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Abstract

To understand how the intercropping system alleviates stressful conditions, this study was aimed at elucidating the effects
of legume—cereal intercropping in enhancing phosphorus (P) availability in P-deficient soil under the semi-arid climate of
southern Tunisia. During the two growing seasons—2018-2019 and 2019-2020—two experimental fields were employed
to explore the effect of soil P availability on the growth of durum wheat and chickpea under different cropping systems.
A randomized complete block design was used in this experiment, with three blocks each divided into three plots. Each
plot was used for one of the following four cropping systems with three replications: (i) monocrop chickpea (Ck-M); (ii)
monocrop durum wheat (DW-M); (iii) durum wheat—chickpea intercrop (DWCk-IC); and (iv) vacant soil without plants as
a control. Compared to the vacant soil, we found a significant increase in the Olsen P concentration in the soil rhizosphere
by about 16%, 48%, and 36% for the DW-M, Ck-M, and DWCk-IC, respectively. Also, the increase in soil P availability
was associated with a pH decrease of —0.73 and —0.37 units for Ck-M and DWCk-IC, respectively. In addition, the soil
microbial biomass P increased significantly (P < 0.05), by about 27%, 22%, and 18% for the Ck-M, DWCk-IC, and DW-M,
respectively, compared to the vacant soil. The increased soil P availability improved the P contents in the durum wheat and
chickpea roots and shoots, although it mostly enhanced the intercropped dry weight. These findings demonstrate that durum
wheat—chickpea intercropping could be a practical cropping system for improving the soil P availability through enhanced
activity in the microbial community and soil acidification.
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1 Introduction

Phosphorus (P), one of the essential nutrients required by
crops, is involved in an array of processes, such as pho-
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tosynthesis and respiration, and is an integral component
of several crop structures, such as phospholipids (Adhikari
and Pandey 2019). The availability of P often limits crop
growth and is a significant constraint on improving agricul-
tural production in order to meet the increasing global food
demand (Duchene et al. 2017). Soils can contain pools of P
that could be several thousand times greater than the amount
necessary for crop growth. Indeed, only a tiny soluble frac-
tion might be available for crop uptake (Gong et al. 2020).
The P in soil can either be adsorbed to the soil particle sur-
faces (Hamdi et al. 2015, 2022) or precipitated with calcium
(Ca®*) or aluminum (AI’*) and iron (Fe*™) (Mpanga et al.
2018). Applied mineral P fertilizer can enhance the P avail-
ability in soils, but it is costly and can have negative impacts
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on the environment because it can cause eutrophication (Jia
et al. 2020). Therefore, there is a need to develop alternative
management practices that better exploit soil P resources by
increasing P bioavailability in agro-ecosystems (Neji et al.
2019; Zhang et al. 2021a). The benefits of the intercropping
system in optimizing soil P use have been reported in numer-
ous studies (e.g., Lian et al. 2019). This system can involve
a mix of two different crop species growing simultaneously
in the same field area for a period of their respective life
cycles (Lian et al. 2019). The system has enough potential
to enable agriculture sustainability through crop diversifica-
tion, improve crop yields, enhance soil biological activity,
and optimize nutrient cycling. Intercropping systems have
been widely practiced, globally, including wheat-maize
(Mupangwa et al. 2021), maize—fava bean (Xu et al. 2018),
wheat—pea and maize—soybean (Fu et al. 2019), and leg-
ume—durum wheat (Cong et al. 2015). Legume—durum
wheat intercropping has shown P acquisition advantages
under adverse conditions (Cheng et al. 2014; Gong et al.
2020). Several studies have also indicated that legumes can
develop biochemical mechanisms that solubilize organic
soil P (Layek et al. 2018; Li and Wu 2018; Dai et al. 2019;
Zhang et al. 2021b), thereby increasing its availability to the
intercropped species, including durum wheat (Gong et al.
2020), through root-induced processes, such as acidifica-
tion of the rhizosphere following the exudation of certain
organic acids, and/or indirectly by microbial activity (Farid
et al. 2019). Among legume species, the ability of chick-
pea to enhance soil P availability to cereal roots under soil
P deficiency has been studied (Atienza and Rubiale 2017,
Gong et al. 2020; Jia et al. 2020). With its ability to form
taproots and exude vast amounts of organic acids (Lian et al.
2019; Liao et al. 2020; Tang et al. 2021), chickpea is able
mobilize the soil P. Also, chickpea has been identified as an
essential plant species for cultivation in soils where higher
amounts of P are stored in poorly available forms for dif-
ferent crops. However, other research works have reported
no significant effects (Anand et al. 2016; Ning et al. 2017).
These contrasting results support the need to further inves-
tigate the mechanisms responsible for P availability under
a durum wheat—chickpea intercrop (DWCk-IC). Despite
the sizeable literature on intercropping, little information is
available on the effect of a DWCk-IC in an arid region, such
as Tunisia (North Africa). Such regions cover nearly 40%
of the total land area in Tunisia and host more than 30% of
the total population (Aziz et al. 2016). However, they pre-
sent limits to increasing agricultural production due to the
loss of ecosystem productivity caused by the degradation
in water quality and the low nutrient content in the arable
soil, which reduces the number of crop varieties suitable
for agriculture. Moreover, our thorough literature review
revealed that precise information is deficient concerning the
effects of chickpea on the soil P status and on durum wheat
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production in an intercrop system under the conditions of
alkaline soils in arid regions of Tunisia. We hypothesized
that durum wheat growth would be enhanced under an inter-
cropping system with chickpea as a result of the rhizosphere
effects of the chickpea roots. The main objectives of the cur-
rent study were to (i) evaluate the impacts of intercropping
on dry weight, grain yield, and soil pH variation compared
to monocrops; (ii) investigate soil P availability and uptake
by crops under intercropping systems; and (iii) analyze the
potential of the soil microbial biomass phosphorus (SMBP)
to contribute to P availability.

