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Abstract

:

Relay intercropping is considered a valuable agroecological practice to increase and stabilize crop yields while ensuring the provision of several ecosystem services as well as sustainability and resilience to changing climatic conditions. However, farmers are still reluctant in the use of intercropping practices since there is a huge knowledge gap regarding the time of sowing, sowing ratio, crop stand density, and cultivar choice. In this study, we carried out a 3-year field experiment in Central Italy to assess the effect of relay intercropping on the agronomic performance and competitiveness of winter durum wheat (Triticum durum Desf. cv. Minosse) and spring lentil (Lens culinaris Medik. cv. Elsa) under a low-input management system, comparing different crop stand types (monocrop vs. intercrop) and target plant densities (350 plants m2—full dose vs. 116 plants m2—1/3 dose). The results revealed that intercropping increased grain yield compared to monocropping: significantly (p < 0.0001) against both monocrops in 2021 and non-significantly against durum wheat in 2019 and 2020. Yield advantage in both intercropping systems ranged between 164 and 648%. Durum wheat competitiveness was stronger in 2019 and 2021, while lentil was the most competitive component in 2020. Intercropping favored P accumulation in durum wheat shoots. There was no difference in grain yield of both crops between the highly- and lowly-dense system in 2020 and 2021. Both intercropping strategies were as effective as mechanical hoeing in controlling weeds and proved beneficial in stabilizing lentil productivity. Further economic analysis capturing the additional costs incurred in intercropping and mechanical weeding would highlight the magnitude of profitability of these systems.
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1. Introduction


Globally, there is a need to address the issue of meeting food security using the available natural resources amidst the shrinking of total arable land, and rising human population and food demand [1,2]. This is becoming more challenging considering the need to reduce greenhouse gas emissions, maintain ecosystem sustainability, and reduce the environmental impacts associated with agricultural intensification and climate change [3,4]. Relay intercropping is an agroecological practice that allows the cultivation of two or more crops that complementarily exploit resources within time and space while limiting the use of external inputs [5,6]. It is considered a valuable tool for the agroecological transition of current cropping systems and aims to optimize crop yields while ensuring ecosystem sustainability, resilience, profitability, and yield stability amidst the changing climatic conditions [2,7], particularly in low-input and organic farming systems [8].



Under low-input systems, durum wheat (Triticum durum Desf.) productivity and yield quality significantly vary because of the interaction between erratic rainfall and limited use of external inputs. The yield variations are further exacerbated by the effects of the changing Mediterranean climatic conditions [9]. This variability questions the economic viability and sustainability of durum wheat monocropping under low input systems, unlike in the conventional systems. Diversifying cropping systems, through targeted functional traits of intercrops, and enhancing the delivery of agroecosystem services, through the inclusion of legumes such as lentils (Lens culinaris Medik.), can minimize the limiting interaction effects associated with monocropping. Moreover, there is a growing consumption demand in Europe for lentil yet its production in the region remains low [10].



The different phenologies and morphologies of durum wheat–lentil intercrops offer room to maximize aboveground interspecific interactions in the utilization of light and space at canopy level [11] to control weeds [12], and to enhance the below-ground interactions in terms of nutrient acquisition, niche differentiation, and complementary utilization of bio-resources [13,14]. Moreover, co-cultivation of cereal with legumes increases the root exudation of allelopathic and nodulation promoting compounds increasing nitrogen fixation ability and competitiveness against weeds [15]. Therefore, increasing plant species diversity with complementary functional traits through relay intercropping present an interesting opportunity to develop positive interactions that enhance ecosystem service provisioning within space and time.



