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Abstract. In order to promote agroecological practices, this study compares two cropping
systems, i.e., intercropping versus sole cropping of a cereal - durum wheat (Triticum durum Desf.;
and a nitrogen-fixing legume - faba bean (Vicia faba L.) on plant growth, Efficiency in the use of
rhizobial symbiosis (EURS), grain yield and phosphorus (P) and nitrogen (N) accumulation in
soil and plant. This study conducted during two cropping seasons in a field trial in the region of
Tizi Ouzou, Algeria, shows that shoot dry weight (SDW), nitrogen nutrition index (NNI),
phosphorus use efficiency (PUE), land use efficiency (LER), and grain yield were significantly
higher for intercropped than for the sole cropped wheat. Furthermore, there was a considerable
increase in soil P and N content across the two years of intercropping and sole cropping compared
to the unseeded weeded fallow. Intercropping, it is claimed, improves wheat N nutrition by
increasing the availability of soil-N for wheat. This increase might be due to reduced interspecific
competition between legumes and wheat plants than intraspecific competition between wheat
plants due to the legume’s ability to compensate by atmospheric nitrogen fixation.
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INTRODUCTION

By 2050, the global human population will reach 9.8 billion people (Layek et al.,
2018). As aresult of this population expansion, new urban agglomerations and industrial
infrastructures will develop, often encroaching on agricultural lands reducing the land
available for cultivation and increasing greenhouse gas emissions that are harmful to the
environment and human health. By consequence, food security has become a severe
concern for most governments, particularly emerging countries.

Intensive agriculture can help achieve food security by increasing crop yields and
meeting the requirements of the world’s population. This agricultural intensification
requires many chemical inputs, which causes environmental issues (Chen et al., 2019).
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Wang et al. (2015) report that nitrogen fertilizers improve crop yields while the
efficiency of rhizobial symbiosis (EURS) decreases, and the massive nitrogen remains
in the soil profile. However, the N that remains in the soil can pollute groundwater
through leaching and contaminate the air by promoting the volatilization of NO, N-»O,
and NH3 (Zhu & Chen, 2002).

Integrating legumes into cropping systems, either as intercrops or as relay crops,
might be an alternative agronomic approach for better utilization of growth resources
by utilizing their agroecological services (Scalise et al., 2015; Kaci et al., 2018; Chen et
al., 2019).

Growing two or more crop species on the same farmland is known as intercropping
(Willey, 1979). Intercropping systems, including legumes, can help the intercropped
species by increasing the efficiency of soil resource utilization (particularly phosphate
and nitrogen) and suppressing weeds, pests, and diseases (Peoples et al., 2018; Kherif
etal., 2021).

Several authors have reported the benefits of cereal-vegetable intercropping on
grain yield, nitrogen nutrition, Land Equivalent Ration (LER), and P uptake (Betencourt
et al., 2012; Cong et al., 2015; Kaci et al., 2018; Tang et al., 2020; Kherif et al., 2021).

In a three-year experiment, Kaci et al. (2018) showed that intercropping wheat and
faba bean boosts aboveground productivity, grain yield, and Nitrogen Nutrition Index
(NNI) for intercropped wheat by improving the effectiveness of faba bean’s rhizobial
symbiosis (EURS). According to these authors, this rise might be attributable to reduced
interspecific competition between legumes and wheat plants than intraspecific
competition between wheat plants, thanks to the legume’s adaptation by fixing
atmospheric nitrogen.

Otherwise, phosphorus (P) is a nutrient that strongly limits plant growth in many
soils (Raghothama, 1999; Hinsinger, 2001; Betencourt et al., 2012). For several decades,
the extensive use of fertilizers has been the primary practice to overcome this limitation
and maintain high-yielding agroecosystems. The mined phosphate rock used to produce
P fertilizer remains a finite resource (Cordell et al., 2009; Dawson & Hilton, 2011;
Betencourt et al., 2012). Therefore, increasing phosphate fertilizer use to improve
agricultural production in increasing global food demand is no more a suitable alternative
(Vance, 2001; Hinsinger et al., 2011; Betencourt et al., 2012). New techniques are needed
to better exploit soil P resources through efficient cultivar selection or alternative
agroecosystem management strategies to optimize P bioavailability (Vance, 2001;
Lambers et al., 2006; Betencourt et al., 2012; Tang et al., 2020).