2 Material and Methods
2.1 Site Description

Field studies were conducted during the 2018-2019 and
2019-2020 growing seasons in the experimental station of
the Institute of Arid Regions Medenine, Tunisia (33°2 9’
56.71" N, 10° 38" 41.50"). The weather conditions relating
to the Medenine province in Tunisia (average monthly rain-
fall and temperature values for the plant growth phase of the
2018-2019 and 2019-2020 growing seasons) are presented
in Fig. 1. These data showed that highest precipitation was
in February 2019 (20.66 mm), July 2019 being the driest
month, with 2.1 mm. During the growing season, the cold-
est period was from December to February, with minimum
temperatures of 15°C recorded. Samples were collected
from the top 20 cm of the soil layer in order to determine
various physicochemical properties before the beginning of
the experiment. These were air-dried in the laboratory and
sieved (through a 2-mm mesh). The soil was alluvial poorly
evolved with limitations of N and P (Mtimet 2001), con-
taining 70.2% sand, 20.1% loam, and 8.7% clay (Table 1).
The topsoil was alkaline, with a pH of 7.75 and electrical
conductivity (EC) of 1.7 mS ecm™!. Its calcium carbonate
(CaCO;) and organic matter (OM) contents were relatively
low, with respective percentages of 2.4% and 1.21%. The
calcium (Ca*), magnesium (Mg?"), potassium (K*), and
sodium (Na%*) exchangeable cations were estimated as 624,
201, 225, and 344 mg kg™!, respectively. The topsoil was
deficient in P, with its Olsen P and total P being estimated
to be about 6.6 and 8.95 mg P kg~!, respectively. Its nitrogen
(N) content was relatively low at 4. 04 mg N kg™!.

