops

Table 3 delineates the anticipated volumes of irrigation water utilized in the examined treatments
for both sole wheat and its intercropping systems, in addition to the sole legume crops. The
irrigation quantities applied to the sole wheat were identical to those applied to the intercropping
systems. The use of water stress treatments, specifically 85% and 70% ETc, led to a 16% and 35%
reduction in the irrigation water applied to sole crops and their intercropping systems, respectively,
in comparison to the required irrigation volumes. The table indicates that the irrigation water
applied to sole peas was the least among the three legume crops examined in both seasons.
Moreover, high quantities of irrigation water were utilized in the second season relative to the first
season.

Table 4 indicated that the water consumption values for the wheat intercropping systems exceeded
those of sole wheat. The faba bean intercropping system exhibited the highest water use among the
three wheat intercropping systems due to its greater aboveground biomass compared to the others.
The fahl clover intercropping system exhibited the lowest water use across all three irrigation
treatments in both seasons. Increased water usage was seen in the second season compared to the
first season due to elevated ETo values.

Yields of sole and intercropped wheat under various irrigation regimes

Significant differences were observed between the yield of sole wheat and its yield under the three
intercropping systems, as well as the three irrigation treatments (Table 5). These results are
consistent over both seasons. The results in table 5 indicated that the intercropping systems of
legumes with wheat achieved superior yields compared to sole wheat cropping in both seasons and
with the required irrigation applied. In the first season, irrigation at 85% and 70% ETc resulted in
the peas intercropping system with wheat achieving greater wheat yield values compared to sole
wheat production. In the second season, the yield of intercropped wheat in the three intercropping
systems exceeded that of its sole cultivation under both required irrigation and 85% ETc (Table 5).

Yield of sole and intercropped legume crops under different irrigation treatments

Table 6 reveals significant differences between the sole and intercropped faba bean yields under
the three irrigation treatments and the interaction between irrigation treatments and cropping
systems in both seasons. Furthermore, the F test revealed a significant relationship between the
sole and intercropped faba bean yields.

Under the applied water stress treatments, the faba bean yield decreased by 15% for sole faba bean
and 21% for intercropped faba bean when irrigated at 85% ETc, averaged over two seasons, in
comparison to the yields achieved under optimal irrigation conditions. The production losses for
faba bean were 19% for sole cultivation and 27% for intercropped cultivation under irrigation at
70% ETc, averaged over the two seasons, compared to the values achieved under optimal irrigation
(Table 6).

Similar trends were found for peas (Table 7), where a significant difference between the yield of
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sole and intercropped peas were found under the three irrigation treatments in both seasons.
Furthermore, a significant relationship between the yield of the sole and intercropped peas.

The yield reduction of sole and intercropped peas under irrigation at 85% ETc was respectively
12% and 23%, averaged over two seasons, in comparison to their values under optimal irrigation
conditions. Under irrigation at 70% ETc, the production losses for sole and intercropped peas were
respectively 13 and 26%, averaged over two seasons, compared to the yields obtained with
adequate irrigation (Table 7).

Regarding fahl clover, a significant difference between the sole and intercropped yields under the
three irrigation treatments was found in both seasons. In addition, the F test revealed a significant
relationship between the yield of the sole and intercropped fahl clover (Table 8).

The reduction in the sole and intercropped fahl clover yields under irrigation with 85% ETc was
respectively 13 and 24%, averaged over the two seasons, compared to its values obtained under the
required irrigation. However, under irrigation with 70% ETc, the reductions in the yield of fahl
clover were 14 and 29% for sole and intercropped fahl clover, respectively, averaged over the two
seasons, compared to its values obtained under the required irrigation (Table 8).

Available soil N contents under the sole wheat and its intercropping systems

The effect of the sole wheat and its intercropping systems, as well as irrigation treatments, on soil
available N is presented in Table 9. The results revealed significant differences between the values
of N under the studied intercropping systems and irrigation treatments in both seasons and the
interaction between them in the second season. The values of soil available N were higher under all
wheat intercropping systems compared to the values under sole wheat irrigated with the three
irrigation treatments. The highest values of soil available N were found when faba bean was
intercropped with wheat, and the lowest values were obtained when fahl clover was intercropped
with wheat under the three irrigation treatments. Furthermore, the values of soil available N were
reduced under both water stress treatments (Table 9).