Previous studies on legume–durum wheat mixtures have reported increased overall grain yield and quality, aboveground biomass, gross margin, and land equivalent ratio (LER) of the durum wheat–faba bean [16], durum wheat–winter pea [17], and durum wheat–chickpea [18] intercrops compared to the sole crops. In addition, cereal–legume intercropping has been shown to improve profitability [10], increase the cereal’s N and P uptake [19] and grain protein concentration [20], provide physical support to vining legumes hence reducing lodging [21], enhance mechanical harvesting efficiency and seed quality [21,22], improve soil N and soil health [23], and reduce global use of synthetic fertilizers and greenhouse gas emissions [4]. Most of these studies have focused on the intercrop productivity without considering the effect of reducing the plant density of the dominant crop or altering the sowing time of the companion crop. The information is further limited in the context of relay intercropping durum wheat and lentil managed under a low-input system under Mediterranean field conditions and in the context of changing climatic conditions.



An intercropping study by Latati et al. [18] showed intense competition between chickpea and durum wheat sown at 100%:67% ratio, respectively, while Loïc et al. [10] reported a unidirectional competition by spring wheat on lentil sown at 17%:100% density ratio, respectively. These contrasting findings reinforce the need for studies that identify compatible cultivars and optimize intercrop geometry in terms of row spacing, sowing proportions, and plant density within an intercropping system that minimize interspecific competition and aggressivity [12] and create a microenvironment at the root and canopy level that soothes the plants from moisture, wind, and heat-related stresses [2]. This is expected to reduce the risk of total yield losses amidst the changing climatic conditions and improve yield stability, unlike monocropping.



Contemporary wheat-lentil intercropping has been explored by different authors such as Loïc et al. [10], Wang et al. [21] and Akter et al. [24]; however, contemporary intercropping may not be suitable in certain geo-climatic areas due to temperature sensitivity and biological cycle of the two crops. The Mediterranean climate allows the sowing of winter durum wheat in October–December [25], followed by relay intercropping of lentil in February–March of each season. The two crops reach maturity nearly at the same time (early summer), thus allowing combined mechanical harvesting and separation. Thus, relay intercropping presents a viable solution to exploit the ecological advantage of intercropping in certain geo-climatic areas. To the best of our knowledge, this experiment represents the first three-year open field study in durum wheat–lentil relay intercropping.



In this work, we carried out a 3-year field experiment to assess the effect of crop functional diversity in relay intercropping of durum wheat and lentil under a low-input farming system, comparing different crop stand types (monocrop vs. intercrop) and target plant densities (high—100% vs. low—33% durum wheat density with 100% constant lentil density) on the crop agronomic performance and competitiveness. We tested the following four hypotheses: (i) relay intercropping will enhance the overall crop productivity, more so, in the less dense intercropping system; (ii) reducing wheat density to 33% in intercropping will lower wheat competition on lentil production compared to the highly-dense durum wheat intercrops, while maintaining the expected intercropping ecosystem services; (iii) incorporation of lentil into the already grown durum wheat will enhance P uptake in durum wheat; and (iv) incorporation of durum wheat in the intercropping will provide a supportive microenvironment that enhances lentil competitive ability against weeds, hence maximizing its productivity.




2. Materials and Methods


2.1. Experimental Site, Soil, and Climate


The field experiments were carried out at the Interdepartmental Centre for Agri-Environmental Research Enrico Avanzi (CiRAA) of the University of Pisa (43°40′48.0″ N, 10°20′45.5″ E). The trials were replicated across three consecutive growing seasons (2019, 2020, and 2021) in three separate but adjacent fields, which were managed to simulate a rain-fed, low input system with no use of chemical fertilizers, herbicides, or pesticides. Seedbed preparation involved a moldboard ploughing to 25 cm depth followed by a shallow (10 cm depth) disc harrowing. Soils are classified as Typic Xerofluvent by USDA [26] and as Fluvisol by FAO [27], with alkaline sandy loam texture (51% sand, 40% silt, and 9% clay), pH (1:1 H2O) of 8.33, 1.23 g kg−1 total N (Kjeldahl method, [28]), 1.18% organic carbon (Walkley-Black method, [29]), and 16.04 mg kg−1 available P2O5 (Olsen method, [30]). The total mean monthly rainfall during the first three months (November to January) critical for durum wheat planting, germination, and shooting was 221 mm, 471 mm, and 554 mm in year one, two and three, respectively (Figure 1). The 25-year mean total rainfall of the experimental site within the same period is 327 mm.