2.2 Cropping System and Field Plot Design

During the two cropping seasons, one chickpea cultivar
(Cicer arietinum L. cv. Amdoun 1) and one durum wheat
cultivar (Triticum turgidum durum L. cv. Simeto) were
grown for the study; these are common crops in the Tunisia
legume—cereal agro-ecosystem and which has been reported
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Fig. 1 Average rainfall and tem- 25
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Properties Values Units
Clay 8.7 %

Silt 20.1 %

Sand 70.2 %

pH water 7.75

Electrical conductivity (EC) 1.7 mS.cm™!
CaCO, 24 %
Organic matter 1.21 %

Total P 8.95 mg kg !
Olsen P 6.6 mg kg™!
N total 4. 04 mg kg~!
Ca®* exchangeable 624 mg kg~!
Mg?* exchangeable 201 mg kg~!
K* exchangeable 225 mg kg™!
Na* exchangeable 8.95 mg kg™!
C/N 8.41 %

to possess excellent tolerance to low soil P. The experiment
involved a randomized complete design of three blocks,
each divided into three plots. Each plot was used for one
of the following four cropping systems and each was rep-
licated three times: (i) a chickpea monocrop (Ck-M); (i)
a durum wheat monocrop (DW-M); (iii) a DWCk-IC; and
(iv) a vacant plot without plants as a control. The size of
each plot was 4.5 m? (3 X 1.5 m). The seeding density was
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that recommended for the region’s farming practices—50+5
seeds m™ for the Ck-M, 250+10 seeds m™ for the DW-M,
with 150410 and 30+3 seeds m™ for the DWCk-IC, respec-
tively. In both the monocrop and intercrop systems, the dis-
tance between the rows and plants of the chickpea crop was
25 and 20 cm, respectively. The two species were sown in the
same row to maximize root proximity and chickpea—wheat
rhizosphere interactions. The seeding of both species took
place on January 15, 2018 and January 10, 2019. The plots
were manually weeded and maintained weed-free. The
experimental plots did not receive any fertilizers or herbi-
cides. For crop management, intercropping is carried out
under rainfed conditions but in order to avoid the effects
of the water stress caused by the low rainfall and ensure a
normal crop development, 100 mm of irrigation was applied
to all treatments in the germination stages. The plants were
harvested at maturity—the durum wheat on June 25, 2018
and June 20, 2019, and the chickpea on July 20, 2018 and
July 15, 2019.

2.3 Characterization of Plant and Soil Samples

During the plant cycle of the two cropping seasons, plant
samples were taken during two sampling periods corre-
sponding to complete flowering (about 70 days after sow-
ing) and at crop maturity (the harvest stage of the cropping
cycle). Three sub-replicates (0.25 m? quadrats) were chosen
from each plot replicate, excluding the border rows, from
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which all the plants were harvested. The durum wheat shoots
were cut at the shoot-root junction. However, the chickpea
roots were severed at the cotyledonary node. The roots and
shoots were oven-dried for 48 h at 60°C and then weighed.
The total plant root and shoot dry weights of each species
were determined.

In order to determine the land-equivalent ratio (LER),
Eq. (1) was applied:

LER = LER,, = Y, /Yoo + Yo/ Y (1)

where Y,, and Y, = yields from the monocrops of species
a and b, respectively; and Y, and Y,, = yields from the
intercrop of species a and b, respectively. For the N deter-
mination, the shoot and root samples were digested in hot
concentrated sulfuric acid, following the Kjeldahl method.
After digestion with nitric acid and perchloric acid, the total
P contents (shoots and roots) were determined following
the malachite green method. The rhizosphere soil adher-
ing to the durum wheat and chickpea roots was sampled by
brushing off the <1-4-mm aggregates. These samples were
thoroughly mixed and pooled to make a composite sample
for each plot. A vacant plot sample was taken as a control.
All composite soil samples were air-dried, sieved through a
2-mm mesh), and the following properties were determined
using standard methods. The soil pH was determined from
a soil suspension in deionized water (soil:water ratio = 1:5)
using a pH meter. A conductivity meter was used to meas-
ure the electrical conductivity in a 1:1 soil:water slurry.
The total P and available P were determined by digestion
using perchloric and nitric acids, and by the Olsen method.
The total N concentrations were determined using the
Kjeldahl procedure. The soil Ca, Mg, K, and Na contents
were assessed using an atomic absorption spectrophotom-
eter (PerkinElmer, Inc., Shelton, CT, USA). The OM con-
tent was determined using the Walkley and Black (1934)
method. The soil CaCOj; content was estimated using the
Horton and Newson method. Finally, the SMBP was deter-
mined from the difference between the amount of inorganic
P (Pi) extracted by 0.5 (Spm) sodium bicarbonate (pH 8.5)
from fresh soil fumigated with chloroform and the amount
extracted from unfumigated soil.

