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Abstract: Wheat–chickpea intercrops are not well studied, despite the importance of these two species
in increasing agricultural profitability and ensuring nutritional and food security. The present study
aims to assess the intercropping arable system’s services under contrasting field management and
climate conditions. Simultaneously, this assessment focuses on the most agronomic and ecological
indices widely used in the literature. Durum wheat (Triticum turgidum durum L.cv. VITRON) and
chickpea (Cicer arietinum L.cv. FLIP 90/13 C) were cultivated, both in sole crop and intercrop during
the 2018/2019 growing season. A field experiment was carried out under controlled conditions at
three contrasting pedoclimatic sites and under three levels of N fertilization. Both grain and N yield
of mixture crop were significantly higher (+11%) when chickpea and durum wheat were grown
together under either low or moderate N application. Soil N availability as compared to the critical
level increased by more than 19% from flowering to harvest stage for intercropped wheat under low
N application (N-30 and N-60), while it decreased significantly for intercropped chickpea. In rich N
soils and under low rainfall conditions (site 1 and 3), intercropping was generally more advantageous
for yield (+14%), N yield (+23%), and land use (103 and 119.5% for grain and N yield, respectively)
only with reduced N fertilization as assessed using both land equivalent ratio (LER) and land-use
efficiency (LUE). Competition dominance was directly affected by changes in climatic conditions over
sites; intercropped wheat was more competitive than their respective chickpea under low rainfall
conditions. These findings illustrate the crucial role of competitive index assessment in intercropping
to promise a robust method for crop N and yield diagnosis during fertilization decision-making.

Keywords: legume; yield; cropping system; nitrogen nutrition; dominance; land use

1. Introduction

Intercropping is the cultivation of different crops in the same field and at least for a
part of their growing season. This system represents the primary planting arrangement of
nature itself. However, the mechanization of agriculture and cheap fossil fuel availability in
the mid-20th century resulted in a decreased prevalence of the practice. Enticed by the short-
term benefits and modern machinery, industrialized nations drifted from intercropping
in exchange for streamlined monocultures [1], but this does not seem to be a sustainable
system, as fossil fuels tend to run out and are non-renewable. Moreover, the global
demand for agricultural and food production is constantly growing [2]. Additionally,
modern agricultural practices receive criticism due to their destructive effects by impacting
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ecosystem services and climate stability [3]. To address these challenges of agricultural
food production, novel system production favors species diversification over space (i.e.,
legumes–cereals intercropping system) to promote agro-ecosystem services and resilience
to external perturbations, agro-environmental and socio-economic changes [4]. Legumes–
cereals intercropping systems are considered to be one of the most efficient cropping
systems that can (i) enhance resource use efficiency (especially water and N); (ii) increase
resilience to abiotic stresses such as drought; and (iii) control weeds, pests, and diseases
without the use of pesticides [5]. Thanks to the legume N2 fixation, the intercropped
cereals are less reliant on N fertilizers than their respective in monoculture. As a result,
legumes–cereals intercrops form part of the solution for reducing N fertilizers application,
particularly under low N soil conditions [6].

N is considered the main limiting factor after the water deficit in agriculture. N fertilization
can provide a sufficient N supply for the crop to achieve potential yield allowed by the
actual climatic conditions [7]. However, crop productivity and quality have been slowly
improved in the most of world agro-ecosystems over recent decades, despite the overuse
of nutrient fertilizer, especially N fertilizers [8]. Excessive N application by farmers may be
related to (i) N fertilizers prices that are relatively cheap; (ii) overestimation of the amount
of required N fertilizer relative to the desirable yield by farmers; and (iii) crop yield losses
due to climate change, in particular the changes in temperature and precipitation. In turn,
this could be attributed to increasing use of agricultural inputs, including N fertilizers [9].

This could have drastic consequences on the environment by the pollution of water
tables by nitrate leaching. When considering climate change, N fertilizer cost should be
evaluated in terms of CO2 equivalent released into the atmosphere by fertilizer factories,
and the emission of N2O from cropping systems should also be included [10]. Intercrop-
ping could solve these problems as the cereals–legumes mixture has shown agronomic
and ecological advantages. The legume fixes the N2 thanks to the rhizobia–root nodule
symbiosis, which gives the cereal enough N to finish its cycle with minimizing N fertilizer
use. This could contribute to improve crop N use efficiency and limit excessive/overuse of
N from fertilization.

Several factors can affect crop growth and yield in mixed crop, particularly planting
ratio, spatial arrangement, plant density, cultivar, and competition between mixture compo-
nents [11]. Competition is one of the main factors that significantly affect both growth and
yield of intercropped species as compared to monoculture [12]. High yields are achieved
with intercropping when the interspecific competition is lower than intra-specific compe-
tition [13]. The assessment of competition and agronomic advantages of intercropping
in most studies was conducted using intercropping indices such as land equivalent ratio
(LER), relative crowding coefficient (K or RCC), and competitive ratio (CR). In this research
study, we used the NNI (nitrogen nutrition index) as a centered tool for assessing the
intercropping system in additions to those indices. Moreover, some work has been done on
wheat–chickpea intercropping, but it is still a little bit compared to other legumes–cereals
intercropping. According to the recent literature, little is known about the intercropping
indices assessment under different N fertilizer levels applied in contrasting fields in terms
of pedoclimatic conditions.

This study focuses on the agro-ecological diagnosis of the durum wheat and chickpea
crop, which have a strategic place in food production system. The main objective of this
research is to assess the dynamic change in agro-ecological indicators (i.e., yield, land use,
and crop N use efficiency) because of the combined effect by N fertilizer rate and intercrop-
ping system. We hypothesize that due to biological N2 fixation by intercropped chickpea in
low N soil and water availability, yield and N use efficiency by intercropped durum wheat
may be higher than their counterparts in sole cropping under low N application.

