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Abstract: Little is known about how the performance of legumes symbiosis affects biomass and
nutrient accumulation by intercropped cereals under the field condition. To assess the agricultural
services of an intercropping system; durum wheat (Triticum turgidum durum L.cv. VITRON) and
chickpea (Cicer arietinum L.cv. FLIP 90/13 C) were cultivated as both intercrops and sole cropping
during two growing seasons under the field trial, to compare plant biomass, nodulation, N and
phosphorus (P) uptake, and N nutrition index. Both the above-ground biomass and grain yield
and consequently, the amount of N taken up by intercropped durum wheat increased significantly
(44%, 48%, and 30%, respectively) compared with sole cropping during the two seasons. However,
intercropping decreased P uptake by both durum wheat and chickpea. The efficiency in use of
rhizobial symbiosis (EURS) for intercropped chickpea was significantly higher than for chickpea
grown as sole cropping. The intercropped chickpea considerably increased N (49%) and P (75%)
availability in durum wheat rhizosphere. In the case of chickpea shoot, the N nutrition (defined by
the ratio between actual and critical N uptake by crop) and acquisition were higher in intercropping
during only the first year of cropping. Moreover, biomass, grin yield, and resource (N and P) use
efficiency were significantly improved, as indicated by higher land equivalent ratio (LER > 1) in
intercropping over sole cropping treatments. Our findings suggest that change in the intercropped
chickpea rhizosphere-induced parameters facilitated P and N uptake, above-ground biomass, grain
yield, and land use efficiency for wheat crop.

Keywords: legume; cereal; symbiosis; aboveground; rhizosphere

1. Introduction

The main factors limiting crop productivity in agro-ecosystems are water, nitrogen (N), and
phosphorus (P) deficiency [1–3]. With the increase in global demand for agricultural and food products,
the development of new sustainable agricultural strategies to exploit soil resources effectively (especially
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P and N) has become an interesting priority. These new agricultural practices include intercropping
legumes and cereals to ensure effective use of agricultural and environmental resources [4,5].

Several studies have already shown that cereals–legumes intercrops increase yields and improve
the efficiency in use of environmental resources by stimulating plant growth and yield compared with
their respective sole cropping system. This is due to interspecific interaction of both complementarity
and facilitation for nutrient use by intercropped species [6,7].

The improvement of N acquisition in cereal–legume intercropping and rotation systems has
been widely reported in previous investigations, although performed at the laboratory scale in most
cases studies. However, recent research studies were performed under field conditions [8,9] and
reported that intercropping legumes and cereals provide many ecological advantages and contribute
to a suitable agriculture. These agricultural systems improve biomass, yield, and nutrient resources
use efficiency through symbiosis for both intercropped legumes and cereals [10,11].

Most previous studies on cereal–legume intercropping assume implicitly that P and N acquisition by
the cereal improves because the legumes are able to mobilize large amounts of P and N compounds [9,12].
Mechanisms that help to alter the rhizosphere processes of both intercropped species have been
described [13], including mechanisms affecting soil nutrients availability. Indeed, cereal–legume
intercropping can stimulate rhizosphere acidification through proton release by roots of N2-fixing
legumes [8,12]. In contrast, alkalization can also enhance rhizosphere P availability in noncalcareous
soils [9,14]. Soil respiration via carbon dioxide (CO2) emissions was recently considered as a limiting
factor that controls microorganisms and root-nodule symbiosis activities, which were responsible for
altering N and P availability in the soil [12].

Intercropping practices are a valuable way of ecological intensification in order to ensure food
security in Algeria. Indeed, the development of local farming practices has become a strategic necessity
to sustain agro-ecosystem productivity at economic, social, and environmental levels. However,
most northern Algerian soils are alkaline, in which pH varying from 7.5 to 8.5 [15] is considered to be a
limiting factor for the growth and nodulation of legumes [16]. Fallow is one of the common farming
systems that are actually practiced in Algerian agriculture. The first type of fallow is practiced to reduce
weeds plants, conserve water, and enrich soil resources availability. However, under conventional
field conditions, the second fallow is based on soil plowing without inputs addition (i.e., fertilizer and
irrigation treatment).

The second practice is the most applied for ecological intensification in Algerian agricultural
practices. In both cases, this practice is not profitable and does not allow either to satisfy the needs of
the Algerian population or to better restore soil fertility [15,17]. Finding solutions for the Algerian soil
problems to replace fallow systems by more profitable agricultural practices is, therefore, currently a
major concern.