Land equivalent ratio (LER)

In the first season, the values of LERlegume in Table 10 revealed significant differences between
wheat intercropping systems for intercropping systems and interaction between irrigation
treatments and intercropping systems. The values of LERwheat revealed significant differences
between wheat intercropping systems for intercropping systems only. Whereas, the values of
LERtotal showed significant differences between wheat intercropping systems for irrigation
treatments, intercropping systems and their interaction. In the second season, the values of
LERlegume revealed significant differences between wheat intercropping systems for intercropping
systems and interaction between irrigation treatments and intercropping systems. Whereas, the
values of LERtotal showed significant differences between wheat intercropping systems for
intercropping systems only (Table 10).

Table 10 also showed that the values of partial LER for fahl clover were the highest of the three
legume crops under their intercropping system with wheat and under the three irrigation
treatments. Furthermore, the highest values of partial LER for wheat and total LER were found
under peas intercropping system with wheat under the three irrigation treatments in both seasons
(Table 10).

Water equivalent ratio (WER) and change in water use (ΔWU) 

The values of WERlegume in Table 11 revealed significant differences between wheat intercropping
systems in the first season only. The values of WERwheat revealed significant differences between
irrigation treatments and wheat intercropping systems in the first season and between irrigation
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treatments, wheat intercropping systems and the interaction between them in the second season.
Furthermore, the values of WERtotal showed significant differences between wheat intercropping
systems for irrigation treatments, and intercropping systems in the first season. In the second
season, the values of WERlegume revealed significant differences between wheat intercropping
systems for irrigation treatments only (Table 11).

Under the required irrigation, the highest values of legume partial WER were found for fahl clover
in both seasons. The highest values of WERwheat and total WER were found for the peas
intercropping system in both seasons. Application of the water stress treatments resulted in lower
values of partial and total WER, where the peas intercropping system attained total WER value
under irrigation with WS1 in the second seasons higher than total WER obtained by the faba bean
intercropping system under the application of the required irrigation (Table 11).

Furthermore, significant differences between the value of ΔWU for wheat intercropping systems,
and irrigation treatments in both seasons were found. The three intercropping systems attained
values of WER > 1 and ΔWU < 0, which reflect an increase in the efficiency of the water use (Table
11).

Total income (TI) and monetary advantage index (MAI)

The results in Table 12 revealed higher values of TI for all the studied intercropping systems,
compared to wheat monoculture, with the highest values attained by peas intercropping system
with wheat under the three irrigation treatments in both seasons.

Similarly, higher positive valued of MAI were attained under the three studied intercropping
systems, which reflected definite yield and economic advantages over the mono cultivation of
wheat. In particular, MAI was the highest for peas intercropping system with wheat than the other
studied intercropping systems, which implies the most advantageous economic mixture (Table 12).

DISCUSSION
Yield of intercropped wheat exceeded that of its monoculture under required irrigation

Our findings indicated an enhancement in the yield of intercropped wheat within the examined
legume intercropping systems, relative to its yield under sole cropping across both seasons, given
the implementation of required irrigation and water stress treatments, with the exception of WS2 in
the second season (Table 5). Reports indicate that intercropping with legumes gives significantly
better outputs compared to monoculture (Yu et al., 2016). Moreover, legume crops possess the
capacity to fix nitrogen in their roots via rhizobium through the process of symbiotic nitrogen
fixation (Pelzer et al., 2012), hence promoting the benefits of intercropping with legumes,
specifically the complementing utilization of nitrogen sources by the intercrops (Dhima et al.,
2014).

Moreover, the yield of intercropped wheat in the second season surpassed that of the first season,
attributable to the residual effects of legume crops, as noted by Banik et al., (2018), who reported a
significant presence of residual nitrogen in the soil following legume cultivation, thereby enhancing
soil fertility. Kirihetti (2018) noted that a quantity of fixed nitrogen was returned to the soil as crop
residue following the cultivation of legumes. Mat Hassan et al., (2012) revealed that legumes
mobilize phosphorus in the soil throughout their growth, enhancing phosphorus uptake in
subsequent cereal crops.