2.2. Cropping and Field Design


The trial involved relay intercropping of winter durum wheat (Triticum durum Desf. cv. Minosse) with lentil (Lens culinaris Medik. cv. Elsa). The cultivars were chosen because of their growth and phenological complementarity. Lentil Medik. cv. Elsa produces large, marbled green to yellow seeds and has a medium-late growth cycle that synchronizes well if relay intercropped in early spring with autumn-sown durum wheat. In addition, it grows up to 45–48 cm in height and, therefore, could benefit from wheat support. Its high protein content (24–26%) and ability to tolerate cold and water stress makes it ideal for Mediterranean conditions [31]. Durum wheat cv. Minosse has a high protein content, and excellent environmental adaptability, an important factor for the crop to withstand the changes brought about by the modified intercropping microenvironment. It grows to a height of 80–85 cm [32]. Both crop cultivars were procured from the Agroservice S.P.A. seed producers (Marche, Italy).



We used a randomized complete block design (RCBD) with four replications in the first year and five replicates in the second and third year. The crop-stand type treatments included: (i) sole cropping of (a) 100% durum wheat and (b) 100% lentil; (ii) relay intercrops of (a) 100% lentil + 33% wheat density (low dose) and (b) 100% lentil + 100% wheat density (high dose). In the second and third year, an additional lentil monoculture plot that involved mechanical weeding was introduced. The target crop densities for the sole crops were 100%, i.e., 350 plants m−2 for durum wheat and 180 plants m−2 for lentil, and 116 plants m−2 for the low (33%) wheat density in the intercropping system.



In winter (18-11-2018 for year 1, 08-01-2020 for year 2 (heavy rains delayed sowing), and 20-11-2020 for year 3), durum wheat was sown in medium-spaced rows 18 cm apart using a mechanical plot seeder. Each plot (3 m width × 8 m long) consisted of 16 rows of durum wheat and/or 16 inter-rows of lentil depending on the treatment. Lentil, as monocrop and relay intercrop of the already established durum wheat, was sown at the end of February of each season. The plant density and plot size of the weeded lentil sole crop remained the same, but the number of rows was adjusted to eight due to wider spacing (36 cm apart), which was adopted to allow the use of inter-row hoeing. Lentil plots requiring weeding were mechanically hoed once at 5 cm depth at the end of April of each year.



Lentil seedling emergence was, on average, consistently congruent with the targeted density (108%, 2019; 113%, 2020 and 110%, 2021) in all the treatments (Table S1), while that of durum wheat was significantly reduced only in the third year (91%, 2019; 97%, 2020 and 47%, 2021). Despite the wheat emergence reduction in the third year, the actual difference between the 100% and 33% density ratio was maintained (Table S1).



The growth cycle of the durum wheat and lentil was monitored, and the BBCH growth scale (GS), described by Meier et al. [33], was used to identify the crop phenological stage. Due to the synchronized growth habit of durum wheat and lentil, sampling of both crops was performed simultaneously, and only inner rows were considered in all the assessments to avoid border effects. Weeds growing within the plant rows and fitting in the sampling quadrat were assessed for dry biomass density.