To provide better decisions that can help farmers optimize land use and N application
in either monocropping or intercropping systems, this study has three sub-objectives: (i) to
assess durum wheat–chickpea intercrops in terms of agronomic advantages by calculating
indices such as LER, ATER (area time equivalent ratio), and LUE; (ii) to evaluate the
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efficiency in N use by each cropping system and identify the optimal fertilization rate; and
(iii) to highlight the competitiveness between both intercropped species by estimating REI
(Relative Efficiency Index), CR, and RCC indices.

2. Materials and Methods
2.1. Experimental Site and Pedoclimatic Conditions

This study was carried out during the growing season from December 2018 to June
2019, under field conditions in three experimental sites: S2 is situated in the Oued Smar
region, northeast of Algiers (36◦42′ N, 3◦09′ E). The S1 and the S3 are situated respectively
in the north (36◦06′ N, 5◦20′ E) and the south (35◦53′ N, 5◦39′ E) of the Sétif region.

In Figure 1, we can see that for S2, the sum of precipitation during the growing season
was 270.7 mm, the highest and the lowest precipitation was noted in January and June,
respectively (106.5 mm and 7.5 mm). The temperatures ranged from 13.7 ◦C to 23.2 ◦C,
with the highest temperature noted in June and the lowest in January (27.72 ◦C and 9.57 ◦C,
respectively). The annual rainfall noted in S1 and S3 was respectively 231.9 mm and
198.47 mm. Temperatures varied for both sites from 3.6 ◦C and 4.77 ◦C, respectively in
January up to 25.5 ◦C and 25.2 ◦C in June.
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Figure 1 also shows monthly mean values of both precipitations and temperatures
observed over the period 1981–2017. We noticed the same pattern with the repartition
of temperature and precipitation within 1 year, but with overall lesser precipitations and
higher temperatures; this may be linked to climate change and the year’s dryness.

The physical and chemical soil properties of each studied site (Table 1) were signif-
icantly different among sites, except for the loam rate. The results showed that the clay
proportion (from 42.5% to 56.5%) was higher for all soils from studied sites compared
to both loam (from 34.8 to 35.8%) and sand (from 8.4 to 21.7%) proportions. Soil pH
ranged from 7.90 to 8.38 and was much more alkaline in the Sétif experiment field sites
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(S1 and S3). The soil in S1 and S3 was also classified as a calcareous soil with a significant
highest content of CaCO3 (from 20.6 to 21.9%) as compared to S2 (1.1%). Both N available
(NH4 + NO3) and total N content were also significantly differed between field sites. The
greater N content was observed in S3 (2.4 g kg−1) and the lowest N content (1.4 g kg−1)
was measured in both S1 and S2. The same trends were found for soil organic matter, total
P and P available content within a significant difference among the three studied sites
(Table 1).

Table 1. Physical and chemical soil properties of the experimental sites S1. S2 and S3. Values represent the mean of
6 replicates ± SE (standard errors).

Sites Clay (%) Loam (%) Sand (%) CaCO3 (%) OM (%) Total N
(g kg−1)

Available N
(mg kg−1)

Total P
(mg kg−1)

Available P
(mg kg−1) pH

S1 42.5 ± 1 b 35.8 ± 1.2 a 21.7 ± 1 a 21.9 ± 0.8 a 1.2 ± 0.1 b 1.4 ± 0.1 b 22.9 ± 1.3 b 283.8 ± 20.4 b 9.32 ± 0.3 b 8.38 ± 0.08 a

S2 56.5 ± 1.4 a 35.2 ± 1.4 a 8.4 ± 0.7 b 1.1 ± 0.1 b 1.8 ± 0.2 a 1.4 ± 0.1 b 9 ± 0.7 c 155.6 ± 4.1 c 13 ± 0.7 a 7.9 ± 0.1 b

S3 49.2 ± 1.7 c 34.8 ± 1.9 a 16 ± 3.3 a 20.6 ± 0.5 a 1.9 ± 0.1 a 2.4 ± 0.2 a 35.8 ± 1.6 a 387.3 ± 10.1 a 5.37 ± 0.5 c 8.30± 0.07 a b

p-Value ≤0.001 0.9 0.01 ≤0.001 0.004 ≤0.001 ≤0.001 ≤0.001 ≤0.001 0.02

Within a column, different letters denote significant difference at p < 0.05.

2.2. Cropping and Field Plot Design

The study 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) that are
commonly cultivated by Algerian farmers. The performed experimental design (split-plot)
was divided into three blocks, each block divided into nine plots (nine treatments). Both
cropping systems and N fertilizer rate treatments were combined in each plot. Three levels
were tested from each studied factor: sole cropped durum wheat, sole cropped chickpea,
and intercropping chickpea–durum wheat. For N fertilizer treatment, three levels were
chosen; 30-, 60-, and 100-units ha−1 (Named N-30, N-60, and N-100). Each treatment
(plot) was composed of three replicate plots with an area of 25 m2 for each one. The total
experiment area covered 1311 m2 including borders area. The plant density was chosen
according to the local standard cropping practices. There was a total of 300 plants per
m2 for sole durum wheat, 30 plants per m2 for sole chickpea, and 150 and 18 plants for
intercropped durum wheat and chickpea, respectively. The row ratio was 1:1. The two
species were sown row by row in intercropped plots. The inter-row distance was 17 cm
for sole cropped durum wheat, while it was 30 cm in both sole chickpea and the intercrop
plots. The experiment was conducted under rainfed conditions for all experiment sites
without irrigation and weed treatment.