This research study is addressed in conventional agriculture practices, we studied the influence of
cropping system on the performance of legumes and cereals in a field experiment. Consequently, this
two-year field study aimed to highlight whether the intercropping chickpea (Cicer arietinum L.)–durum
wheat (Triticum turgidum durum L.) might alleviate the negative effect of either P or N deficiency in
northern Algerian soils. We hypothesize that the presence of chickpea intercrop with durum wheat
will enhance N nutrition of the intercropped cereal and the biological N2 fixation for the legume via
both interspecific interaction and facilitation processes.

This research study is addressed in conventional agriculture practices by considering both
the farmers’ profitability and the reduction of environmental dis-services. This study had three
sub-objectives. First, to assess whether mixed crop (intercropping) of cereals–legumes rather than
sole crop agriculture might be an advantageous agricultural practice in terms of yield and nutrient
(e.g., N and P) use efficiency. Secondly, the increase in N and P acquisition by intercropped durum
wheat increase compared with sole cropping was studied. Indeed, the hypothesis that the increase of
P acquisition results from N nutrition improvement will be also tested. Thirdly, it tested the relationship



Agronomy 2019, 9, 765 3 of 15

between the EURS (efficiency in use of rhizobial symbiosis) and the main process altering N and P
availability in the rhizosphere of intercropped species.

2. Materials and Methods

2.1. Experimental Site

The study was carried out during 2014 to 2016 growing seasons under field conditions The
experimental site is situated in the El Harrach region, northeast of Algiers (36◦43′ N, 2◦53′ E, Frost-free
days, elevation).The ombrothermic chart relative to El Harrach region (Supplementary Figure S1)
revealed that the highest precipitations were noted in December for the two growing seasons (134 and
124 mm for 2014 and 2015, respectively), while April was the driest month over 2015 and 2016 seasons,
with 0.0 and 5.0 mm, respectively. During the two-year experiment, the coldest period was from
December to February, with minimum temperatures recorded of 4.6 and 3.9 ◦C respectively on February
in 2015 and 2016 growing seasons (Figure S1). Physical and chemical soil properties of the experimental
site showed that loam proportion (46%) was higher compared with both clay (28%) and sand (26%)
proportions. In terms of soil chemical properties, the top soil was alkaline (pH 8.5), with 16 g kg−1

CaCO3 and a low content of organic matter (2.7%). The agricultural conditions at this experimental site
corresponded to N deficiency (Total N: 1.1 g kg−1 and inorganic-N (N-NH4

++NO3
−): 10 mg N kg−1)

and P sufficiency (Total P: 287 mg kg−1 and Olsen P: 25.5 mg P kg−1).

2.2. Cropping and Field Plot Design

The experiment was carried out with one chickpea cultivar (Cicer arietinum L. cv. FLIP 90/13 C)
and one durum wheat cultivar (Triticum turgidum durum L. cv. VITRON), commonly grown by Algerian
farmers (Figure S2). The experimental design (Randomized Complete Block Design) was a plot divided
into four blocks (four replicates), each block being further divided into four plots. Each plot was used
for one of the following four cropping systems: chickpea, durum wheat, durum wheat intercropped
with chickpea, and fallow. During the first and second growing seasons, the experiment covered an
area of 270 m2, each plot being 5 m × 3 m. The plant density was based on standard farming practices:
30 ± 3 plants per m−2 for chickpea as sole crop, 300 ± 15 plants per m−2 for durum wheat as sole
crop, and 30 ± 3 for chickpea and 200 ± 10 plants per m−2 for durum wheat as intercrops. In both
sole crop and intercrops system, the distance between rows and plants for 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 soils from the fallow were taken as a control, as well
as from the rhizosphere of each species in crop system. While the same type of fallow treatments
was practiced in the experiment field according to farmers’ practices without fertilizers application.
For crop management, intercropping is carried out under rain-fed conditions and without additional
irrigation, except at the full flowering stage (60 mm of irrigation was reported to mitigate the effects
of water stress and ensure a normal crop development). For weed management, weeding is done
manually by hand during two times from the cropping period to assess weed nuisance and minimize
the adverse effects of chemical inputs.

2.3. Plant and Soil Sampling and Measurements

All sampling periods are shown in Figure S1. The first set of both plant (25 plants for each crop)
and soil samples was taken at the full flowering stage for chickpea (120 days after sowing). Shoots
were separated from the roots at the cotyledonary node, dried for 48 h at 65 ◦C, and then weighed.
The nodules were separated from the roots, dried, and weighed separately. Samples of the soil from
fallow sub-plots were taken as a control and were compared to the soil which was taken from both
chickpea and durum wheat rhizosphere. Samples of the soil rhizosphere were also carefully detached
from roots of both species. According to Hinsinger et al. [8], the rhizospheric soil was considered as
the fraction of soil at wet sieving adhering to roots (1–4 mm) that was gently brushed, collected, and



Agronomy 2019, 9, 765 4 of 15

stored refrigerated at 4 ◦C for no more than three days prior to analysis. The rhizosphere soil of all
plants sampled for each species was bulked for each replicate for each cropping system.