2.4 Statistical Analyses

The statistical analysis was conducted using XLSTAT sta-
tistical software (Premium Version, 2017, Addinsoft, Long
Island, NY, USA). The mean values of the results obtained
from the two cultivation seasons are reported as main effects
and interactions. The means of the soil and plant parameters
were compared using Fisher’s least significant difference test
at P < 0.05, with significantly different means indicated by
different letters.
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3 Results
3.1 Soil P Rhizosphere Characterization

Figure 2 shows the average concentration of total P and
Olsen P measured in the rhizosphere (0-20 cm) soil of the
different cropping systems during the two cropping seasons.
The rhizosphere exhibited a significant increase in total P of
18% (DW-M), 36% (Ck-M), and 24% (DWCk-IC) compared
to the vacant soil. The pattern was similar for the Olsen P,
with a systematic and significant increase in P concentra-
tions in the rhizosphere of 16% (DW-M), 48% (Ck-M), and
36% (DWCk-IC) compared to the vacant soil. This increase
in the Olsen P concentration in the rhizosphere was most
significant for the Ck-M and DWCk-IC. In most cases, the
measured total P and Olsen P concentrations increased com-
pared to the vacant soil.

3.2 Soil P Status and pH Variation

The average P contents and the variation in pH during the
two cultivation seasons are indicated in Fig. 3. The rhizo-
sphere of the Ck-M was notably acidified compared to the
vacant soil, with a pH decrease of about 0.7 units. Simi-
larly, the soil pH of the DWCKk-IC rhizosphere declined by
about 0.4 units. There was no significant pH difference (P >
0.05) in the rhizosphere of the DW-M. It is worth mention-
ing that the Olsen P contents increased with decreasing pH
in the rhizosphere of the DWCk-IC (Fig. 3). These findings
confirm that acidification can increase the P availability in
neutral to alkaline soils.

3.3 Soil Microbial Biomass P

The average values of the SMBP from the two growing sea-
sons were significantly (p < 0.05) higher in the rhizosphere
of all the crops systems relative to the vacant soil (Fig. 4),
measured at 27%, 22%, and 18% for the Ck-M, DWCk-IC,
and DW-M, respectively. The lines representing the relation-
ship between the Olsen P and the SMBP on Fig. 5 reveal a
positive correlation for the vacant soil (slope = 0.718, p <
0.05, R? = 0.100), Ck-M (slope = 1.007, p < 0.05, R* = 0.8),
and DWCKk-IC (slope = 0.675, p < 0.05, R? = 0.740). By
contrast, the same parameters were negatively correlated in
the DW-M (slope = —0.694, p < 0.05, R? = 0.31).