2.3. Plant and Soil Sampling and Measurements

During the crop cycle, soil and plant samples were taken during three sampling
periods corresponding to sowing, flowering (150 days after sowing (DAS) for S1 and S3
and 137 DAS for S2), and harvest stage (167 DAS for S1 and S3 and 177 DAS for the S2) from
cropping cycle. Three sub-replicates (0.25 m2 quadrat) were chosen in each plot replicate,
in which all plants were harvested and then separated from their roots at the cotyledonary
node. Plant biomass and grain yield were dried for 24 h at 105 ◦C, and weighed before and
after each operation.

Physico-chemical analysis of the soils from each site were performed through stan-
dard methods. N content in both soil and plant sample was determined by Kjeldahl
method [14]. The soil pH was measured in the soil suspension with deionized water
(soil:water ratio = 1:2.5) with a pH meter [15]. The well-known Olsen method was used for
P availability measurement, while the total soil P content was determined using Malachite
green procedure, after mixed digestion by both perchloric and nitric acids [16]. Organic
matter in the soil was measured with the Anne method [17], while the calcium carbonate
(CaCO3) proportion in the soil was measured by measuring the CO2 volume according
to the Horton and Newson method [18]. Total biomass (N-biomass) and grain N uptake
(N yield) in t ha−1 was estimated by multiplying total biomass and grain yield by their
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respective N content rates. The N seed average content was subtracted from the whole
biomass and grain N content.

2.4. Calculation

To assess and evaluate chickpea–durum wheat intercrops, we used competitive indices
within the common formulation that is reported in the literature. Land Equivalent Ratio
(LER) indicates yield advantage in intercrop as compared to monocropping system under
similar unit area between the two systems (Equation (1)).

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

Yaa and Ybb are the yields in the sole crop for species a and b. Moreover, Yab and Yba
are the yields in intercropping for species a and b, respectively. If LERab is >1, there is an
advantage in intercrop [19].

LER is currently the most common index used in intercropping assessment. In this
study, the LER values were estimated for all treatments to better assess the crop perfor-
mance in terms of grain and N yield. Area time equivalent ratio: ATER was developed by
Hiebsch et al. [20] to consider the cycle duration of both intercropped species (Equation (2)).
ATER is considered to be a more realistic index than LER where crop cycle period is not
the same among crop a and crop b.

ATER = (ATERa + ATERb) (2)

ATERa = Yab/Yaa × Ta/Ti (3)

ATERb = Yba/Ybb × Tb/Ti (4)

Ta is the duration of the crop cycle of the crop a, Tb corresponds to the duration of the
crop cycle of the crop b, and Ti of the intercropping cycle.

Land-use efficiency: LUE is a calculation based on LER and ATER that permits a more
precise estimation about land-use efficiency; it was calculated according to the Mason et al.,
equation [21] (Equation (5)):

LUE = (LER + ATER)/2 (5)

Relative crowding coefficient: RCC or K is calculated for each species in the intercrop,
which represents the relative dominance of one component of the intercrop over the other
one. The calculation of RCC was given in Equation (6) [22]:

K = Kab + Kba (6)

Kab = Yab × Zba/[(Yaa − Yab) × Zab] (7)

Kba = Yba × Zaa/[(Ybb − Yba) × Zba] (8)

Zab corresponds to the ratio of species a to species b in intercropping and Zba to the
opposite ratio. Moreover, Kab and Kba are the relative crowding coefficient of each crop in
intercrops.

Competitive ratio: CR is a competitive index that considers individual LER and the
mixture proportion in the intercrop. CR was calculated according to Equations (9) and
(10) [23]:

CRa= (LERa/LERb) × (Zab/Zba) (9)

CRb= (LERb/LERa) × (Zba/Zab) (10)

Relative Efficiency Index: REI is calculated to compare the relative performance in dry
matter accumulation of the intercrop components over a time interval (t1 and t2). The REI
calculation was done within Equation (11) [24].

REI = REIa/REIb (11)
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REIa = DMa t1/DMa t2 (12)

REIb = DMb t1/DMb t2 (13)

DMa and DMb are the total aboveground (dry matter) accumulated by species a and b,
respectively. The REIa and REIb refer to the proportional change of both species in terms
of total dry matter. The NNI is calculated by the ratio (Equation (14)) between the actual
crop N (Na) and the critical N (Nc) uptake. Na estimation corresponds to actual crop
biomass Wa, while Nc was defined as the minimum N uptake for the maximum biomass
accumulation (Equation (15)).

NNI = Na/Nc (14)

Nc = ac W b−1 (15)

with ac being the critical plant N concentration for W = 1 t ha−1, 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 [25].

2.5. Statistical Analysis

The data were tested for homogeneity of variance before statistical analysis. All
treatment effects (i.e., cropping system, N fertilizer levels and cropping system×N fertilizer
levels) on all measured variables and calculated indices were tested using factorial analysis
of variance (ANOVA) at a significance of p-value = 0.05. Tukey’s test was performed to
identify whether the difference between mean values where treatments significantly affect
variables. The statistical analyses were performed using Statistica 8 for Windows.

3. Results
3.1. Grain and N Yield

For most treatment, both grain N yields were significantly affected by cropping
system, N fertilizer and cropping×N fertilizer treatment in the three studied sites (Table 2).
Grain yield range goes from 0.54 t ha−1 in N-30 treatment for intercropped wheat in S1 to
6.95t ha−1 for N-100 in S3 for the sole wheat crop. Chickpea grain yield values varied from
0.21 t ha− for the N-100 rate in intercropped plots of S3 to 2.43 t ha−1 for the monocropped
chickpea under N-60 treatment in S3.