2.3. Plant Measurements, Processing, and Calculations


Crop establishment was assessed 30 days after sowing (DAS) using 25 × 36 cm three-replicate quadrats per plot. The number of wheat tillers m−2 was assessed at the end of tillering (BBCH GS 29) in three replicate quadrats of 25 × 36 cm per plot. Tillering index (TI) ratio was calculated by dividing the number of durum wheat tillers by the number of emerged plants [34]. At the harvesting stage (BBCH GS 92), both crop and weed aboveground biomasses were cut at the base in three 54 × 50 cm quadrats per plot. In mechanically weeded lentil plots, three quadrats of 72 × 50 cm were used instead. Biomass samples from the intercrops were separated into weeds, durum wheat, and lentil before processing. Biomass dry weight (g m−2) of the samples was obtained by oven-drying at 60 °C until a constant weight. The durum wheat samples were further assessed for the number of spikes m−2, spike biomass, and straw biomass. Threshing of wheat and lentil was carried out mechanically and separately to obtain clean grains, which were weighed to obtain grain yield (t ha−1). Plot-based harvesting index (HI), LER, and shoot biomass nutrition quality (P-Olsen method, [30]) were determined. LER and competition indices were used to determine the yield advantages of intercropping over sole cropping and assess the competition between durum wheat and lentil intercrops.



LER calculations were performed according to Willey and Rao [35] as follows:


LER = LERwheat + LERlentil = (YWI/YWS) + (YLI/YLS)



(1)




where LERwheat and LERlentil are the partial LER of durum wheat and lentil, respectively, and YWI/YLI and YWS/YLS are the grain yields of durum wheat/lentil in the intercrop mixture and sole crop, respectively. An LER value > 1 indicates the intercropping advantage, while LER < 1 indicates that intercropping negatively affects the growth and yield of the components [36].



Aggressivity (A): Indicates how much the relative yield increase of the main crop (in our case durum wheat) is greater than that of the intercrop (lentil) in the relay intercropping system [37].


Awheat = {YWI/(YWS × ZWI)} − {YLI/(YLS × ZLI)}



(2)




where ZLI and ZWI are the sown proportions of lentil and wheat in the intercrop mixture, respectively. Awheat = 0 indicates that both intercrops are equally competitive; Awheat > 0 suggests that wheat is more dominant while Awheat < 0 indicates that wheat species is dominated by lentil [38].



Competitive ratio (CR): Refers to the ratio of the partial LERs of the two intercrops taking into account their sowing proportions [35].


CRwheat = (LERwheat/LERlentil) × (ZLI/ZWI)



(3)






CRlentil = (LERlentil/LERwheat) × (ZWI/ZLI)



(4)








2.4. Statistical Analyses


The data were analyzed in R software (version 4.1.0) [39] to determine the effect of varying durum wheat density and intercropping system on various plant agronomic parameters. Whenever present, blocks and within-plot pseudo-replicates were used as random factors while crop stand type and year were used as fixed factors. Year was treated as a fixed factor only if there was a significant year x treatment interaction. Spike number and biomass, HI, LER, A, CR, grain yield, and P content were analyzed using a generalized linear mixed model (GLMM) in ‘Lme4’ R package with a Gaussian or log link distribution function [40]. Whenever applicable, the data presented were back transformed to an ordinal scale. Tukey’s post hoc test using R/emmeans [41] was run in each model to check for significant differences at p < 0.05.



The significance of explanatory variables was tested by using a maximum likelihood (ML) ratio test while the Akaike Information Criteria [42] was used for refining model comparison. In order to test the model assumptions (normality, homogeneity of variances, violation of independence), the Shapiro–Wilk tests were performed, complemented by graphical assessments of the model residuals. Kolmogorov–Smirnov test of normality in the ‘DHARMa’ R package [43] was also used to assess the goodness of fit on the scaled residuals of the chosen models. Pearson correlations were performed to test for any relevant associations among the agronomical parameters. Principal component analysis (PCA), based on a standardized correlation matrix, was used to examine the variation of production-related variables (grain yield, HI, wheat spike components, aboveground biomass, and weed biomass) in sole cropped and intercropped systems. PCA was performed separately for each crop. Kaiser criterion [44] was used to determine the principal components (PCs) that account for the highest variation, supported by scree plot representation.