In this context, cereal/legume intercropping benefits on P acquisition have been
reported (Betencourt et al., 2012; Tang et al., 2016; Tang et al., 2020). These benefits
may be due to belowground complementarity or facilitation effects (Li et al., 2014).
Complementarity is defined as less competition for soil nutrients between two different
species grown in the same area compared to their respective monoculture. Regarding
complementarity, the amount of P available to plants is primarily affected by the
geometry and volume of the rhizosphere. Thus, increasing root surface area in
intercropping systems induces better soil exploration (Hinsinger et al., 2011). Moreover,
Cahill et al. (2010) report that environmental stimuli perceived by plants generate a
modification in their root distribution according to nutrient availability and competition
with root systems of other species.
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Finally, the cereal/legume intercrop could improve its P uptake capacity by
depleting specific inorganic pools. Without mentioning the transfer of nutrients or the
improvement of P availability by the action of one species, white lupin intercropped with
wheat preferentially use either citric acid-leachable P or a water-leachable soil P pool
(Cu et al., 2005), supporting Turner (2008) hypothesis regarding resource sharing for
soil phosphorus. However, similar to other cereal-legume intercropping models, these
finds suggest that this strict complementarity is difficult to disentangle from other
changes in the rhizosphere induced by intercropping, such as soil pH or changes in the
enzymatic activity involved in solubilizing inorganic P (Li et al., 2003 and 2007; Alkama
et al., 2009). However, even if the limits of complementarity are not clear, a general
partitioning process likely shortens the period of competitive relationships between
plants (Vance, 2001).

As intensive agriculture directly causes global environmental changes, agroecology
has emerged as one of several options for reducing agriculture's environmental effect,
particularly in smallholder farming systems. Investigating agroecological principles is
necessary to comprehend the multiple practices for developing this cropping system,
hence lowering agriculture's negative environmental impact and augmenting its
resiliency. To this end, our study investigates the influence of the wheat/faba bean
intercropping system on symbiotic root nodulation, critical for enhancing soil's nutrient
bioavailability. Moreover, we examined how this system affects rhizobial symbiosis
activity for plant nitrogen nutrition and P use efficiency compared to the mono-cropping
system in a smallholder agriculture context under Mediterranean climatic conditions.

MATERIAL AND METHODS

Experimental site

The field experiments were conducted over two growing seasons: 2019 and 2020.
They were located in a farmer’s plot in the province of Tizi Ouzou, 100 km east of
Algiers, Algeria. The main sites of the experiments were located at 36°41°51.4 "N
4°04'58.6"E.

The region has irregular rainfall, with an annual mean of 733 mm and 660 mm
respectively in 2019 and 2020. The driest month was June (with rainfall of about 1 mm)
in 2019 and July (with rainfall of about 0 mm) in 2020, while the highest rainfall was in
November 2019 and December 2020 with 220 mm and 179 mm, respectively. The
warmest month was July over the two growing seasons with a mean of 30 °C and 37 °C
respectively in 2019 and 2020, while the coldest month was January (mean of 6 °C and
7 °C respectively in 2019 and 2020).