The grain yield of mixture crop was significantly increased (+29%) in intercropped
plots in S2 and under low N fertilizer (N-30 and N-60) conditions, while it decreased (−38%)
in the Sétif experiment sites (S1 and S3). We note higher grain yields in N-60 rate for all
cropping treatment, except for wheat cultivated in sole cropping, in which N-100 rate was
given the higher grain yields (Table 2). In the case of N yield, monocropping significantly
increases the N uptake by grain crop as compared to intercropping. By contrast, for both
chickpea and durum wheat respectively grown in S1 and S3, N yield was greater (+31
and +55% for chickpea and wheat, respectively) in intercropping than sole crop, and more
precisely under the low N fertilizer treatment (N-30). In terms of mixture crop, both
grain and N yield uptake by mixed species were significantly increased under S2 and S3
conditions as compared to those from monocropping, where a more pronounced increase
(+46%) was found in S3 in both low and moderate N application rate (Table 2).

The opposite trend was observed in S1 with decreasing of grain or N yield by inter-
cropping for both chickpea and durum wheat crop.
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Table 2. Grain yield and nitrogen yield uptake by chickpea, durum wheat, and crop mixture under different crop×N level
treatments.

Site Crop N Level
Chickpea

N Yield
(Kg ha−1)

Durum
Wheat N Yield

(Kg ha−1)

Crop
Mixture N Yield

(Kg ha−1)Grain Yield
(t ha−1)

Grain Yield
(t ha−1)

GrainYield
(t ha−1)

Sole crop N-30 0.34 ± 0.02 c 7.81 ± 0.5 c 2.09 ± 0.1 b 93.55 ± 4.1 b 1.21 ± 0.06 b 50.67 ± 2.7 bc

N-60 0.97 ± 0.1 a 32.65 ± 2.2 a 3.01 ± 0.5 ab 75.96 ± 5.3 b 1.99 ± 0.2 a 54.34 ± 4.3 b

N-100 0.71 ± 0.1 ab 19.52 ± 2.1 b 3.25 ± 0.11 a 121.11 ± 4.2 a 1.96 ± 0.08 a 70.31 ± 3.1 a

S1 Intercrop N-30 0.23 ± 0.03 d 10.27 ± 0.3 bc 0.54 ± 0.05 c 23.41 ± 2.5 c 0.75 ± 0.07 b 33.71 ± 2.4 c

N-60 0.65 ± 0.1 b 23.33 ± 3.4 a b 0.60 ± 0.04 c 13.37 ± 1.03 c 1.26 ± 0.1 b 36.8 ± 3.4 bc

N-100 0.21 ± 0.04 d 7.97 ± 1.6 c 0.94 ± 0.05 c 28.52 ± 1.4 c 1.14 ± 0.04 b 36.1 ± 1.4 bc

p-Value Crop ≤0.001 0.02 ≤0.001 ≤0.001 ≤0.001 ≤0.001
N level ≤0.001 ≤0.001 ≤0.01 ≤0.001 ≤0.001 ≤0.001

Crop×N level 0.13 0.04 0.11 ≤0.001 0.37 ≤0.01

Sole crop N-30 0.92 ± 0.1 b 20.91 ± 2.3 bc 3.82 ± 0.3 b 58.94 ± 3.1 ab 2.37 ± 0.1 c 39.92 ± 2.1 c

N-60 1.53 ± 0.1 a 48.08 ± 2.7 a 4.46 ± 0.2 ab 71.97 ± 2.4 a 3 ± 0.2 b 60.03 ± 2.5 b

N-100 0.95 ± 0.02 b 24.58 ± 0.6 bc 4.80 ± 0.2 a 68.61 ± 1.3 a 2.87 ± 0.1 bc 46.60 ± 1.7 bc

S2 Intercrop N-30 0.61 ± 0.08 b 12.28 ± 1.3 c 2.05 ± 0.06 c 31.51 ± 0.8 d 2.65 ± 0.04 bc 43.80 ± 0.9 c

N-60 1.09 ± 0.05 a 25.59 ± 1.2 b 2.79 ± 0.08 c 51.25 ± 1.2 b 3.88 ± 0.2 a 76.84 ± 2.5 a

N-100 0.78 ± 0.07 b 26.27 ± 2.6 b 2.02 ± 0.1 c 43.88 ± 2.3 c 2.79 ± 0.07 bc 70.16 ± 2.9 ab

p-Value Crop ≤0.01 ≤0.001 ≤0.001 ≤0.001 ≤0.01 ≤0.001
N level ≤0.001 ≤0.001 ≤0.01 ≤0.001 ≤0.001 ≤0.001

Crop×N level 0.52 ≤0.01 0.02 0.62 ≤0.01 0.02

Sole crop N-30 2.16 ± 0.08 a 48.44 ± 1.8 a 5.47 ± 0.8 ab 40.89 ± 3.6 d 3.82 ± 0.3 b 44.67 ± 2.7 c

N-60 2.43 ± 0.2 a 36.98 ± 2.3 b 6.82 ± 0.07 a 76.44 ± 0.8 c 4.63 ± 0.2 ab 56.71 ± 2.5 bc

N-100 1.11 ± 0.05 b 22.94 ± 1 c 6.95 ± 0.4 a 97.35 ± 4.3 b 4.04 ± 0.1 ab 60.17 ± 2.3 bc

S3 Intercrop N-30 0.36 ± 0.02 c 7.13 ± 1.1 d 3.21 ± 0.3 c 64.57 ± 3.6 cd 3.57 ± 0.2 b 71.70 ± 1.5 b

N-60 0.48 ± 0.01 c 6.11 ± 0.8 d 4.45 ± 0.2 b 105.35 ± 32 a 4.93 ± 0.3 a 111.12 ± 2.1 a

N-100 0.27 ± 0.02 d 3.54 ± 0.6 d 3.27 ± 0.3 c 44.27 ± 2.1 d 3.54 ± 0.08 b 47.81 ± 1.3 c

p-Value Crop ≤0.001 ≤0.001 ≤0.001 0.27 0.60 ≤0.001
N level ≤0.01 ≤0.001 0.18 ≤0.001 ≤0.001 ≤0.001

Crop×N level 0.02 ≤0.001 0.04 ≤0.001 0.36 ≤0.001

Within a column, different letters denote significant difference at p < 0.05.