3. Results


3.1. Effect of Crop Stand Density Type on Durum Wheat Tillering Index (TI)


Wheat sowing density (p < 0.0001) and year (p < 0.0001) significantly influenced durum wheat TI (Table 1). Compared to the highly dense wheat intercrop, TI was on average 45%, 66%, and 100% higher under low wheat density in 2019, 2020, and 2021, respectively. In contrast, no TI difference was observed between the highly dense wheat intercrop and wheat monocrop. Averaged across all the treatments, durum wheat had the highest (2.06) TI in 2019 and the lowest (0.97) in 2020 (Table 1).




3.2. Effect of Relay Intercropping on Aboveground Crop Biomass at Harvest


The interaction between intercropping density and year significantly (p < 0.05) influenced the individual crop species biomass (Table 1). Considering all the un-weeded treatments together, the mean aboveground biomass at harvesting was significantly higher in intercrops (durum wheat + lentil) compared to that of lentil sole crop across the three seasons (13.8 t ha−1, 7.8 t ha−1, and 8.5 t ha−1 vs. 4.3 t ha−1, 2.3 t ha−1, and 4.2 t ha−1, in 2019, 2020, and 2021, respectively; p < 0.0001), and wheat sole crop only in 2021 (8.5 t ha−1 vs. 5.3 t ha−1, respectively; p < 0.0001). A significant (p < 0.0001) year difference was also detected, whereby, on average, the total intercrop biomass in 2019 (11.18 ± 0.48 t ha−1) was significantly higher than 2020 (6.32 ± 0.38 t ha−1) and 2021 (6.64 ± 0.43 t ha−1). At the crop species level, relay intercropping significantly (p < 0.001) reduced the biomass of lentil in 2019 (2.45 t ha−1 vs. 4.26 t ha−1, respectively) and 2021 (3.43 t ha−1 vs. 4.25 t ha−1, respectively), and that of durum wheat (p < 0.001) in 2019 (11.3 t ha−1 vs. 12.9 t ha−1, respectively) and 2020 (4.8 t ha−1 vs. 7.3 t ha−1, respectively), compared to their respective sole crop (Table 1). Interestingly, within the intercropping system, reducing wheat sowing density in 2019 marginally (5%) reduced durum wheat biomass but enhanced the lentil biomass by 53% unlike in 2020 and 2021 where no differences were detected. Mechanical weeding increased lentil biomass by 58% in 2020 but reduced it by 33% in 2021 compared to the un-weeded lentil (Table 1).




3.3. Effect of Relay Intercropping on the Total Grain Yield


The total intercrop (durum wheat + lentil) grain yield was significantly (p < 0.0001) affected by the interaction between intercrop density and year (Table 2). Although there was a yield variation (p < 0.0001) across the years, the grain yield of the mixture (durum wheat + lentil) was higher than that of wheat monoculture, significantly in 2021 (3.42 t ha−1 vs. 2.32 t ha−1, respectively) but non-significantly in 2019 (5.41 t ha−1 vs. 5.20 t ha−1, respectively) and 2020 (2.94 t ha−1 vs. 2.82 t ha−1, respectively). Overall, the 2019 total crop harvest was the highest (4.27 ± 0.17 t ha−1), while the least (2.24 ± 0.14 t ha−1) production was recorded in 2020, which did not differ from that of 2021 (2.62 ± 0.18 t ha−1) (Table 2). At the species level, lentil performed better in 2021, recording 21% and 46% higher grain yield than 2019 and 2020, respectively, while a two-fold increase in durum wheat production was recorded in 2019 compared to 2020 and 2021 seasons. On average, a reduction effect of relay intercropping on grain yield was detected only in the intercropped durum wheat (−15%, 2019; −35%, 2020) and not in lentil, in comparison to their sole crops. Interestingly, reducing wheat density in the intercropping did not greatly lower (−3%, 2019; −13%, 2020; and −1%, 2021) durum wheat grain production compared to the highly dense intercropping system. Instead, in 2020, there was a four-fold grain yield increase in lentil produced through the intercropping system vis-à-vis the lentil sole crop. Mechanical weeding of lentil sole crop enhanced (p < 0.001) grain production by 183% in 2020 but had no significant effect (−25%, p = 0.304) in 2021 compared to the un-weeded lentil sole crop (Table 2).