For the second set of samples, the crop yield for both chickpea and durum wheat was determined by
harvesting all the plants within 1 m2 quadrants with four pseudo-replicates in each sub-plot, excluding
the outer rows. The N concentration in the soil was determined using the Kjeldahl method [18],
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. Note that we also performed
these measurements with one hundred seeds, in order to calculate P and P uptake at the full flowering
stage in a standard way; that is, by subtracting the seed content from the plant content [9,19]. The soil
P availability was obtained by NaHCO3 extraction (Olsen method), and the rhizosphere pH was
measured in soil suspended in purified water (soil:water ratio of 1:2.5; [20]). Soil N availability
(N-NO3

− + N-NH4
+) was determined using Henriksen’s method (1980), and the soil calcium carbonate

(CaCO3) concentration was obtained in the laboratory by measuring the CO2 volume, as described by
Horton and Newson [21]. N and P availability was measured in either bulk or rhizosphere soil during
sowing and full flowering stages.

2.4. Calculation

The land equivalent ratio (LER) is considered to be one of the most important parameters for
evaluating crop efficiency in the use of environmental resources in intercropping and sole cropping
systems. The LER was determined for biomass, yield, and N–P uptake [10]. The LER was calculated as
follows (Equation (1)):

LERab = Yab/Yaa + Yba/Ybb (1)

where Yaa and is the parameter for species “a” as a sole crop; Ybb is the parameter for species “b” as a
sole crop; Yab is the parameter for species “a” intercropped with species “b”, and Yba is the parameter
for species “b” intercropped with species “a”. If LERab is greater than 1, there is an advantage to using
intercropping [10,22].

In this study, LER was used as an indicator for land use efficiency in intercropping over sole
cropping system, this performance assessment via LER estimating was analyzed according to grain
yield, total aboveground, and N and P uptake parameters. However, the performance in N use
efficiency in intercropping (LER estimation) was tested and confirmed according to another diagnostic
tool (nitrogen nutrition index: NNI), which was used to analyze the actual plant N status in crops
to better explain aboveground and yield variation from differences in crop N status. Thus, the N
status for each cropping system (intercrop and sole crop) for both durum wheat and chickpea was
determined using the NNI index [1,23].

The NNI is defined by the ratio (Equation (2)) between the actual crop N uptake (Na) and the
critical N uptake (Nc), corresponding to the actual crop biomass Wa. Nc was defined as the minimum
N uptake for the maximum crop biomass (Equation (3)).

NNI = Na/Nc (2)

Nc = acW−b (3)

where ac is the critical plant N concentration for W = 1 t ha−1, b is a little bit more variable among
species. The ac and b coefficients were determined (3.4 and 0.37 for durum wheat and 5.1 and 0.32 for
chickpea, respectively) by Plènet and Lemaire [24].

2.5. Statistical Analysis

The data were tested for homogeneity of variance before statistical analyses. The effects of the
cropping system (intercropping and sole crop) and growing season (2015 and 2016) on plant biomass,
N and P uptake, and N and P availability in the rhizosphere and grain yield were determined using
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analysis of variance (ANOVA) at a significance of p-value = 0.05, and Tukey’s test was used to determine
whether the difference between mean values for each treatment was significant. The relationships
between shoot and nodule dry weights (EURS) were determined by parametric regression [25].
The statistical analyses were performed using Statistica 8 for Windows.

3. Results

3.1. Plant Growth and Nodulation

Cropping system and growing season significantly influenced shoot and root growth of durum
wheat and chickpea (Figure 1). For chickpea, the dry weight was lower for the intercrops than for the
sole crops for both the shoots (40% in 2015 and 55% in 2016) and the roots (54% in 2015 and 46% in
2016) dry weight (Figure 1A,B). However, for durum wheat, the root dry weight was significantly
higher (29%) with intercropping in the first growing season (Figure 1B), whereas there was a significant
difference in shoot dry weight only in the second year (2016), with an increase of 25% (Figure 1A).
The total dry weight of the shoots of chickpea and durum wheat was significantly higher for the
intercrops than for the sole crops (44% in 2015 and 49% in 2016, Figure 2A). The Figure 2B shows
that the nodulation significantly depended on the cropping systems in both 2015 and 2016 seasons.
The nodule biomass was significantly lower for intercropping than for sole cropping during both 2015
and 2016 growing seasons (Figure 2B).
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Figure 1. Shoot (A) and root (B) dry weight of chickpea and durum wheat as sole crops and intercrops
in 2015 and 2016. Data are means and standard error (SE) of 25 plants harvested at 120 days after
sowing. Bars with the different letters compare cropping systems and years within a crop and are
significantly different at p < 0.05.