3.4 Root and Shoot Dry Weight P Contents, Grain
Yield, and Land Equivalent Ratio

Figure 6 shows the average values of the root (A) and
shoot (B) dry weights of the durum wheat and chickpea for
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Fig.2 Mean total P and Olsen

P values in vacant soil and
rhizosphere of durum wheat and
chickpea grown as sole crops

or intercrops during the two
cropping seasons. DW-M: sole-
cropped durum wheat, Ck-M:
sole-cropped chickpea, DWCk-
IC: durum wheat intercropped
with chickpea, vacant (soil with-
out plants). Values are the mean
values of three replicates for the
two cropping seasons. The error
bars represent the standard error
of the mean. Different letters
indicate a significant difference
at p < 0.05 between the rhizos-
phere and the vacant of different
species under different cropping
treatments

Fig.3 Effect of pH variation
(mean values) on Olsen P (mean
values) in vacant soil and rhizo-
sphere soil of durum wheat and
chickpea grown as sole crops
or intercrops during the two
cropping seasons. DW-M: sole-
cropped durum wheat, Ck-M:
sole-cropped chickpea, DWCk-
IC: durum wheat intercropped
with chickpea, vacant (soil
without plants). Values are the
mean values of three replicates
for the two cropping seasons.
The error bars represent the
standard error of the mean
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Fig.4 The response of the soil
mass microbial phosphorus
(SMBP) (mean values for the
two cropping seasons) to the
cropping systems. DW-M:
sole-cropped durum wheat,
Ck-M: sole-cropped chickpea,
DWCK-IC: durum wheat inter-
cropped with chickpea, vacant
(soil without plants). Bars with
the different letters indicate sig-
nificant differences at p < 0.05
between the rhizosphere and the
vacant of different species under
different cropping treatments

Fig.5 Relationship between
average Olsen P content and
soil mass microbial phosphorus
(SMBP) in the rhizosphere and
the vacant (soil without plants)
across all treatments during the
two cropping seasons. DW-M:
sole-cropped durum wheat,
Ck-M: sole-cropped chick-
pea, DWCk-IC: durum wheat
intercropped with chickpea.
Lines represent the relationship
between Olsen P and SMBP in
vacant (slope = 0.718, p <0.05,
R? = 0.100), DW-M (slope =
0.694, p <0.05, R* = 0.31),
Ck-M (slope = 1.007, p <0.05,
R*=0.8) and in the DWCk-IC
(slope = 0.675, p < 0.05, R* =
0.740)

@ Springer

(mg kg

SMBP
X

4 !

SMBP (mg.Kg™")

Vacant

C '
DW-M Ck-M

chb

DWCk-IC

OVacant

EDW-M

@DWCk-IC ®

ACK-M 0.
()

slope = 0.718. p<0.05
R2=0.100

O
O

o5

slope = 0.675. p< 0.05
R2=10.740

| slope = 1.007. p<0.05
R>=0.804
]
[ |

slope = 0.694. p<0.05
R2=10.310

5 6 7 8
P Olsen (mg.Kg™)




Journal of Soil Science and Plant Nutrition (2024) 24:1349-1361 1355
Fig.6 Relationship between 28
the average dry weight values
of shoots (A) and roots (B) of (A) ¢DW-M +
cereals and chickpea and the _'En HCk-M
average P contents of intercrops g ADWAIC
and in sole crop during the two _g 21 .
cropping seasons. DW-M: sole- = @ Ck-IC
cropped durum wheat, Ck-M: o
sole-cropped chickpea, DW-IC: g }
durum wheat intercropped with g
chickpea, Ck-IC chickpea inter- ‘g 14
cropped with durum wheat. The N
vertical bars represent 95% con-
fidence intervals of estimates
7
6 7 8 9
Shoots dry weight (g.plant ')
15
B)

= ¢DW-M mCk-M +

.20

°§ 12

2

ks ADW-IC @Ck-IC

&

e 9

g

k=

8 .