Within the study plots, there were mainly Calcisols (IUSS Working Group, 2015),
which are typical soils of the Mediterranean part of the Magreb (e.g. Baraket et al., 2021).
The average texture of investigated soils was clay loam with 47% of silt, 29% of clay
and 24% of sand. Regarding soil chemical properties, the topsoil was alkaline (pH 8.7),
with 17 g kg”' CaCO” and relatively low organic matter content (2.4%). The agricultural
conditions at this experimental soil correspond to an N deficiency (total N: 1.2 g kg™ and
inorganic N (N-NH4" + NO5): 9 mg N kg™') and P sufficiency (total P: 289 mg kg and
P Olsen: 23.5 mg P kg™").
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Cropping systems and plant growth conditions

The field experiment was carried out with one durum wheat cultivar (7riticum
durum Desf. cv. Vitron) and one faba bean cultivar (Vicia faba L. cv. Diva). The
experimental design was a randomized complete block design with four blocks (four
replicates); each block was divided into four sub-plots. Each subplot was composed of
the following cropping systems: (1) durum wheat-faba bean intercropping system;
(2) durum wheat sole cropping system; (3) faba bean sole cropping system; (4) unseeded
weeded fallow surface. Over the two growing seasons, the experiments covered an area
of 1,000 m*, each sub-plot being 6 m x 10 m. According to the current farming
practice, the seeding density was 350 plants per m? for durum wheat as a sole crop,
60 plants per m” for faba bean as a sole crop, 175 plants for durum wheat, and 30 per m?
for faba bean as intercrops. Both species were sown in the same row for the intercropping
system to maximize root proximity and rhizospheric interactions between durum wheat
and faba bean. Before crop planting, the first 20 cm of soil were mechanically plowed
using a rotary spading machine, then a passage with a rotary harrow was carried out to
prepare the seedbed. Finally, the seeding was sown manually at 5 cm depth, followed by
a smooth roller pass to promote the contact between soil and seeds. No chemical or
fertilizer treatment was applied to the crops.

Plant and soil sampling and measurements

Throughout two growing seasons, soil and plants were sampled during the entire
flowering stage of faba beans. With each cropping system, four sampling points were
chosen for each subplot. A sample of 8-10 plants was taken with soil around the roots
at each sampling point. To not destroy the roots, the soil surrounding the roots was
carefully scraped to a depth of 30 cm, and soil samples were mixed into a single sample
for each subplot. After that, this soil was sieved to less than 4 mm to remove the coarse
fraction and then dried in ambient air for at least 48 h. Shoots were separated from the
roots at the cotyledonary nodes for sampled plants. In addition, nodules were carefully
separated from the roots of faba beans. Shoots, roots, and nodules were dried for 48 h at
65 °C and then weighted.

The total yield of both crops was determined following a manual harvest; for each
cropping system and sub-plot, the crop was collected separately and weighed in the
laboratory. In addition, after each harvest, the crop residues of each sub-plot were
crushed mechanically using the stubble cutter and then incorporated into the soil. The N
concentration in the soil was determined using the Kjeldahl method (Lynch et al. 1999),
and the total P concentration in the plants (shoots, roots, and grains) and soil was
determined using the malachite green method after digestion by nitric and perchloric
acid (Petibon et al., 2000). The soil P availability was determined by extraction with
NaHCO3 (Olsen method).

Efficiency in the use of rhizobial symbiosis (EURS)

Drevon et al. (2011) defined the relationship between changes in symbiotic
nitrogen-fixing nodule biomass and plant biomass as an estimator of efficiency in using
rhizobial symbiosis. This simple relationship can also be considered an indicator of
symbiotic nodules' ability to fix atmospheric nitrogen. In addition, in practice, shoot
biomass is often used instead of the total plant biomass to avoid the possible
underestimation of root biomass during field sampling.
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Nitrogen nutrition index (NNI)

NNI is defined as the ratio of actual crop N uptake (N,) to the critical N uptake (N)
(Eq. (1)), which is the minimum N uptake without deficiency to allow for the maximum
growth rate at any time of plant growth (Eq. (2)) (Lemaire et al. 2008).

NNI = %N, x %N, (D)
%N, is determined with empirical dilution curve such as:
%N, =ac x WP ()

where W — actual crop mass (t ha™'); ac — critical plant N concentration for 1t W ha™,
and b — constant (Lemaire et al., 2008). For wheat, the values of ac and b are 5.3% and
0.44 (Lemaire et al., 2008).