3.4. Effect of Relay Intercropping on Crop Harvest Index (HI) and Durum Wheat Spike Productivity


The HI of intercropped and sole cropped durum wheat did not significantly (p = 0.351) differ, but a mean year difference (HI = 0.394, 2019; 0.379, 2020 and 0.436, 2021; p < 0.0001) was observed (Table 2). On the contrary, relay intercropping significantly (p < 0.0001) enhanced lentil HI in 2019 (cumulative mean HI = 0.405 vs. 0.253) and 2020 (mean HI = 0.367 vs. 0.115) compared to the lentil sole crop (Table 2).



The interaction between intercropping density and year significantly influenced durum wheat spike number (p = 0.002) and spike biomass (p = 0.023) per unit area (Table S1). Across the three years, durum wheat intercropped at low density consistently had the lowest number of spikes m−2; nevertheless, the spike biomass did not significantly differ between the low and high wheat densities (Table S1).




3.5. Effect of Relay Intercropping on Shoot P Concentration at Flowering


At wheat flowering stage, the intercropping system had a significant but diametrically opposite effect on P concentration of durum wheat (p = 0.002) and lentil (p < 0.0001) shoots (Table 3). Shoot P concentration in the intercrops was significantly, on average, lower (−11% in 2019, −21% in 2020) than that of the un-weeded lentil sole crop, while for the durum wheat, shoot P concentration was significantly higher (+10% in 2019, +12% in 2020) in the intercrops than sole crops in both years (Table 3).




3.6. Effect of Crop Density Variation in Intercropping on Land Equivalent Ratio, Aggressivity (A), and Competition Ratio (CR)


Based on wheat–lentil grain yield, the total LER in both intercropping systems was always >1 and differed across the three years, ranging from 1.64 to 6.48 (Table 4). Although the yield intercrop advantage was much more evident in 2020 (6.26 ± 0.21), the partial LER of durum wheat was the lowest (0.66 ± 0.05). In both intercropping systems, durum wheat dominance over lentil was not strongly (Awheat ≤ 0, p = 0.067) detected across the three years (Table 4). However, in 2020 durum wheat was dominated by lentil as indicated by the strong negative aggressivity index (Awheat = −3.29 ± 1.11). The competitive ability of durum wheat over the intercropped lentil was evident in 2019 and 2021, while in 2020, lentil was more competitive than the intercropped durum wheat. Across the three years, durum wheat intercropped at low density had significantly (p = 0.002) higher CR values than the wheat intercropped at high density (Table 4).




3.7. Effect of Relay Intercropping on Weed Biomass at Crop Harvest


The interaction between intercrop density and year affected the weed dry biomass density significantly (p = 0.004) (Figure 2). Remarkably, relay intercropping of durum wheat with lentil significantly (p < 0.0001) reduced weed density compared to mechanically weeded and un-weeded sole lentil and sole durum wheat. Un-weeded sole cropped lentil was more infested by weeds in 2020 (767 ± 151 g m−2) compared to 2019 (584 ± 52 g m−2) and 2021 (458 ± 53 g m−2). Though mechanical weeding of lentil significantly reduced weed biomass compared to the un-weeded system, higher weed infestation levels were observed on mechanically weeded sole lentil in 2021 (296 ± 45 g m−2) compared to 2020 (51 ± 14 g m−2) (Figure 2).




3.8. PCA-Variation among Productivity Components in Sole and Intercropped Systems


PCA biplot graphs (Figure 3) showed variability of data across the three years, which clustered according to the cropping system used. In the first PCA, two principal components (PCs) accounted for 84% (PC1—63.4%, PC2—20.6%) of the total variance in durum wheat production (Figure 3A). Production related durum wheat traits (grain yield, spike number, spike biomass, and aboveground biomass) correlated with PC1 while HI and weed biomass correlated with PC2. In the second PCA, PC1 (59%) and PC2 (30.4%) accounted for 89.4% of the total variance in lentil production (Figure 3B). Evidently, there was a clear separation of production variables between sole cropped and intercropped lentils. Weed biomass negatively correlated with lentil HI.