=

3

e 6 %

3
1 2 3 4

all treatments for the two growing seasons. The root and
shoot dry weight of the durum wheat from the DWCk-IC
was 15% higher than that of the DW-M. However, there
was no significant difference between the root and shoot
dry weights of the chickpea from the DWCk-IC and that
of the Ck-M. The root and shoot dry weight significantly
correlated (P < 0.05) with the weight of the root and shoot
P contents at the peak vegetation growth stage for all treat-
ments. The average grain yields of the durum wheat and
chickpea under the different cropping systems from the
two growing seasons is indicated in Fig. 7. The grain yield
of the durum wheat from the DWCk-IC was significantly
higher (+21%) than from the DW-M (Fig. 7A). For chick-
pea, the grain yield was lower (—15%) in the DWCk-IC
than in the Ck-M (Fig. 7B). In addition, the LER values
were significantly greater than 1 (Fig. 8), ranging from
1.05 to 1.3 in almost all cases for the different treatments.
The LER for the DWCKk-IC significantly exceeded that of
their corresponding sole crops.

Roots dry weight (g.plant )

4 Discussion

The analysis of the various parameters related to rhizosphere
soil P processes indicated that the soil P under intercropping
was significantly greater than that under the DW-M. Similar
results have been reported for durum wheat intercropped
with chickpea in field experiments on fertile soils (Ning
et al. 2017). Chickpea roots are known to exude several acid
components, which cause acidification of the chickpea rhizo-
sphere (Schaap et al. 2021; Kutamahufa et al. 2022). Acidi-
fication of the rhizosphere caused by chickpea exudates
likely benefitted the intercropped durum wheat by increasing
P availability through the dissolution of P minerals (Mitran
et al. 2018). Similarly, Lian et al. (2019) reported that chick-
pea species secrete higher phosphatase levels in P-deficient
soil conditions via their root systems. Our results support the
concept of cluster root formation playing a significant role
in the acquisition of P from soils. In addition, it should be
noted that the roots of chickpea are known to exude
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Fig.7 Mean values of grain 3
yield of A DW-M: sole-cropped
durum wheat and DW-IC:
durum wheat intercropped with
chickpea and of B Ck-M: sole-
cropped chickpea, and Ck-IC
chickpea intercropped with
durum wheat during the two 2
cropping seasons. Bars with the T
different letters compare crop- £
ping systems and years within a g
crop and are significantly differ- 3
ent at p < 0.05 ;
i
s
(ORI
O -
0.36 -
'50.24 -
=1
°
>
s
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substantial amounts of organic acids or hydrogen (H") in
comparison to wheat (Atienza and Rubiale 2017). Therefore,
for the DWCKk-IC, the reduction in soil pH likely enhanced
cation removal from the soil due to the higher yield in the
intercropping system. In this context, Anand et al. (2016)
reported that root-induced pH changes are mainly influenced
by H*/hydroxide (OH™) exudation, depending on the cat-
ion—anion balance, which is mainly driven by N nutrients
and changing chemical properties in the soil, and thus by the
surface charge of the minerals influencing the partitioning
of the P ions (Mkuhlani 2021). It is well known that a
decrease in pH can alter the P availability through either the
dissolution of P minerals, such as Ca phosphates, or the des-
orption of phosphate ions bound onto soil constituents
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(Abbasi and Manzoor 2018). Also, it may be that legumes,
such as chickpea, take up more Ca** than monocotyledonous
(grass) species, such as durum wheat (Atienza and Rubiale
2017). This may explain the differences between durum
wheat and chickpea when considering root-induced changes
in pH and P availability in their respective rhizospheres
(Pierre et al. 2022). For the rhizosphere of the Ck-M, the
relationship between the Olsen P concentrations and pH val-
ues indicate that root-induced pH changes resulted from a
prominent rhizosphere process driving P availability. For the
DWCKk-IC, there was no significant correlation between the
pH values and the Olsen P content (P < 0.05). This might
suggest that the effect of pH on the Olsen P has been masked
by the effect of pH change, resulting in a decrease in P
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Fig.8 Estimation of average
land-equivalent ratio (LER)
values under different cropping
systems over the two cropping
seasons. DW-M: sole-cropped
durum wheat, Ck-M: sole-
cropped chickpea, DW-IC:
durum wheat intercropped
with chickpea, Ck-IC chickpea
intercropped with durum wheat
(the horizontal bars represent
95% confidence intervals of
estimates)