The peak intercropped wheat production was achieved when peas were intercropped with wheat in
both seasons, as well as the faba bean intercropping system (Table 5). While earlier studies in
Egypt reported a decline in wheat production when intercropped with peas (Abd-Rabboh and
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Koriem 2021; Sheha et al., 2015), our findings demonstrated an increase in wheat output
attributable to the reduced planting density of peas in our investigation. Intercropping peas with
cereals enhances production stability by belowground nutrient transfer via direct root contact,
diffusion of exudates, and mycorrhizal associations (Garcia et al., 2016). Oelbermann et al. (2015)
assert that intercropping influences rhizodeposition and soil microbial characteristics, which
contribute to yield benefits. Moreover, peas exhibit a defined growth pattern, flowering and
maturing sooner than wheat cultivars, with nitrogen being released from nodules post-flowering,
coinciding with the nitrogen need during the grain filling stage of wheat (Bioland, 2021).
Additionally, peas can provide ground cover among wheat plants, thereby inhibiting weed growth
(Daryanto et al., 2020). Naudin et al., (2010) assert that interspecific competition for soil nitrogen
between wheat and peas is less significant than intraspecific competition among wheat plants in
monoculture, with wheat yields frequently demonstrating superiority in intercropping relative to
sole cropping. Furthermore, Jensen et al., (2020) demonstrated that intercropping peas with wheat
effectively diminished nitrogen fertilization requirements and production costs, while maintaining
output with reduced mineral nitrogen pollution.

While prior studies in Egypt indicated reductions in wheat yield within its intercropping system
with faba bean (Abou-Keriasha et al., 2013, Hamada and Hamd-Alla 2019), our findings
demonstrated an enhancement in intercropped wheat yield due to minimal competition between
faba bean and wheat plants, as the faba bean planting density in our investigation was 25%, in
contrast to 50% in the earlier studies. The low planting density of faba bean may promote
synergistic interaction between the two intercrops and diminish competition. Moreover, Benincasa
et al., (2012) demonstrated that in the intercropping system of wheat and faba bean, each species
experienced competitive effects from its companion, with faba bean prevailing when present in
greater proportions than wheat. Xue et al., (2016) reported that carboxylate concentrations in the
faba bean rhizosphere were 10 to 20 times higher than those in wheat within the intercropping
system, indicating a substantial capacity for soil phosphorus mobilization and improved phosphorus
uptake by wheat, aided by faba bean. Chapagain and Riseman (2014) demonstrated that
intercropping wheat with faba bean enhanced wheat biomass and grain protein content relative to
monoculture wheat cultivation.

Our findings indicated that the yield of intercropped wheat with fahl clover was the lowest among
the three intercropping systems, likely due to significant interspecific competition between the two
crops. Pellegrini et al., (2021) observed diminished wheat production when it was temporarily
intercropped with clover, attributable to elevated interspecific competition. Fahl clover, being a
leguminous crop capable of symbiotic nitrogen fixation in its root nodules, enhances soil nitrogen
availability, resulting in a modest increase in intercropped wheat yield during the first season and
higher value in the second season. Abou-Kerisha et al., (2008), Abou-Kerisha et al., (2013), and Ali
(2018) reported analogous findings, indicating an enhancement in wheat production when
intercropped with fahl clover at a low seeding rate of fahl clover. Andersen et al., (2007) asserted
that the enhanced early growth capacity and extensive lateral root systems of legumes may be
critical determinants of their competitive prowess for soil resources. Due to fahl clover being sown
on the same day as wheat, it may forfeit the benefits gained by faba beans and peas, which were
planted subsequently to wheat within their intercropping system. Yu et al., (2016) posited that
species sown earlier will generally exhibit superior individual performance compared to those sown
later in intercropping systems due to size-asymmetric competition. Variations in sowing dates
across intercropped species are expected to provide earlier-planted crops with preferential access
to soil resources relative to those sown later (Yu et al., 2016).

Intercropping peas and faba beans with wheat mitigates yield losses under imposed water
stress

In the first season, with irrigation at 85% and 70% ETc, only the intercropping system of peas with
wheat achieved a greater yield of intercropped wheat compared to sole wheat agriculture (Table 5).
Prudent et al., (2016) indicate that peas plants exhibit tolerance to mild drought conditions, since
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their roots face reduced competition for water during periods of low water availability. In the
second season, the yield of intercropped wheat in the three intercropping systems exceeded its sole
production under irrigation and 85% ETc, with the maximum yield recorded in the intercropping
system with peas (Table 5). Reports indicate that peas contribute residual nitrogen to the soil at a
rate of 50-60 kg/ha (Kanwar, 1990), potentially enhancing wheat development and increasing its
resilience to water stress within an intercropping system. Daryanto et al., (2020) discovered that in
a peas-wheat intercropping system, moisture levels in shallower soil were lower than those in
deeper soil compared to monocultures. Peas can provide ground cover between wheat plants, so
lowering soil temperature and evaporation, and consequently minimizing water loss from the soil
surface. Whereas, Khan et al., (2010) assert that faba bean has more sensitivity to terminal and
temporary drought compared to other temperate grain legumes, suggesting it may have competed
more with wheat for water than peas during conditions of water stress.