4. Discussion


4.1. Intercrop Productivity under Contrasting Climatic Conditions


In this study, the contrasting climatic conditions across the three growing seasons turned out to be an important factor that affected, to a greater extent, durum wheat growth and productivity in 2020 and 2021 as compared to 2019 (Figure 3). The excess rainfall during the durum wheat sowing period (November–December 2019; Figure 1) significantly delayed the sowing of durum wheat in the 2020 season. This delay did not affect seedling emergence but significantly reduced the wheat TI compared to 2019 and 2021. Winter durum wheat requires longer, cooler months to optimally accumulate dry matter at their early stages, i.e., before flowering. Therefore, late sowing reduces the total dry matter production, thus decreasing the amount of wheat dry matter converted by wheat into grains [25]. In the 2021 season, durum wheat seedling emergence was on average reduced by 53% compared to the target density. This could be attributed to the unprecedented heavy rainy conditions between December 2020 and January 2021 (Figure 1). Lentil, grown later as spring crops, was not affected, and had seedling emergence that consistently matched the planned density across the three years.



In line with our first hypothesis, relay intercropping significantly reduced lentil biomass but enhanced the lentil HI in 2019 and 2021 and grain yield in 2020 compared to the un-weeded sole lentil. This was likely associated with the competition effect of wheat that might have reduced lentil biomass growth. The competition indices A and CR clearly showed the dominance of wheat over lentil in 2019 and 2021. This dominance may have enhanced weed suppression and the physiological conversion of the lentil dry matter and assimilates to grain development as supported by the high HI of the intercropped lentil. In addition, it was evident that the total intercrop biomass and grain yield were always higher than that of lentil and durum wheat sole crops, despite the seasonal effects. These results confirmed the findings of Latati et al. [18], who reported a reduction in chickpea biomass when intercropped with durum wheat, but an increase in the overall productivity as indicated by high LER values in the intercropping system. Contrary to our hypothesis, we observed a marginal reduction effect of intercropping on durum wheat spike productivity and grain yield compared to that of sole crop. Advantageously, the marginal reduction in wheat yield in the intercropping system could be compensated by the high-valued lentils. This portrays the plasticity of the intercropping system in stabilizing yields and maximizing the potential profitability despite seasonal variations.



Based on the LER index, the results from both intercropping systems showed a consistent grain yield advantage (LER > 1) of durum wheat–lentil mixtures compared to sole crops despite the variable weather conditions across the growing seasons. This suggests that the interspecific facilitation and complementarity in the use of natural resources was greater than the competition, thus resulting in greater land-use efficiency in the tested intercropping systems. The highest yield advantage recorded in 2020 could be attributed to the high yielding effect of the intercropped lentil as compared to the sole lentil crops whose growth, productivity, and harvest efficiency were heavily disadvantaged by weeds. In addition, in the same season, a delay in durum wheat sowing shortened its development cycle and lowered wheat dominance and aggressiveness over lentil. These unexpected conditions favored the productivity of the high-valued lentil, thus could have safeguarded farmers’ profitability by compensating the possible yield losses that could have occurred in the case of durum wheat monocropping. Our LER results support the findings of Loïc et al. [10] and Latati et al. [18], who reported high yield advantages with LER ranging between 1.02 to 1.80 in spring wheat–lentil and wheat–chickpea mixtures, respectively, cultivated in seasons with contrasting climatic conditions. Both studies attributed overyielding in the intercropping systems to better utilization efficiency of resources via interspecific complementarity and facilitation processes. In our study, lentil was relay intercropped into the already developed durum wheat (at the tillering stage), thus minimizing early competition with the main crop while maximizing resource facilitation and sharing at the later stages of both intercrops.