3.2. Nitrogen Nutrition Index and Soil-Crop N Status

The NNI values for cultivated chickpea and wheat as sole crop and intercrops are
shown in Table 3. In all field-experiment sites, NNI was greater than 1 for only chickpea
grown as intercrops under all N fertilizer rates and during only flowering stage. This
indicates an optimum N condition for growth in intercropped plots as compared to soil
N critical level. Regardless of ANOVA results, NNI values were affected significantly by
the interaction crop×N level in the case of durum wheat, except during harvest stage in
S2. However, no significant effect was observed for chickpea, except in S2 and S3 during
flowering and harvest time, respectively (Table 3).

During harvest period, NNI values were significantly less than 1 for chickpea in most
of the sole cropped plots and N application rates. At the flowering stage, N soil availability
for intercropped chickpea was greater than the N critical status (NNI = 1) by more than
67% under low and moderate N application (N-30 and N60), except for N-30 applied in
S3 (Table 3). According to NNI values, the high N soil availability at harvest time was
observed under moderate N fertilizer level for both cropping systems, and which represent
more than 75% of the N critical level. In the case of durum wheat, for both flowering
and harvest time, NNI values were lower than 1 in all cropping, sites and N fertilizers
level treatments, except for wheat grown as intercrops in S2 and S3 and under moderate
N application (NNI:1.13 and 1.66, respectively for S2 and S3 at harvest period). Passing
from flowering to harvest stage of durum wheat crop, NNI values indicate that N soil
availability were significantly increased in both mono and intercropped plots, while this
increase was more pronounced under intercropping and low N application conditions
(N-30 and N-60 rates).
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Table 3. NNI values calculated under different treatments during both flowering and harvest stages.

Sites Crop N Level
Chickpea

NNI Harvest
Durum Wheat

NNI Harvest
NNIFlowering NNIFlowering

Sole crop N-30 0.48 ± 0.01 c 0.58 ± 0.02 bc 0.79 ± 0.02 b 0.58 ± 0.01 bc

N-60 0.83 ± 0.04 b 1.07 ± 0.005 a 0.33 ± 0.01 d 0.45 ± 0.03 c

N-100 0.79 ± 0.08 b 0.86 ± 0.06 ab 0.78 ± 0.08 b 0.96 ± 0.05 a

S1 Intercrop N-30 1.74 ± 0.1 a 0.43 ± 0.01 c 0.28 ± 0.002 d 0.79 ± 0.08 ab

N-60 1.82 ± 0.08 a 0.76 ± 0.05 b 0.95 ± 0.08 a 0.49 ± 0.05 bc

N-100 1.55 ± 0.02 a 0.42 ± 0.03 c 0.58 ± 0.02 c 0.52 ± 0.02 bc

p-Value Crop ≤0.001 ≤0.001 0.55 0.28
N level ≤0.01 ≤0.001 0.12 0.03

Crop×N level 0.28 0.17 ≤0.001 ≤0.001

Sole crop N-30 0.61 ± 0.04 c 0.47 ± 0.02 b 0.42 ± 0.02 bc 0.60 ± 0.03 c

N-60 0.86 ± 0.09 b 0.92 ± 0.05 a 0.49 ± 0.03 bc 0.69 ± 0.03 b

N-100 0.69 ± 0.06 c 0.47 ± 0.03 b 0.97 ± 0.03 a 0.98 ± 0.1 b

S2 Intercrop N-30 1.87 ± 0.09 a 0.63 ± 0.05 ab 0.37 ± 0.01 c 0.68 ± 0.05 b

N-60 1.68 ± 0.1 ab 0.75 ± 0.04 ab 0.95 ± 0.04 a 1.13 ± 0.09 a

N-100 1.39 ± 0.08 b 0.51 ± 0.03 b 0.56 ± 0.02 b 0.79 ± 0.07 b

p-Value Crop ≤0.001 0.88 0.22 ≤0.001
N level 0.57 ≤0.001 0.04 ≤0.001

Crop×N level 0.45 0.04 0.03 0.62

Sole crop N-30 0.32 ± 0.04 d 0.71 ± 0.01 a 0.90 ± 0.1 a 0.42 ± 0.02 c

N-60 0.82 ± 0.01 bc 0.79 ± 0.08 a 0.51 ± 0.06 b 0.77 ± 0.01 bc

N-100 0.80 ± 0.08 bc 0.54 ± 0.05 a 0.84 ± 0.02 a 0.80 ± 0.03 b

S3 Intercrop N-30 0.50 ± 0.009 c 0.43 ± 0.02 a 0.53 ± 0.03 b 1.05 ± 0.1 b

N-60 1.80 ± 0.08 a 0.75 ± 0.05 a 0.92 ± 0.04 a 1.66 ± 0.05 a

N-100 1.05 ± 0.04 b 0.68 ± 0.07 a 0.96 ± 0.09 a 0.93 ± 0.08 b

p-Value Crop ≤0.001 0.44 0.95 ≤0.001
N level ≤0.001 0.13 0.40 ≤0.001

Crop×N level ≤0.001 0.15 ≤0.01 ≤0.001

Within a column, different letters denote significant difference at p < 0.05.