P use efficiency (PUE)

PUE stands for plant P usage efficiency; numerous methods conceptualize and
measure physiological and agronomic PUE. In our study, we used physiological PUE,
which is defined as the ratio of whole plant dry weight (DWp) to plant phosphorus
concentration (Pc) (Eq. (3)). (Vadez & Drevon, 2001; Benlahrech et al., 2018).

PUE = DW, x P, (3)

Land Equivalent Ratio for Yield (LERY)

Willey & Osiru (1972) have defined the relative land area required when growing
sole crops to produce yield obtained in an intercrop as the land equivalence ratio for
yield (LERy). LERy indicates the yield advantage of the intercrop over the sole cropping
system for a similar unit area between the two systems (Eq. (4)).

LERy = (Yw.c ¥ Yw.sc") + (Yric X Yesc) “4)

where Yw.ic and Yr.ic are the yields of wheat and faba bean intercropped. On the other
hand, Yw-sc and Yr.sc yield wheat and faba bean yield in the sole crop, respectively.

Statistical analysis and calculations

Before statistical analysis, the data were checked for homogeneity of variance. The
R software was used to run one- and two-way analyses of variance (ANOVA) (R Core
team 2016). Tukey's multiple comparison tests at P = 0.05 were used to select the means.
A linear regression relationship between shoot (SDW) and nodule (NDW) dry weights
were determined for the cropping systems with faba bean each year. In order to compare
the biomass stocks per equivalent area units (gm?), SDW and, for faba bean,
NDW per plant (g plant™) were converted into stocks as follows:

SDW (or NDW) stocks = SDW (or NDW) X SDorr ®))

where SDcorr — sowing density (SD) of a given species corrected by the area
actually occupied by this species. Thus, SDcorr = SD for sole crops, and SDcor = SD /
0.5 = SD x 2 in intercropping since the area was halved in intercropping for each species.
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RESULTS

Plant growth and nodulation

Wheat and faba bean shoot dry weight was significantly affected by cropping
system as shown in Table 1; the table also shows that only wheat SDW was significantly
affected by growing season. Fig. 1, A, shows that SDW per equivalent unit area of
durum wheat (SDW gm?) was significantly higher in intercropping than in sole
cropping (38% in 2019 and 47% in 2020). However, faba bean shoot dry weight
decreased significantly under the intercropping system by 29% in 2019 and 24% in 2020
compared to sole cropping (Fig. 1, B). In the same way, the cropping system had a
considerable impact on faba bean nodulation (Table 1).
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Figure 1. Durum wheat (A) and Faba bean (B) shoot dry weight for each year in sole cropping
versus intercropping. Data are means and standard errors of 16 replicates harvested at 130 days
after sowing. Within a given year, mean values labeled with different letters are significantly
different at P < 0.05.

On another hand, when compared to sole cropping, intercropping significantly
reduced nodule dry weight (NDW) and the number of nodules (NN) (Table 1).
Regarding NDW, the loss was estimated to 28% in 2019 and 36% in 2020 (Fig. 2, A);
for the number of nodules (NN), the diminution was estimated to 45% and 40% in 2019
and 2020, respectively (Fig. 2, B).

Table 1. P-values of two-way ANOVAs with factors growing season and cropping system on
plants and soil variables

Nodule Nodules
Shoot dry weight (g m?) dry weight number  Soil N Soil P
(gm?)  (Nodpl"

Wheat Faba bean  Faba bean %
Growing season  1.73x10%* (.32 0.38 ™ 0.33m 0.43 1 0.39 ™
Cropping system  9.33x1075"7.50x10°°™"  2.94x105"*" <2x10716*** 1.55x10%"* 9.53x10-11"*
Growing season x (.26 ™ 0.74 s 0.42 s 0.73 s 0.98 " 0.96 ™

Cropping system
*P <0.05; P <0.01; " P <0.001; ™ not significant (P > 0.05).
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Figure 2. Faba bean nodule dry weight (A) and nodules number (B) for each year in sole cropping
versus intercropping. Data are means and standard errors of 16 replicates harvested at 130 days
after sowing. Within a given year, mean values labeled with different letters are significantly
different at P < 0.05.