3.2. Total Biomass, Grain Yield, and Land Equivalent Ratio (LER)

The grain yield of mixed crop (chickpea and durum wheat) was significantly higher for the
intercrops than for the sole crops (48% in 2015 and 40% in 2016, Figure 3A). The LER was significantly
higher than 1 for total dry weight, which was assessed at full flowering stage: LERTDW (1.8 in 2015 and
1.43 in 2016) and grain yield (1.03 in 2015 and 1.41 in 2016, Figure 2B). For the second growing season,
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the LER for TDW was lower (20%) than for the first growing season, but, for grain yield, the LER was
higher (36%) than for the first growing season.Agronomy 2018, 8, x FOR PEER REVIEW  6 of 15 
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Figure 2. Total shoot dry weight (chickpea + wheat) per land area (A) and nodule biomass (B) as
intercrops or sole crops in 2015 and 2016. Data are means and SE of 25 plants harvested at 120 days
after sowing. Bars with the different letters compare cropping systems and years within a crop and are
significantly different at p < 0.05.
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ratio (LER) for total dry weight (TDW) and grain yield in 2015 and 2016 (B). Data are means and SE of
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are significantly different at p < 0.05.
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3.3. Symbiosis Performance for Plant Growth

The EURS, calculated as the slope of the linear regression between plant and nodule biomass [25,26]
was considerably different for chickpea grown in both intercrops and sole crop system. For each
chickpea plant, the shoot dry weight (SDW) was plotted against the nodule dry weight (NDW)
(Figure 4). In 2015, the EURS for intercropped chickpea (11.7 g DW shoot g−1 DW nodule, R2 = 0.81,
p = 0.001) was 2.5 times higher than for chickpea as a sole crop (4.7 g DW shoot g−1 DW nodule,
R2 = 0.41, p = 0.001, Figure 4A,B). However, in 2016, the EURS was 24% higher for chickpea as a sole
crop (16.2 g DW shoot g-1 DW nodule, R2 = 0.60, p = 0.001) than for intercropped chickpea (13 g DW
shoot g-1 DW nodule, R2 = 0.37, p = 0.01).
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Figure 4. Efficiency in the use of rhizobial symbiosis (EURS) of chickpea as sole crop (A and C: opened
circle) and intercrops (B and D: filled circle) in 2015 and 2016. The equations inserted in the graphs are
the linear regression functions. The slope of each equation represents the estimated value of EURS.
All regressions were calculated for 25 plants harvested 120 days after sowing. Asterisks “** and ***”
denote significance at p < 0.01 and p < 0.001, respectively.

3.4. Plant N and P Uptake by Species

The N concentration in shoots and roots and N uptake by durum wheat and chickpea are given in
Table 1, and P concentrations are given in Table 2. For both chickpea and durum wheat, the cropping
system had a significant effect on the N concentration and N uptake, except for the N concentration in
the roots of durum wheat. For intercropped chickpea, shoot N concentration was significantly higher
compared with sole crop (58% in 2015 and 19% in 2016). However, N root concentration in intercrop
was only greater (46%) in 2015, while it was significantly lower (15%) in 2016 season (Table 1). However,
for chickpea grown as a sole crop, the total N uptake was significantly lower than for intercropped
chickpea only in 2015 growing season. The difference was not significant in 2016, with the N root
concentration being more than double that of intercropped chickpea (Table 1). For durum wheat, the N
concentration in the shoots (59%–65%) and total N uptake (30%–19%) was significantly higher for
intercropping than for sole crops for both years.
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Table 1. Nitrogen concentration in shoots and roots and N uptake for whole plants for chickpea and
durum wheat. Values represent the average of 10 replicates ± SE (standard errors). p-values from
ANOVA (Cropping system, season, and cropping system × season).