1

availability over a significant distance from the plant roots.
For the soil microbial biomass P, our results demonstrated
that the Ck-M and DWCk-IC enhanced SMBP activity com-
pared to the DW-M, which indicates that chickpea may uti-
lize more organic soil P and improve nutrient cycling, and
that soil fertility can positively affect the microbial biomass
(Gong et al. 2020). Moreover, our results concur with those
of previous studies that have indicated that chickpea plant
species could influence the SMBP through the abundance,
activity, and composition of the soil decomposer communi-
ties in their rhizospheres (Abd-Alla et al. 2019; Anand et al.
2016). The correlation between Olsen P and SMBP revealed;
however, contrasting results that remind us that there are
several processes controlling microbial communities. Previ-
ous studies have indicated that resource availability may
have determined the composition of the microbial biomass
in the vacant soil (Rakhimova et al. 2021; Schwerdtner and
Spohn 2021; Sridhar and Salakinkop 2021). By contrast,
more-complex processes, such as predation or phage dynam-
ics, could also have been involved in the rhizosphere, espe-
cially in the intercrops (Nasto et al. 2017; Tang et al. 2021).
In the DWCK-IC, the increase in SMBP appeared to be the
result of microbial growth in the rhizosphere of the vacant
soil. This suggests differences in resource allocation within

1.15 1.3
LMR(%)