Efficiency in the use of rhizobial symbiosis (EURS)

EURS (calculated as the slope of the linear regression between plant and nodule
biomass) were significantly different in Faba bean grown in intercrop and sole crop
systems (Fig. 3). The shoot dry weight (SDW) of each faba bean plant was linked to the
nodule dry weight (NDW). In both growing seasons, the EURS for intercropping was
significantly higher than for sole cropping; in 2019, the EURS for intercropped faba bean
(27.5 g SDW g NDW) was 87% higher than sole cropped faba bean (14.7 g SDW g
NDW) (Fig. 3, A). In 2020, intercropped faba bean had a EURS of 26 g SDW g"' NDW
which was 47% higher than sole cropped faba bean (17.7 g SDW g”' NDW) (Fig. 3, B).

80 (B) Season: 2020

Sole crop
SDW=14.7 NDW + 14 4 °
R2 =077

©1 () Season: 2019

Sole crop
SDW=14.7 NDW + 19.3
R2 =0.72**

70

-~
o

60

2]
=]

50

o
=]

40

30

w
=]

Faba bean Shoot Dry Weight (g pl')
&
o

20 Intercrop 20 Intercrop
SDW =27.5NDW + 25 . SDW =26 NDW + 5.9
10 . R2 =07 10 e R2 = 0.9
0 0
0 05 1 15 2 25 3 0 0.5 1 15 2 25 3
Faba bean Nodule Dry Weight (g pl) Faba bean Nodule Dry Weight (g pl)

Figure 3. Efficiency in use of the rhizobial symbiosis for faba bean in sole cropping (white dots)
versus intercrop ping (black dots) for (A) 2019; (B) 2020. The equations on the charts are the
regressions for sole crops (light grey text) and intercrops (dark grey text). All regressions were
established from sixteen replicates (sixteen plants). *P < 0.05; **P < 0.01; ***P < 0.001.
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Wheat Nitrogen Nutrition Index (NNI) and P Use Efficiency (PUE)

The two-way ANOVA in Table 2 shows that the growing season and cropping system
significantly impact NNI and PUE. Fig. 4, A, indicates that the NNI for intercropping
was higher than 1, but the NNI for sole cropping was less than 1. In 2019 and 2020, the
NNI for intercropping was 64 and 91 percent higher than sole cropping, respectively.
Furthermore, Fig. 4, B shows that PUE for intercropped wheat was much higher than
sole cropped wheat by 97 percent and 124 percent, respectively, in 2019 and 2020.

Table 2. P-values of two-way ANOVAs with factors growing season and cropping system on
grain yield, INN and PUE

Grain yield (t ha!) Nitrogen nutrition index P use efficiency

(NNI) (PUE)

Wheat Faba bean Wheat Wheat

Growing season 0.62 " 0.45 ns 3.39x105" 0.023"
Cropping system  1.95x10°™" 0.30 ns <2.2x10°16"" <2x10°16"

Growing season x  0.75™ 0.51 ns 0.088 ™ 0.078 ™

Cropping system
*P<0.05 " P<0.01; ™ P<0.001; ™ not significant (P > 0.05).
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Figure 4. Durum wheat nitrogen nutrition index (A) and P use efficiency (B) for sole crops and
intercrops. Means and standard error for sixteen replicates harvested at 130 days after sowing.
For each year, mean values labeled with the same letters are not significantly different at P < 0.05.

Grain Yield and Land Equivalent Ratio for Yield (LERYy)

Table 2 shows that cropping systems, not the growing season, had a significant
effect on durum wheat grain yield; however, cropping systems and the growing season
had no impact on faba bean grain yield. As shown in Fig. 5, A, wheat grain yield was 8
percent higher in intercropping than in sole cropping in 2019 and 7 percent higher in
2020.