Season Crop
Durum Wheat Chickpea

N Shoot
(mg g−1)

N Root
(mg g−1)

N Uptake
(kg ha)

N Shoot
(mg g−1)

N Root
(mg g−1)

N Uptake
(mg plant−1)

Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE

2015 Intercrop 5.9 ± 0.3 a 1.3 ± 0.1 b 110.4 ± 8.1 a 15 ± 0.3 a 4.3 ± 0.4 a 60.6± 0.3 b

Sole crop 3.7 ± 0.2 b 1.7 ± 0.06 a 50.1 ± 0.6 c 9.5 ± 0.3 b 2.9 ± 0.1 b 37.8 ± 0.3 c

2016 Intercrop 3.7 ± 0.2 b 0.8 ± 0.07 c 137.6 ± 5.6 b 7.1 ± 0.2 bc 1.6 ± 0.2 bc 87.6 ± 6.1 a

Sole crop 2.8 ± 0.1 c 0.6 ± 0.06 c 63 ± 2.4 c 5.9 ± 0.2 d 1.8 ± 0.2 c 89.1 ± 7.7 a

p value p value p value p value p value p value

Crop ≤0.001 0.18 ≤0.001 ≤0.001 0.002 ≤0.04
Season ≤0.001 ≤0.001 0.17 ≤0.001 ≤0.001 ≤0.001

Crop × Season ≤0.001 ≤0.001 0.08 0.11 ≤0.001 0.02

Different letters indicate significant difference between means and they were determined by Tukey test.

Table 2. Phosphorus concentration in shoots and roots and P uptake for whole plants for chickpea
and durum wheat. Values represent the average of 10 replicates ± SE (standard errors). p-values from
ANOVA (Cropping system, season, and cropping system × season).

Season Crop
Durum Wheat Chickpea

P Shoot
(mg g−1)

P Root
(mg g−1)

P Uptake
(kg ha)

P Shoot
(mg g−1)

P Root
(mg g−1)

P Uptake
(mg plant−1)

Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE

2015 Intercrop 1.2 ± 0.008 c 1.2 ±0.007 b 26.8 ± 2.8 b 1.1 ± 0.05 c 1 ± 0.003 c 5.8 ± 0.5 c

Sole crop 1.4 ± 0.02 b 1.3 ± 0.03 a 21 ± 1.9 c 1.1 ± 0.05 c 1.1 ± 0.005 b 4.7 ± 0.4 c

2016 Intercrop 1.1 ± 0.01 c 1.1 ± 0.01 b 42.8 ± 0.2 a 1.2 ± 0.07 b 1.1 ± 0.01 b 6.6 ± 0.9 b

Sole crop 1.9 ± 0.06 a 1.5 ± 0.09 a 44.1 ± 1.2 a 1.5 ± 0.03 a 1.3 ± 0.03 a 9.5 ± 0.5 a

p value p value p value p value p value p value

Crop ≤0.001 ≤0.001 0.025 ≤0.001 0.02 ≤0.001
Season ≤0.001 0.33 ≤0.01 0.5 0.08 ≤0.001

Crop × Season ≤0.001 0.01 0.35 0.09 0.2 0.024

Different letters indicate significant difference between means and they were determined by Tukey test.

P concentration and P uptake by both chickpea and durum wheat were significantly affected by
both cropping system and the interaction between cropping system and year, except for both total
P uptake by durum wheat and P shoot concentration in chickpea (Table 2). For 2015, the total P uptake
was significantly higher by 28% for durum wheat and by 25% for chickpea as a sole crop in 2016 season,
which had the highest value of measured P uptake. Furthermore, the P concentration in the shoots was
significantly higher for sole crops than for intercrops for durum wheat (16% in 2015 and 72% in 2016)
and chickpea in 2016 (20%, but not for chickpea in 2015 (Table 2). Similar results were found for the
P concentration in the roots, being significantly higher for sole crops than for intercrops for durum
wheat (8.3% in 2015 and 36% in 2016) and chickpea (10% in 2015 and 18% in 2016).

On an average, the N uptake for intercropped durum wheat being more than double that of
sole-cropped durum wheat in both growing seasons (2015 and 2016). However, the P uptake for the
intercrops was significantly higher than for the sole crops only during the first growing season.