3.3. Land Equivalent Ratio and Radiation Efficiency Index

According to the results reported in Figure 2 LER values were significantly affected
by site×N level treatment for both grain and N yield. Intercropping advantage (LER > 1)
was only confirmed under moderate N in S1 (+14%) and low N application in S2 (+5%).
However, in low N soil and under high rainfed conditions (S2), intercropping chickpea–
wheat was significantly advantageous in terms of grain yield under the three levels of N
fertilizer. This last intercrop advantage was more pronounced (+35%) with moderate N
application (Figure 2). The same trend was observed for LERNyield but with a significant
intercropping advantage in S1 and S3 for both low N and moderate N levels. Moreover,
REI values were also significantly affected by site×N level treatment. The greater values
were observed under high N application, while the lowest REI values were found under
moderate N application in all experiment sites. The S3 noted the highest values of REI as
compared to S1 and S2, in which REI was significantly increased by 50.90% under N-100
application compared to N-60 level (Table 4).
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1 
 

 

Figure 2. LER (for yield: A and N yield: B) and REI (C) values (total dry aboveground) calculated
under different site×N level treatments and during harvest stage. Bars with the different letters
compare site and N level treatments and are significantly different at p < 0.05.

Table 4. ATER and LUE values calculated on yield and nitrogen uptake under different site×N level treatments and during
harvest stage.

Site N Level ATERyield ATERN LUEyield (%) LUEN (%)

N-30 0.83 ± 0.07 b 1.16 ± 0.2 a 85.5 ± 9.03 abc 119.5 ± 15.88 ab

S1 N-60 1.07 ± 0.05 ab 1.17 ± 0.1 a 110.5 ± 5.81 ab 120.5 ± 13.59 ab

N-100 0.54 ± 0.003 c 0.58 ± 0.03 c 56 ± 0.52 c 59 ± 2.62 bc

N-30 1.09 ± 0.08 ab 1.09 ± 0.1 b 115.5 ± 15.4 ab 112 ± 14.26 abc

S2 N-60 1.18 ± 0.06 a 1.19 ± 0.1 a 126.5 ± 8.53 a 122 ± 7.35 a

N-100 1.17 ± 0.1 a 1.17 ± 0.04 a 120.5 ± 14.55 a 137 ± 7.04 a

N-30 1.01 ± 0.06 b 1.06 ± 0.09 b 103 ± 6.3 abc 142 ± 10.67 a

S3 N-60 0.67 ± 0.1 c 0.96 ± 0.1 b 64.5 ± 15.63 bc 139.5 ± 23.93 a

N-100 0.66 ± 0.02 c 0.51 ± 0.01 c 65 ± 1.9 bc 51.5 ± 2.19 c

47-Value Site ≤0.001 ≤0.01 ≤0.001 0.10
N level 0.04 ≤0.001 0.04 ≤0.001

Site×N level ≤0.01 0.02 0.02 ≤0.01

Within a column, different letters denote significant difference at p < 0.05.
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3.4. Area Time Equivalent Ratio and Land-Use Efficiency

According to Table 4, significant differences were found for all measured ATER values
(i.e., grain and N yield) under site×N level treatment. In terms of copping period duration,
intercropping advantage on both yield and N yield was confirmed under moderate and
low N application in S1 and S2, respectively and under all N application rates in S2. The
highest values of ATER in terms of yield were recorded in S2 indicating an advantage
(18%) of intercropping over sole cropping system. The same trend was found for N yield
where the greater intercropping advantage (19%) was significantly recorded in S2 under
moderate and high N application (Table 4). Moreover, intercropping system was more
efficient in land-use efficiency (LUE) only in terms of yield component. This was observed
under moderate and low N application in S1 and S3, respectively. For N yield component,
chickpea–wheat intercropping was more efficient in both moderate and low N in both S1
and S3. Under S2 conditions, the better land-use efficiency in terms of grain and N yield
was confirmed in intercropping as compared to sole cropping under all N application rates.

For grain yield component, the highest efficiency in use of land by intercrops was
recorded in S2 (126.5%) within moderate N application, while it was observed in S3 (142%)
under low N application for N yield component (Table 4).

3.5. Relative Crowding Coefficient

Table 5 shows the calculated values of K at the three N application rates in each
experiment site. In all site×N level treatments, wheat appeared to be dominant (kwheat > 1)
in S2 and S3 when N is applied at moderate and low rates.

Table 5. K values calculated on yield component under different site×N level treatments and during
harvest stage.

Sites N Level K Wheat K Chickpea K

N-30 0.28 ± 0.03 b 1.48 ± 0.43 ab 0.43 ± 0.16 c

S1 N-60 0.33 ± 0.05 b 4.97 ± 0.12 a 1.66 ± 0.18 bc

N-100 0.41 ± 0.05 b 0.41 ± 0.05 b 0.17 ± 0.005 c

N-30 1.31 ± 0.26 ab 4.71 ± 1.11 a 5.92 ± 0.23 a

S2 N-60 1.94 ± 0.57 a 1.93 ± 0.45 ab 4.02 ± 1.98 ab

N-100 0.75 ± 0.14 ab 3.02 ± 1.26 ab 1.93 ± 0.52 bc

N-30 1.16 ± 0.39 ab 0.13 ± 0.06 b 0.12 ± 0.02 c

S3 N-60 1.10 ± 0.35 ab 0.28 ± 0.11 b 0.39 ± 0.26 c

N-100 0.95 ± 0.2 ab 0.34 ± 0.3405 b 0.30 ± 0.04 c

p-Value Site ≤0.01 ≤0.001 ≤0.001
N level 0.17 0.10 0.02

Site×N level 0.20 ≤0.01 0.02
Within a column, different letters denote significant difference at p < 0.05.