Land Equivalent Ratio for yield was higher than 1 (LERy > 1) as reported in
Table 2, indicating that the intercropping was more beneficial than the sole cropping for
durum wheat grain yield.
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Figure 5. Durum wheat (A) and faba bean (B) grain yield for sole crops and intercrops. Means
and standard error for sixteen replicates harvested at total maturity. For each year, mean values
labelled with the same letters are not significantly different at P < 0.05.

Soil N and P Availability

Fig. 6 shows the average inorganic N (6A) and Olsen P (6B) concentrations in the
rhizosphere for intercrops and sole crops, respectively. During both cropping seasons,
the inorganic nitrogen concentration in the soil of the intercrops and sole crops was
higher than that of the unseeded weeded fallow. The nitrogen concentration in the soil
was significantly higher for intercrops than for unseeded weeded fallows by 68% and
72% in 2019 and 2020, respectively. In addition, soil N content was significantly higher
under the intercropping system by 21% in 2019 and 2020 than sole cropped faba bean,
51% in 2019 and 46% in 2020 compared to sole cropped wheat (Fig. 6, A).
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Figure 6. Soil nitrogen (A) and phosphorus (B) contents in sole cropping versus intercropping
versus fallow for each year. Means and standard error of four replicates for intercropping and
unseeded weeded control and eight replicates for rotation. For each cropping system, mean values
labelled with the same letters are not significantly different at P < 0.05. Where I — intercrops;
W — wheat sole crop; F — faba bean sole crop; WF — weeded fallow.
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When faba bean was included in the cropping system, either intercropping or sole
cropping, soil Olsen P concentrations were consistently higher compared to sole cropped
wheat, and unseeded weeded fallow. Intercropping had the highest Olsen P levels, 37%
higher in 2019 and 40% higher in 2020 than sole cropped wheat; it was also 60% higher
than unseeded weeded fallow in 2019 and 2020, respectively.

DISCUSSION

To strengthen resilient and sustainable practices in agriculture, crop diversification
in the same space (e.g., intercropping cereals-legumes) appears to be one of the
agroecological practices that would enhance agroecosystem services (Daryanto et al.,
2019; Kherif et al., 2021). Overall, our results indicate a significant increase in dry shoot
weight for durum wheat intercropped with faba bean compared to sole cropped durum
wheat for an N-deficient and alkaline soil. However, when faba bean was intercropped
with durum wheat, the dry weight of shoots and nodules was significantly decreased, but
the number of nodules was significantly increased. Previous field studies in the
Mediterranean region have investigated the impact of intercropping in various legume-
cereal systems on plant growth. It was found that the dry shoot weight of durum wheat
was increased when intercropped with faba bean and cowpea (Betencourt et al., 2012;
Kaci et al., 2018). Also, these authors confirm that shoot biomass and nodule biomass
were significantly lower when cowpea and faba bean were intercropped with durum
wheat. However, Maingi et al. (2011) and Banik et al. (2006) reported that nodular
biomass of common bean and chickpea was significantly higher under intercropping,
which may be due to the beneficial association between cereal and legume. As well, our
study shows an increase in durum wheat yield under intercropping in both cropping
seasons, confirmed by an LERy greater than 1, indicating a benefit to the associated
grain. These results are in agreement with those of Kaci et al. (2018), who reported an
increase in wheat yield when intercropped with faba bean during three cropping seasons,
whereas other studies also report the benefits of cereal/legume association on grain yield
(Darch et al., 2018; Mndzebele et al., 2020), such as Kherif et al. (2021) who reported
an increase in the yield of wheat associated with chickpea compared to its Sole crop.