3.5. Nitrogen Index Nutrition (NNI) and LER for N and P Uptake

The nitrogen nutrition index (NNI) for durum wheat and chickpea grown as intercrops and sole
crops is shown in Figure 5A,B. For both growing seasons, NNI was below 1 for both durum wheat
and chickpea grown as intercrops and as sole crops, indicating low N availability in the experimental
conditions. The NNI was higher for intercropping (in 2015, the NNI was 0.09 for chickpea and 0.050
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for durum wheat, and in 2016, it was 0.11 for chickpea and 0.052 for durum wheat) than for sole
crops (in 2015, the NNI was 0.038 for chickpea and 0.035 for durum wheat, and in 2016, it was 0.099
for chickpea and 0.03 for durum wheat). The values of 0.09, 0.050, 0.11, and 0.052 indicate that N
availability for the crops was only 9%, 5%, 11%, and 5.2% of the critical level. For chickpea, in 2015, the
NNI was significantly higher (136%) when grown as an intercrop rather than a sole crop, but in 2016,
there was no significant difference (Figure 5A). For durum wheat, the NNI was significantly higher
(48% in 2015 and 77% in 2016) when grown as a sole crop (Figure 5B). LER was significantly higher
than 1 only for N uptake (1.71 in 2015 and 1.58 in 2016), whereas it was less than 1 for P uptake (0.91 in
2015 and 0.82 in 2016, Figure 4C).Agronomy 2018, 8, x FOR PEER REVIEW  9 of 15 
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Figure 5. Nitrogen nutrition index (NNI) for chickpea (A) and durum wheat (B) as sole crops and
intercrops, and LER (C) for N and P uptake in 2015 and 2016. Values represent the average of
10 replicates ± SE (standard errors). p-values from ANOVA (cropping system, season, and cropping
system × season). Bars with the different letters compare cropping systems and years within a crop
and are significantly different at p < 0.05.



Agronomy 2019, 9, 765 10 of 15

3.6. Rhizosphere P and N Availability

The average inorganic N (N-NO3
−+N-NH4

+) and Olsen P concentrations in the rhizosphere for
intercrops and sole crops are given in Figure 6A/C and Figure 6B/D, respectively. The inorganic N
concentration in the chickpea rhizosphere for both intercrops and sole crops was higher than in the
fallows (Figure 6A). The rhizosphere N concentration was significantly higher for sole crops than
for the fallows (62% in 2015 and 37% in 2016) and slightly less for intercropping (48% in 2015 and
13% in 2016) (Figure 6A). However, the inorganic N concentration was significantly higher in the
rhizosphere of intercropped durum wheat than in that of durum wheat as a sole crop (49% in 2015 and
19% in 2016, Figure 6C). The N concentration in the soil in the fallows was significantly higher (32%)
than in the rhizosphere of durum wheat when grown as a sole crop in 2015 (Figure 6C). The Olsen P
concentration in the rhizosphere was always significantly higher in the cultivated plots than in the
fallows. For both chickpea and durum wheat, the P Olsen in the rhizosphere was not significantly
higher in the intercrops than in the sole crops in 2015. However, in 2016, the Olsen P in the rhizosphere
of both intercrops and sole crops was significantly higher than in the fallows (Figure 6B,D), but the
difference was greater for intercropping (80% for chickpea and 75% for durum wheat) than for sole
cropping (35% for chickpea and 52% for durum wheat).
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+) and Olsen P in the rhizosphere of chickpea (A,B) and
durum wheat (C,D) as sole crops and intercrops and for the fallows. Data are means and SE of
12 rhizosphere samples taken 120 days after sowing. Bars with the different letters compare cropping
systems and years within a crop and are significantly different at p < 0.05.

4. Discussion

The results of this research study confirmed that, for an N-deficient, alkaline soil, there was a
significant increase in both shoot and root biomass for durum wheat intercropped with chickpea in
comparison with sole-cropped durum wheat. This change in shoot and root biomass was observed
during the first (2014–2015) and the second season (2015–2016), except for shoot dry weight during
the first season (Figure 1A). However, shoot and root biomasses were significantly lower for chickpea
when it was intercropped with durum wheat (Figure 1A,B). Under the same conditions of sampling
period (full flowering stage), previous studies have shown that the growth of cereal is facilitated by a
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legume and that durum wheat and maize biomass is likely to increase when intercropped with faba
bean and cowpea, respectively [12,27]. Indeed, the total shoot dry weight (SDW) and grain yield of
mixed durum wheat and chickpea were significantly higher in intercrops in the first and following
years than in the sole cropping of both chickpea and durum wheat (Figures 2A and 3A). Wang et al. [28]
reported a significant increase in above-ground biomass of intercropped faba bean during continuous
maize–faba bean intercropping for 10 years.

Legumes, which can adapt to different cropping patterns and can fix atmospheric nitrogen,
may help sustain increased plant biomass and grain yield for the species with which they are
intercropped [29]. This increased biomass results mainly from interspecific facilitation of nutrient use
between the durum wheat and chickpea that was observed during first growing season. Recent studies
confirmed the benefit of intercropping for cereal through facilitation mechanisms made by intercropped
legume, which was responsible for increasing inorganic P and N availability by rhizosphere acidification
during N2 fixation [9,30]. The increase in LER biomass TDW of mixture crop was less pronounced during
the second growing season; it is possible that this reduction was directly related to the increase in dry
weight of sole-cropped chickpea during the second season (Figure 1A). Such increase is presumably
due to a higher EURS (Figure 4C) and P availability (Figure 6B) in the rhizosphere of chickpea when it
was grown as a sole crop in the second year (Figure 3B) as compared with first year. This could be
attributed to the better improving of agricultural sustainability by optimizing the trade-off between
productivity (e.g., plant biomass) and efficiency in use of environmental resources in a cereal/legume
intercropping system [17,28].