Mixed legume-cereal stands reportedly exhibit reduced evaporation owing to a more intricate
canopy structure, resulting in enhanced drought tolerance (Tsubo and Walker, 2004). Certain
characteristics that affect stand and canopy structure in intercropping systems can more effectively
manage or diminish humidity, consequently lowering disease prevalence (Ma et al., 2019).
Moreover, Gregory (1988) indicated that the roots system of legumes continued to expand near
maturity, but the root system growth of cereal crops halted post-anthesis. As a result, underground
competition for nutrients and water diminished following the anthesis of cereal crops.

Imposed water stress diminished both sole and intercropped legume crops

The decline in yield of the intercropped legume species under imposed water stress treatments
(Tables 6, 7, and 8) was minimal for peas, followed by faba bean and fahl clover. The production
decreases of intercropped crops under imposed water stress exceeded those observed in sole
cultivation. These higher yield losses are due to the applied irrigation water being based on the
needs of wheat, which may not be ideal for legume crops under imposed water stress. Furthermore,
higher competition between the roots of legume crops and the roots of wheat for the limited water
supply existed due to its higher planting density, which gives a higher advantage to wheat roots in
water acquisition than the intercropped crops. Similar trends were reported for legume-sugar beet
intercropping system by Ouda and Zohry (2023).

Soil N content increased under peas and faba bean intercropping system with wheat

Our results indicated that irrigation with the required amount attained higher values of soil
available N under the three wheat intercropping systems than the value obtained for sole wheat
cultivation (Table 9). It has been reported that intercropping with legumes enhances soil N through
plant residues (Amossé et al., 2014). Moreover, the values of soil available N were higher in the
second season than in the first season due to the decomposition of legume crop residues that
benefit the subsequent crop (Arcand et al., 2014). The highest values of soil available N were found
when faba bean was intercropped with wheat due to its ability to fix higher values of N than peas
and fahl clover (Carranca et al., 1999) and to its dense rooting systems (Shanmugam et al., 2022).
Bargaza et al. (2015) proposed that intercropping with faba bean enables its roots to penetrate
deeper soil layers, thereby accessing a greater soil volume (Belachew et al., 2019), which may
contribute to increased organic matter decomposition in the soil (Arcand et al., 2014) compared to
peas and fahl clover.

It has been reported that faba bean has the highest reliance on N2 fixation for growth in
comparison with peas, which leads to high N credit for the following crops (Hauggaard-Nielsen et
al., 2009). Faba bean has been shown to attain higher amounts of N derived from the atmosphere,
than peas. In addition, faba bean can reduce NO3-N leaching by scavenging residual soil NO3-N,
higher than pea (Peoples et al., 2009).

The results also showed high value of available soil nitrogen contents when peas were intercropped
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with wheat in both seasons (Table 9). According to the findings of Rodriguez et al., (2020), the
residual organic matter of this system, which is proportionally richer in nitrogen compared to
monocropping, can help to replenish the soil’s mineral reserves and, thus, preserve its natural
fertility. It has been reported that a 17% increase in soil organic matter was found when peas was
intercropped with wheat compared to sole wheat cultivation (Abbady et al., 2016). Whereas, Zohry
et al., (2020) noted an 11% rise in soil organic matter with the same intercropping system relative
to sole wheat. Carlsson et al., (2017) reported that, in peas intercropping system with wheat, wheat
is more competitive in its use of mineral nitrogen, urges peas to fix more atmospheric N by
symbiosis to meet its needs, which hinders the development of weeds due to the lack of nitrogen
resources. Furthermore, an increase in soil nitrogen content was observed when fahl clover was
intercropped with wheat (Table 9), compared to the value found after sole wheat cultivation.
Similar results were obtained by Ouda and Zohry (2024), Ali (2018), and Abdel-Zaher et al. (2009).