For chickpea, the dominance was observed in S1 under low N level, but it was greater
at moderate N application where K was in maximum (kchickpea = 4.97). The trend observed
for K chickpea in S2 was similar to that obtained in S3 but under all applied N fertilizer
rates. Conversely, chickpea was dominated by intercropped durum wheat at the three
levels of N fertilizer in S3 conditions where kchickpea values were significantly below than 1.
In terms of the product of both Kwheat and Kchickpea, yield advantage (k > 1) of intercropping
was confirmed only under moderate N application in S1 and under all applied N rates in
S2. However, intercropping indicates yield disadvantage under S3 conditions at the three
levels of N application (Table 5).

3.6. Competitive Ratio

To better understand competitive relationship between intercropped wheat and chick-
pea, Table 6 indicates all competitive ratios for grain and N yield of each species. Com-
petitivity between chickpea and wheat was significantly varied by the combined effect
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of both site and N level treatment. Chickpea was more competitive for grain yield than
wheat in S1 and S2 and particularly extra-competitive (RC = 3.13) in S1 under moderate N
application. In contrast, durum wheat was more competitive than chickpea only under S3
conditions where their competitivity was more pronounced (CR = 3.38) with low N appli-
cation (Table 6). The same trend was also observed for the competition on N acquisition by
intercropped species in the three studied sites. Furthermore, durum wheat presents the
highest level of competition on N acquisition (CR varied from 7.27 to 10.13) when it was
intercropped with chickpea in S3.

Table 6. CR values (grain yield and N yield) relative to chickpea and durum wheat calculated on yield and N uptake under
different site×N level treatments and during harvest stage.

Sites N level CR-YieldChickpea CR-YieldDurumwheat CR-NChickpea CR-NDurumwheat

N-30 2.46 ± 0.2 ab 0.41 ± 0.03 c 3.92 ± 0.3 a 0.25 ± 0.0017 d

S1 N-60 3.13 ± 0.3 a 0.32 ± 0.03 c 2.91 ± 0.47 ab 0.36 ± 0.069 d

N-100 1.03 ± 0.08 bc 1.03 ± 0.19 bc 1.94 ± 0.3 bc 0.53 ± 0.08 d

N-30 1.25 ± 0.4 bc 0.86 ± 1.77 c 1.13 ± 0.21 cde 0.95 ± 0.2 d

S2 N-60 1.17 ± 0.16 bc 0.88 ± 0.11 bc 1.76 ± 0.1 cde 1.35 ± 1.67 d

N-100 2.28 ± 0.75 ab 0.52 ± 0.13 c 1.68 ± 0.57 bcd 0.72 ± 0.18 d

N-30 0.3 ± 0.01 c 3.38 ± 0.22 a 0.09 ± 0.004 e 10.13 ± 0.42 a

S3 N-60 0.6 ± 0.07 c 1.7 ± 0.2 bc 0.13 ± 0.004 c 7.27 ± 0.22 b

N-100 0.53 ± 0.18 c 2.42 ± 0.82 ab 0.4 ± 0.16 de 3.33 ± 1.02 c

p-Value Site ≤0.001 ≤0.001 ≤0.001 ≤0.001
N level 0.34 0.09 0.17 ≤0.001

Site×N level ≤0.001 ≤0.05 ≤0.001 ≤0.001

Within a column, different letters denote significant difference at p < 0.05.

4. Discussion

Arable crop diversification in same-space farming (i.e., intercropping legumes-cereales)
is considered to be a resilient and sustaible practice to boost agro-ecosystem services [4,26].
Overall, our results indicate that there is a significant increase in yield of mixed chickpea–
wheat by intercropping under both low N soil and high rainfed conditions. N acquisition
by intercropped species was greater than that in monocropping particulary under low
rainfed sites (Table 2). Thus, yield and N yield improvement were confirmed within either
low (N-30) or moderate (N-60) N application. These interesting findings agree with these
made recently at field scale on legumes–cereals intercrops but not under different pedocli-
matic settings where clear evidence for the advantages of intercropping is lacking [2,27].
Among the combined effect between N application rates and constrating pedoclimatic
zones, the principal novelty of this research paper was to analyze interspesific competition
and facilitation (i.e., N acquisition and crop yield) proceses between chickpea and wheat
cultivated in a sole crop and intercropping system. This assessment was performed by
analysis of the most agro-ecological indicators related to the intercropping system thanks
to NNI and intercropping index calculation.

The calculated values of NNI among all combined cropping system × N level treat-
ments indicate an original finding regarding N nutrition for intercropped species. NNI
for chickpea was greater than 1 only in intercropping at flowering stage, while it was
lower than 1 in both cropping systems during harvest time (Table 3). This finding was
systematically demonstrated under low and moderate N application in all experiment sites.
In an organic cropping system without N fertilization, NNI for intercropped legumes (i.e.,
common bean and fava bean) and cereals (i.e., maize and durum wheat) was greater than 1
in intercropping [28,29].

Regardless of old and recent literature, NNI assessment in an intercropping system
was only studied by these two last papers, and it was never performed under N application
conditions. This could help both farmers and researchers in planning cropping system
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design (i.e., wheat and chickpea) based on either N fertilization or water managment. NNI
values were also greater than 1 for intercropped wheat under moderate N application but
conversely with intercropped chickpea. This was observed at the harvest period. Previous
research has reported that flowering is the main phenological stage in which legumes
fix the maximum amount of N through biological N2 fixation [30,31]. These authors also
confirm that high N availability significantly decreases N fixation by legumes. These
findings agree with our results performed on intercropping legumes–cereals under N
application management. Enhancing N soil availability (NNI > 1) as compared to critical N
level (NNI = 1) for both intercropped chickpea and wheat, respectively during flowering
and harvest stage, demostrate the opportunity for complementary N use between the
two species. This could contribute to improve N use effeciency by intercropped wheat
cultivated under either high N soil input (low rainfed condition S3) or low N soil input
(high rainfed condition S2).