In an N-deficient soil observed in this study, the above-ground yield of mixture crop was
significantly higher for intercrops than in sole crops in both years (Figure 3A). The higher LER for
intercropping (TDW of both species) showed a plant biomass advantage over a sole cropping system
in both years (Figure 3B). Intercropping provided yield advantages for chickpea/durum wheat, which
may be due to the improvement of efficiency in use of resources via both functional complementarity
and facilitation between intercropped chickpea and durum [3]. In a P-deficient, alkaline soil, a previous
study showed that, for maize/cowpea and maize/common bean intercropping, the maize grain yield
was 25% greater than for the corresponding sole cropping [7,10]. Chickpea and durum wheat were
sown at the same time and matured at about the same time (chickpea maturity: 15–20 days later
than durum wheat), thus maximizing the durum wheat competition and nutrients use facilitation
by intercropped chickpea (e.g., N and P). Our results are also in good agreement with the literature
on intercropping such as barley–pea [22] in terms of growth and grain yield improvement under the
N-deficient soil condition.

In low N soil conditions, there was significantly lower nodule biomass for intercropped chickpea
than for chickpea grown as sole crop in either first or second year (Figure 2B). Betencourt et al. [9]
and Latati et al. [12] reported a similar effect of intercropping on N2 fixation and nodule growth.
These results, however, disagree with Maingi et al. [31] and Banik et al. [32], who found that nodule
biomass was higher for intercropping due to a beneficial association of cereal and legume. In this
study, the decrease in nodule biomass of intercropped chickpea (Figure 6B) would probably have
resulted from strong interspecific competitions with intercropped durum wheat roots for rhizosphere
P resource. Thus, low nodules biomass could be also due to a change in the population of efficient
rhizobial strains (e.g., increasing number of small-sized nodules) involved in efficient nodulation, with
higher nitrogenase activity [16,19]. However, low N availability at the experimental site resulted in
significantly higher efficiency of rhizobial symbiosis for chickpea in both intercrops and the second
year of sole cropping (Figure 4B,C) compared with the first year of sole cropping (2015). The chickpea
EURS was much greater for intercrops than for sole crops in 2015, a difference of 7 g DW shoot g−1 DW
nodule (Figure 4A,B). However, in 2016, the sole crop had an EURS which was only slightly greater
than that of the intercrop, a difference of only 3 g DW shoot g−1 DW nodule, with low correlation
between SDW and NDW (Figure 4C,D). The high EURS for chickpea found for intercrops may provide
an important clue to the key processes influencing EURS in an N-deficient, alkaline soil. This increase of
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chickpea EURS would probably have resulted from strong interspecific interactions with intercropped
durum wheat roots, which promoted the stimulation of legume biological N2 fixation, especially in
N-poor soil condition. [10,12] showed a similar EURS change for cowpea and common bean when
intercropped with maize, but this change remains poorly understood in a P-deficient alkaline soil. The
beneficial effect of chickpea for intercropped durum wheat may have resulted from higher N nutrition
due to either symbiotic use of N through N2 fixation or a decrease in interspecific competition [9].
However, there was competition from durum wheat: the N uptake by chickpea being much greater in
sole crop than in intercrops (more than 25% in 2015 and 100% in 2016). In this study (P sufficiency), the
P concentration in shoots and P uptake by intercropped plants was significantly lower, even though
the soil had high P availability.

There was a significant increase in NNI for durum wheat grown in both years of intercropping
(Figure 5B), which was still much less than 1 for both chickpea and durum wheat (Figure 5A,B).
However, there was no significant difference in NNI between the second year for both intercropped
and sole-cropped chickpea. There is complementary N use between cereals and N2-fixing legumes,
where both species are competing for the same pool of soil N, while only the legume can access the
pool of atmospheric N2 through symbiotic N2 fixation [33]. Facilitation occurs when one species
improves the growth and N uptake of another species [34]. In this study, the advantage of intercropping
durum wheat and chickpea was confirmed for N acquisition by both chickpea and durum wheat. This
intercropping advantage resulted in a 50% higher N uptake than for sole crop in either year (Figure 5C).
However, sole cropping was more efficient for P uptake (10% higher) than intercropping (Figure 5C).