Under imposed water stress treatments, available soil N was reduced under all wheat intercropping
systems, compared to its values when required irrigation was applied (Table 9). According to Latati
et al., (2016), intercropping has a facilitative function in mitigating stressful conditions through
plant root interactions and mobilizing limited or unavailable nutrients, such as phosphorus in harsh
environmental conditions. Barzana et al., (2021) reported reduction of the nutrient availability for
plants under lower soil water availability, which in turn limits their nutrient uptake and
assimilation. However, intercropping the three legume crops with wheat contributed to increase
available soil N under water stress treatments, compared to the values obtained under sole wheat
cropping, with the highest values obtained under faba bean intercropping system with wheat (Table
9). Furthermore, Bargaza et al., (2015) indicated that intercropping of faba bean with wheat under
low water availability promotes faba bean nodulation and root growth in deeper soil layers.

Intercropping systems of peas and faba beans with wheat achieved a superior land
equivalent ratio (LER)

The results in Table 10 indicated LERwheat values exceeding 1.0, attributable to elevated
intercropped wheat yields compared to monoculture yields across both seasons and the three
irrigation treatments, with the highest value recorded for the peas intercropping system, followed
by the faba bean intercropping system. This research indicated that peas were marginally more
effective than faba bean in enhancing the growth conditions of wheat within their intercropping
system, and both outperformed fahl clover, which also exhibited an increase in land use efficiency,
as noted by Brintha and Seran (2009). Moreover, these findings demonstrated that the effects of
complementarity and collaboration among these legumes were more pronounced than those of
competition, as noted by Justes et al. (2021). The peak values of LERwheat in the peas
intercropping system indicate a greater compatibility between the two intercrops than that
observed in the faba bean and fahl clover intercropping systems. Additionally, the complementarity
in the utilization of natural resources, stemming from diminished interspecies competition and
niche partitioning (Gitari et al., 2020), may also be a contributing factor. An LER value exceeding
1.0 signifies that interspecific facilitation surpasses interspecific competition, suggesting that
intercropping enhances land use efficiency (Machiani et al., 2018). Lithourgidis et al., (2011)
indicated that LER values exceeding 1.0 suggest that a monocropping system necessitates more
acreage to achieve equivalent yields as an intercropping system. Chapagain and Riseman (2014)
demonstrated that intercropping wheat with faba bean achieved a superior land equivalent ratio
due to enhanced total land outputs, greater land productivity, and improved wheat biomass, in
contrast to monoculture wheat agriculture.

It is noteworthy that under WS1, the values of LERwheat remained over 1.0 owing to the
enhancement in wheat yield attributed to the residual effects of legume crops in the soil. The
application of WS2 decreased the LERwheat values below 1.0, hence lowering the LERtotal values
in the second season.

The LER values obtained in this study were consistent with those previously documented in Egypt.
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Abd-Rabboh and Koriem (2021) recorded a greater LER value for the intercropping system of peas
with wheat (50% of its planting density) in the second season compared to the first, specifically
1.56 versus 1.45, respectively. Zohry et al., (2020) reported LER values of 1.33 and 1.40 for the
same intercropping system in the first and second seasons, respectively. Regarding the faba bean
intercropping system with wheat, Hamada and Hamd-Alla (2019) observed a LER of 1.33 and Abdel-
Wahab and El Manzlawy (2016) reported a LER value of 1.24. Furthermore, Ali (2018) reported a
LER value of 1.25 for the intercropping of fahl clover with wheat and Ouda and Zohry (2024)
achieved a LER value of 1.28.

The intercropping system of peas and faba bean with wheat enhances water use efficiency

Our findings indicated that the irrigation water applied to each wheat intercropping system was
equivalent to that applied to sole wheat. Consequently, two crops utilized the irrigation water
allocated to wheat plants, indicating the efficient utilization of applied irrigation water within
intercropping systems. Moreover, water usage in wheat intercropping systems with legumes
exceeded that of sole wheat (Table 4). The water absorption is attributed to two species: wheat and
the legume companion crop. These results are corroborated by the findings of Morris and Garrity
(1993) and Mao et al., (2012). Moreover, Yin et al., (2019) indicated that the daily soil evaporation
of intercrops was inferior to that of sole cropping, demonstrating a notable benefit of intercrops in
enhancing crop water availability. Our findings indicated that the water consumption in wheat
intercropping systems did not merely reflect the sum of the water usage of individual crops; rather,
it was lower than the total water consumption value. Yin et al., (2018) elucidated this conclusion by
the synergistic use of irrigation water throughout the season in irrigated regions. Furthermore,
Yang et al., (2011) asserted that intercropping represents the most effective and sustainable
approach for enhancing water utilization in agricultural production by augmenting soil moisture
and reducing runoff, thereby leading to increased yields and serving as a strategy for water
conservation (Chen et al., 2018).