Furthermore, intercropping significantly affects the efficiency in the use of
rhizobial symbiosis (EURS) in both growing seasons. The faba bean EURS was much
higher for intercrops than for sole crops by 12.8 and 8.3 g SDW g”' NDW respectively,
in 2019 and 2020. This increase in EURS would result from the strong interspecific
competition exerted by the roots of durum wheat on nutrients, especially under these
conditions of N deficiency, which would stimulate biological N, fixation by legumes.
This increase in EURS is also linked to a decrease in nodular biomass and in the number
of nodules, which suggests a change in the population of efficient rhizobial strains
inducing a high number of small nodules involved in efficient nodulation with intense
nitrogenase activity (Alkama et al., 2012; Kaci et al., 2018; Chenene et al., 2021). Kaci
et al. (2018) and Latati et al. (2019) also reported an increase in EURS of faba bean and
chickpea when intercropped with durum wheat compared to their respective
monoculture.

There was also a significant increase in NNI for durum wheat intercropped with
faba bean in both growing seasons, with values greater than 1 indicating better nitrogen
nutrition for the intercropped wheat compared to the sole cropped. According to
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Callaway (1995), the ability of legumes to access the atmospheric N, pool via the
symbiotic fixation mechanism appears to be an alternative to interspecific competition
with cereals for the soil N pool, thus inducing a complementarity of N use between the
two species. Furthermore, wheat PUE was significantly higher when intercropped with
faba bean in both growing seasons. Our findings agree with those of Tang et al. (2020),
who also report a 21% improvement in P use efficiency under the intercropping system.
In this study, the increase in PUE is directly linked to the increase in soil Olsen P when
legume is included in the cropping system. The increase in Olsen P availability under
the association can be explained by several changes induced in the rhizosphere (proton
release, organic acids exudation, acid phosphatases, etc.) by the high nitrogen-fixing
activity of the legume (Tang et al., 2004; Alkama et al., 2009, 2012; Bargaz et al., 2012).

P availability (Olsen P) was not a limiting factor for crops; however, we found that
P availability was higher in intercrops than monocrops and the unseeded weeded fallow.
Several pieces of research have shown a significant effect of cereal-legume intercrops
on P availability under P-deficiency conditions (Devau et al., 2011; Betencourt et al.,
2012; Tang et al., 2020). As suggested by Wang et al. (2015) we presume that low N
availability in the rhizosphere can promote P availability through root-induced processes
in alkaline soil, such as rhizosphere acidification by legumes (exudation of phosphatases,
carboxylates, and/or indirectly through microbial activities). Recent research has
demonstrated the benefits of intercropping for cereals through the legume's facilitative
mechanisms, which was responsible for increasing the availability of inorganic resources
(e.g., inorganic P) through rhizosphere acidification during rhizosphere N, fixation,
according to the stress gradient theory (Tang et al., 2020; Kherif et al., 2021). Where soil
conditions are limited, as in P-deficient alkaline or calcarcous soils, these positive
interactions are precious (Drevon et al., 2011; Tang et al., 2020).

In this study's N-deficient soil, the availability of N in the rhizosphere of wheat-
faba bean intercrops was significantly higher in both cropping seasons compared to sole
crops; this increase was also accompanied by improved aboveground biomass and better
symbiotic fixation of atmospheric N,, implying the establishment of an interspecific
complementarity that would facilitate nutrient acquisition while reducing competition.
An increase in rhizosphere N content in cereal-legume intercrops compared to sole crops
was previously reported by several authors like Kaci et al. (2018); Tang et al. (2020) and
Rodriguez et al. (2020).

CONCLUSION

During this field trial conducted on a farming site over two cropping seasons, it
became evident that wheat/faba bean intercropping is more advantageous than sole
cropping. Indeed, we found that intercropped wheat had higher aboveground biomass,
grain yield, nitrogen nutrition, and EUP than sole cropped wheat. These significant
increases were accompanied by a physiological response of the related faba bean, which
increased its capacity to fix atmospheric nitrogen to reduce interspecific competition for
soil resources. Furthermore, we found that the availability of N and P in the rhizosphere
of intercrops was higher than that of sole crops.

This finding demonstrated intercropping as one of the most effective agroecological
systems and an alternative to intensive agriculture for ensuring ecosystem sustainability
and reducing greenhouse gas emissions created by contemporary agriculture.
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