Analyzing the N and P uptake by intercropped chickpea and durum wheat also added value
in explaining the increase in intercropping above-ground biomass. This is clearly seen under
N-deficient soil, where intercropped durum wheat (compared with sole-cropped wheat) increased
both above-ground biomass and N uptake by durum wheat. Enhancing the N uptake appears to be
in agreement with previous studies reported by Naudin et al. [6] and Wang et al. [28]. However, in
the P-sufficient soil, intercropping decreased P uptake by both intercropped chickpea and durum
wheat. Similarly, a study by Latati et al. [10] showed that the P acquisition by intercropped cereals with
legumes under P-sufficient conditions substantially decreased compared with sole-cropped cereals.

In N-deficient, alkaline soil, the increases in rhizosphere P and N availability were probably
related to the high chickpea EURS when it was grown in intercrop with durum wheat. EURS is one of
the most important biological indicators for monitoring environmental changes in the rhizosphere of
intercropped legumes. Legumes relying on N2 fixation generally help to increase P and N availability
in the rhizosphere of intercropped cereal through rhizosphere acidification mechanisms [9–11].

In this study, there was greater P availability (Olsen P) in the rhizosphere for both intercropping
and sole cropping in both years compared with the fallows. This was significantly greater in the
rhizosphere of intercropped durum wheat than for the sole cropping (Figure 6B,D). These results are for
a soil which was not P-deficient, but previous results also showed a significant increase in P availability
in the rhizosphere of intercropped cereals in low-P soils [9,14]. We suggest that P availability in
the rhizosphere may be affected not only by P deficiency but also by low N availability, which can
promote P availability through the root-induced processes in an alkaline soil, for example, rhizosphere
acidification by legumes (exudation of phosphatases, carboxylates and/or indirectly through microbial
activities) [12,13,29]. Based on the stress-gradient hypothesis, recent research reported the advantage
of intercropping for cereal through facilitation mechanisms made by legume, which was responsible
for increasing inorganic resources availability (e.g., inorganic P) by rhizosphere acidification during N2

fixation. Such positive interactions are particularly valuable when soil conditions are limited, such as
in alkaline or calcareous P-deficient soils [12,35,36].

Our findings show that wheat–chickpea intercropping increased N availability in the rhizosphere
soil, it also enhanced the above-ground biomass and N uptake by intercropped species, suggesting a
functional complementarity between legumes and cereals grown in intercropping through symbiotic
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nitrogen fixation. This symbiosis is especially important as it concurs with all developmental strategies
and leads to sustainable environment in Algerian agroecosystems.

5. Conclusions

This study determined the effect of intercropping chickpea and durum wheat on above-ground
biomass, yield, and N and P acquisition in alkaline and N-deficient soils as a result of symbiotic N2

fixation. The increased above-ground biomass and grain yield were associated with the stimulation
of efficiency in use of the rhizobial symbiosis (indicating higher symbiosis efficiency), soil P and N
availability, and soil resource use efficiency. In the N-deficient soil, intercropping affected positively N
uptake, in particular for the durum wheat, whose above-ground improvement was likely driven by the
below-ground legume performances. Although there was lower P uptake by chickpea and durum wheat
in the intercrops, the interactions between the species significantly improved N nutrition for durum
wheat in this N-deficient, alkaline soil. The study showed that intercrops (chickpea–durum wheat) are
advantageous as they increase above-ground biomass, N uptake, and grain yield. The results confirmed
the importance of interspecific facilitation, improving N availability in the rhizosphere through the
increase of EURS for intercropped legume grown in N-deficient soil. Additional experimental researches
on farmers’ field conditions are required to confirm and further explore the ecological intensification
of chickpea and durum wheat cultivated either in intercropping or in rotation. However, in the
context of the large-scale agricultural production of these crops, and from a practical point of view,
the mechanization of intercropping harvesting could play an important role in the intensification
of the intercropping chickpea–durum wheat which is currently practiced by farmers, especially in
family farms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/11/765/s1,
Figure S1: Ombrothermic diagram recorded from December 2014 to June 2015 and from November 2015 to May
2016 at the El Harrach weather station, 10 km from Algiers, Algeria. Bar graph represents rainfall (mm) and
line graph shows average monthly temperatures (◦C). S, F and H indicating sowing, full flowering stage and
harvest of durum wheat and chickpea, respectively. Figure S2: Crop plots of field experiment illustrate the growth
development of sole cropped chickpea (A) and intercropped durum wheat at flowering (B), full flowering (C) and
harvest stage (D).
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