The results of this study showed through the LER index (Figure 2) a significant
advantage of wheat–chickpea intercropping as compared to monocropping. This advantage
was prounced for both grain and N yield as a consequence of improving N use efficiency
by intercropped species where N fertilizer is applied at either low or moderate rates.
Our results on intercropping advantage in terms of grain yield were in line with recent
research studies performed on arable mixture crops [32]. The observed disadvantage of
intercropping under high N application (N-100) under low rainfed conditions (S1 and
S3) is probably due to water deficits that reduce N demand as a consequence of growth.
In contrast, intercropping advantage was confirmed under the higest rate (N-100) of
N application in S2 where intercropping was practiced under high rainfed conditions
(Figure 2). N absorption by roots is systematicly controlled by water availability [33], while
decreasing N demand by crop from N fertilizers is significantly associated with a decrease
of growth rate as a result of water shortage [34]. Furthermore, REI calculation provided
an opportunity to better assess proportional growth of both intercropped species over a
period of their cropping cycle.

REI walues were greater than 1 in each site×N level combination, except under
moderate N application in S1. However, the higest values of REI were clearly observed
in S3 (Figure 2) indicating a fast and robust growth of intercropped chickpea compared
to chickpea grown as intercrop. This may be due to harsh weather conditions (i.e., high
temperature, frost in winter days, and very low temperature) which are responsible for
limiting chickpea germination during the sowing period. Intercropped wheat is less
sensitive to this climate constraint compared to chickpea. This wheat advantage on grain
yield is significantly reflected by CR index calculation (Table 6), where wheat CRyield and
CRN yield are higher then those respectively for chickpea in S3, which indicates that wheat
was more competitive than chickpea. A contrasting trend was obtained for both species
intercropped in S1 and S2.

The competitive abilities of intercropped species is systematically controlled by climate
and soil components. Research study reported that aggressivity and specific competition
between intercropped legumes and cereals are more prounced under low nutrients and
water availability [35,36]. In the case of our study, competition rate was not affected
by nutrient resource availability (i.e., N fertilizers) but it was strongly changed by the
combined effect of pedoclimatic conditions and N aplication rate. These results disagree
with those reported by Yu et al. [37,38] which confirms a significant effect of N fertilizer on
LER and competition for below and aboveground resources in the intercropping system.
According to K (RCC) calculation (Table 5), competitive dominance of chickpea was greater
than wheat only in low N soil sites (S1 and S2), while it was lower than that of intercropped
wheat in S3 (high N soil). These last findings provided by competition indices (i.e., REI,
CR and K) agree with those obtained for NNI and LER. This could be explained by
facilitation (grain and N yield) and competitive dominance mechanisms that resulted from
the positive interaction between intercropped species more precisesly in S1 and S2 (low
N soil availability with moderate and high rainfed condition). However, in S3 conditions
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(low rainfed and high N soil availability) both grain and N yield gain was potentially
related to both competition dominance and complementarity effect. These results are in
line with the major findings reported by the recent research paper of Li et al. [39], while
our field-experiment conditions provide more clarification and novel insight in terms
of N fertilization and pedoclimatic factors driving both grain and N yield advange in
chickpea–wheat intercropping.

In this study, ATER calculation provided the opportunity to better check and confirm
LER values regardless of cropping time of each intercropped species. ATER was strongly
correlated with LER for either monocropping or intercropping in all studied sites. This
could be due to the smal difference (15 days) in time of cropping cycle of both intercropped
species. Recent field research has reported a significant difference between ATER and LER
under gourd–cassava and maize–peanut intercropping [36,40]. Furthermore, all calculated
indices in intercrops were significantly linked to LUE index, indicating a strong coherence
between yielding and N acquisition gain. Intercropping was more efficient in land use than
monocropping, especialy under low and moderate N application for intercropped plots
that receive either moderate (S1) or low rainfull (S3).

The major finding of this field research demonstrates that arable intercropping is a
promising practice for agro-ecological intensification of both chickpea and durum wheat
cultivated in either low N or water inputs. The results reported in this study could be
considered to be the first assessment of intercropping response to N application under
different pedoclimatic conditions. The effective use of the main results from this research
study will be an interesting challenge to design optimized intercropping systems that are
productive and efficient in use of N and water ressources.

5. Conclusions

Most of the results reported in this field investigation are considered to be the first
original findings on the agro-ecological assessment of chickpea–durum wheat intercropping
system, using calculated indices. The principal novelty performed in this study concerns
the integrative diagnosis (i.e., biomass, yield, N yield, and growth dynamic) of the N status
in intercropping under contrasting pedoclimatic and N fertilization conditions. Results
indicate two conditions that make intercropping advantageous. The first, which is linked
to nitrogen input, shows that the system performs better when the nitrogen is high enough
to maximize N2 symbiotic fixation while also contributing to the cereal crop nutrition.
Second, chickpea must be the most dominant crop component, as long as this dominance is
moderated. The interspecific competition between chickpea and durum wheat was directly
affected by changes in either climatic or N fertilizer conditions over sites. Intercropped
cereal was more competitive than its respective legume under both low rainfall and N
application conditions. However, the estimation of economic indices will complete and
improve the intercrop advantage assessment, in particular when agronomic advantages
are not correlated with economic benefit.
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