microbial communities. The microorganisms around chick-
pea roots can enhance durum wheat root growth by mobiliz-
ing P storage even when the chickpea and durum wheat are
being intercropped. In this context, Zhao and Wu (2014)
posited that the organic soil P could comprise up to 65% of
the total P in organic soil reservoirs, and that microorgan-
isms can mineralize this significant fraction and enhance the
available P in soil solution. Commonly, the results of this
study showed that P was the limiting element in determining
the productivity of durum wheat and chickpea in intercrop
and sole systems. Similarly, a positive correlation has been
established between biomass and chickpea plant P contents
from field experiments in India (Saini et al. 2004). Other
studies have also reported significant positive relationships
between P contents and DWCk-IC yields in ferrosols in the
sub-Sahara of Kenya (Ayaga et al. 2006). In addition, it can
be seen that the P contents significantly varied under the
intercropping systems compared with the monoculture sys-
tems (P < 0.05). The order Ck-M > DWCKk-IC > Ck-M was
found for the P in shoots and roots, suggesting that P is an
essential resource for chickpea, and the P fixed by this plant
can be used by durum wheat in the intercropping system
during both plants’ growth stages. This finding was be attrib-
uted to the complex biological diversity that exists under
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intercropping systems, where P is transferred to the soil via
ions and root exudates, further facilitating the accumulation
and decomposition of the soil P pool (Bhowmik et al. 2018;
Tripathi et al. 2021). However, Balemi and Negisho (2012)
reported that mixed chickpea intercropping increases P
availability, providing higher P levels for P utilization by the
adjacent crop. We found that the P contents in the shoots and
roots of the durum wheat and chickpea under DWCk-IC
increased by 28.8% and 23.4% and declined by 8.2 and 5.4%,
respectively, compared to the DW-M. This shows that higher
soil fertility might be expected to result in greater plant
growth in chickpea, resulting in the exudation of a diverse
range of organic acids by the chickpea into the soil, thereby
facilitating P assimilation. Thus, use of the intercropping
system could produce a large amount of P in the rhizosphere
soil and increase nutrient accumulation. Furthermore, the
dry weight at the completed flowering stage showed a sig-
nificant increase in the durum wheat from the intercropping
system compared to its monoculture. This increase could be
attributed to the effect of the added N fixed by the chickpea
crop in the intercrop system. However, the high chickpea dry
weight observed in the Ck-M treatment compared to the
intercropping system could be attributed to competition
between the crops for growth resources, such as light, nutri-
ents, and water, in the latter (Zhang et al. 2021a). This sug-
gests that competition between durum wheat and chickpea
in the intercropping system significantly affects chickpea
growth compared to chickpea growth in sole cropping. Pre-
vious studies have reported that differences in the depth of
the roots, lateral root spread, and root densities may result
from competition for nutrients between the component crops
in an intercropping system (Ferniandez-Juarez et al. 2020;
Khanal et al. 2021). Also, a fertile soil rhizosphere contains
a large supply of resources, which could thus reduce com-
petition between plants compared to less fertile rhizospheres,
where chickpea can enrich the soil nutrient base through the
fixation of atmospheric N into the soil (Elhaissoufi et al.
2020; Chenene et al. 2021). According to Mitran et al.
(2018), shading the chickpeas species component in inter-
cropping systems can enhance N, symbiotic fixation and
photosynthesis, especially during the full flowering stage.
This operation might offer opportunities for sustaining the
enhancement of plant dry weight in intercropped species
(Tiziani et al. 2020). This kind of system improves the health
of the planting, reduces the spread of disease, and enhances
plant growth (Arshad 2021; Amraei 2022). Furthermore,
intercropping systems can suppress weeds (Ullah et al.
2017), thereby reducing the competition between cultivated
plants and weeds for water and nutrients, and they favor the
growth of cultivated plants. Several researchers have
observed a decline in durum wheat growth due to competi-
tion with legumes at the end of the plant growth period
(Ullah et al. 2017; Tindwa et al. 2019). However, the grain
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yield of durum wheat is significantly increased in intercrop-
ping than in sole cropping. This increased grain yield may
be due to improved efficiency in the use of resources via
both functional complementarity and facilitation between
the intercropped chickpea and durum wheat. A previous
study has also reported the benefit of intercropping cereals
with chickpea due to the facilitation mechanisms the chick-
pea affords—increasing the P and N through rhizosphere
acidification during N, fixation—which may help sustain
increased grain yield in intercropped durum wheat. For the
chickpea, our data revealed that grain yield was lower for
intercropping than sole cropping. In our field experiment,
the chickpea and durum wheat were sown at the same time
in the two seasons and matured at about the same time (the
chickpea matured around 25 days after the durum wheat),
thus maximizing the competition and resource (e.g., N and
P) use by the durum wheat, facilitated by the intercropped
chickpea. These results confirmed the findings of Latati et al.
(2019), who reported a reduction in chickpea dry weight
when intercropped with durum wheat. Finally, our results
strongly correlated with the definition of the LER, where the
combination of component species in the intercropping sys-
tem was more productive than the same species grown as
sole crops. Indeed, the LER values for the intercropping
system was higher than for the sole cropping, highlighting
the advantage of intercropping. In this context, Mahallati
et al. (2015) and Homulle et al. (2021) reported that an LER
of 1.0 or less indicates no difference between intercropped
and monoculture yields, while any value greater than 1.0
indicates a yield advantage for intercropping. Moreover,
Ajala et al. (2019) posited that a LER value of 1.2 indicates
that the area planted with monocultures would need to be
20% greater than the area planted with intercrops to produce
the same combined yields.

5 Conclusion

Reliable with the aims of this work, we revealed that durum
wheat intercropped with chickpea, resulted in significantly
improved P available for plant growth and biomass perfor-
mance in low-P soils during the two growing seasons. Com-
munally, reduction in pH and increased microbes activity
appear to be the most important determinants of the P soil
available status and improved biomass production, when
durum wheat and chickpea are cultivated as intercrops in
alluvial soil under semi-arid climatic conditions. This study
will provide significant enhancement in our knowledge to
well understand agriculture production in semi-arid climate,
particularly in the context of climate change and expand-
ing global populations in these geographic regions where
food security is anticipated to be a challenge in the future.
However, given the complexity of soil P availability, which
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largely depends on the soil properties and agricultural prac-
tices, additional research is required to understand the inter-
active relationships between soil P, agricultural practices,
their history, and management.
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