The optimal planting density of the companion crop is crucial in influencing growth characteristics.
In our experiment, the employed plant density for each legume crop was optimal for augmenting
water utilization by the intercrops and yielding elevated values of WERlegume (Table 11). Wang et
al., (2018) demonstrated that optimal planting density enhanced photosynthesis and the
microclimate between the two intercrops, hence boosting root length density and root absorption
area.

Moreover, our findings demonstrated the fahl clover’s superior water efficiency relative to the
other legumes examined, achieving the highest partial WER during the first season across all three
irrigation regimens. Nonetheless, the values of WERwheat and WERtotal exceeded 1.0, with the
highest observed in the intercropping system with peas during both seasons across all three
irrigation treatments, indicating that intercropping with leguminous crops enhanced the water
utilization of wheat under both non-stressful and stressful conditions. Intercropping peas with
wheat has been shown to utilize water resources more efficiently and can be employed in arid
situations to achieve higher yields (Pankou et al., 2021). The elevated WERtotal achieved due to the
residual impact of peas on the soil in the second season enhanced soil water retention, which
favorably influenced the yield of intercropped wheat. Intercropping significantly improves water
use efficiency, influenced by the sowing ratio of the intercropping system, demonstrating a
substantial water usage advantage (Mao et al., 2012). Furthermore, intercropping with legumes
enhances soil properties, including the augmentation of soil aggregate stability (Rücknagel et al.,
2016) and improvements in water retention and infiltration (Wick et al., 2017), which positively
influences the yield of intercropped wheat.

Both WER and ΔWU were employed to assess the efficiency of irrigation water utilization in
intercropping compared to monoculture. Moreover, the values of WER > 1 and ΔWU < 0 indicated
that the legume-wheat intercropping systems significantly improved water use efficiency,
demonstrating a substantial water usage advantage with the required irrigation application. Under
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the applied water stress treatments, the recorded WER values for peas exceeded those of the faba
bean and fahl clover intercropping systems, while the ΔWU value was below 0.0, which suggest
enhanced water use efficiency (Table 11). Reports indicate that intercropping can improve water
use efficiency by 4% to 99% relative to sole crops, particularly when water availability is not
constrained (Stomph et al., 2020; Mao et al., 2012; Tan et al., 2020). The root system significantly
contributes to water acquisition in intercrops, as species mixes have been demonstrated to enhance
root length density, resulting in reduced water loss via evaporation (Pankou et al., 2021). Ouda and
Zohry (2024) reported WER values for fahl clover intercropping systems with wheat in Egypt as
0.25, 1.00, and 1.25 for WERfahl, WERwheat, and WERtotal, respectively.

The intercropping system of peas and faba beans with wheat achieved greater total
income and monetary advantage index

The results demonstrated that the total income (TI) values of the three intercropping systems
surpassed those derived from sole wheat cultivation across the three irrigation treatments in both
seasons, with the highest value achieved from the peas-wheat intercropping system.
Correspondingly, the monetary advantage index (MAI) values were maximized in the peas-wheat
intercropping system across all three irrigation regimes for both seasons.

The findings align with those of LER, where Dhima et al., (2007) indicated that the highest LER
values in an intercropping system result in economic advantages reflected in MAI values. The
results can be attributed to increased overall productivity in intercropping with comparatively
lower input investment (Banik et al., 2006).

CONCLUSION 
The rising demand for agroecosystems that integrate high crop output with diminished input levels
necessitates the implementation of legume-cereal intercropping systems. Our findings indicate that
intercropping the three legume species with wheat is a potential strategy for enhancing land and
water use efficiency via improved light capture and complementing nutrient and water uptake. Our
findings indicate that intercropping is advantageous, both with required irrigation and under
conditions of induced water scarcity. The notable yield advantage of wheat compared to its sole
cultivation resulted from enhanced land utilization and improved exploitation of environmental
resources for plant growth. Moreover, these intercropping systems exhibit elevated productivity
and might be adopted by farmers due to their yield benefits. The analysis of the three intercropping
systems demonstrated that the peas-wheat intercropping system is the most beneficial, achieving
the maximum land equivalent ratio, water equivalent ratio, total income , and monetary advantage
index under both required irrigation and 80% ETc water stress conditions. This suggests that, in
the context of limited water resources, intercropping wheat with legumes, particularly peas, is
advisable to enhance the utilization of existing water resources.
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