4.2. Intercropping Densities and Competition


In line with our second hypothesis, reducing wheat density in the intercropping enhanced lentil biomass accumulation compared to the lentil intercropped with durum wheat at high density in 2019. In 2020 and 2021, when the wheat dominance was relatively low due to poor development, the intercropped lentil biomass did not significantly differ in both intercropping systems. A similar effect was noted on lentil HI of the intercrops. These observations suggest that the competitive ability of durum wheat in the two intercropping systems was not high enough to significantly suppress the lentil growth significantly, particularly in 2020 and 2021, thanks to the seasonal variation that altered crop species competitiveness and their interspecific interactions. In addition, the durum wheat sown at low density produced heavier spikes which compensated for the reduced density, hence recording spike biomass comparable to that of wheat sown at high density. Pure wheat stands experience less competition, i.e., only intraspecific competition, whereas mixed stands of wheat and lentil are likely to experience both interspecific and intraspecific competitions [45] for the bio-resources that are often limiting in the context of low input systems.



The CR indices of durum wheat were significantly higher in the less-dense system compared to the highly-dense system, and this observation was strongly evident in 2019 and 2021. Reducing durum wheat density to 33% of the standard sowing quantity, and timely sowing during the cooler winter months, allowed wheat enough time to develop, i.e., shooting and tillering. These advantages were not observed in 2020, where delayed sowing significantly lowered durum wheat (A < 0) dominance over lentil. These variations suggest that under different climatic conditions, wheat competitiveness and dominance over lentil could be altered depending on the objective of the farmer. Late sowing of durum wheat under high density could reduce competition pressure on lentil, therefore favoring lentil cultivation which fetches higher prices (3–4 times higher price than durum wheat [10]).




4.3. Intercrops’ Functional Trait Complementarity: P Uptake and Weed Control


In this study, we observed an increasing trend in P concentration in the shoots of the intercropped durum wheat at flowering stage, which was in line with our third hypothesis. However, a decreasing trend in P concentration was observed in intercropped lentil. This suggests that lentil probably facilitated P availability for use by the companion durum wheat. Legumes in symbiotic association with rhizobia, can biologically fix atmospheric N2 into the rhizosphere [46,47], and can share up to 15% of the N with the cereals [48], while modulating P availability and sharing through enhanced microbial and extra-radical biochemical networks [49]. Perhaps, the extensively intertwined root and hyphal mycorrhizal network complexes in intercrops provide an expanded root surface area to which nutrients can be exchanged [50]. The findings of our study are further supported by the findings of Morris and Garrity [51], who demonstrated that P and K assimilation in intercropping was higher (43% P, 35% K) in intercrops than in pure crop stands. Facilitation occurs when one of the intercrops improves the growth, nutrient uptake, and productivity of the companion species [52]. However, this is not always the case, especially in rain-fed low-input agricultural systems. Abiotic factors such as soil type, nutrient availability, and local climatic conditions influence the outcome of interspecific plant interactions [23]. The lentil nutrient uptake efficiency in our two intercropping systems might have been rendered less efficient by the durum wheat despite reducing its density to 33%. This confirms the observations from Loïc et al. [10], who similarly reported spring wheat dominance over lentil despite reducing wheat density to 17% in wheat–lentil intercropping. Therefore, finding the optimum density configuration for the dominant cereal without compromising its yield capacity could maximize nutrient uptake of the intercrops.



As hypothesized (hypothesis iv), the combination of durum wheat and lentil in both intercropping systems significantly reduced weed biomass compared to the lentil sole crop. The canopy of the two mixtures enhanced ground cover, limiting the space available for optimal weed growth [21]. Moreover, the allelopathic root exudates produced by durum wheat may have contributed to suppressing weed germination and slowing weed development [15], thus benefiting the intercropped lentil. From our results, it was evident that there was a higher weed pressure in the field used in 2020 than in any other season. In fact, mechanical harvesting of sole cropped lentil was not possible and could have resulted in 100% yield loss in that season was it not for our hand harvesting approach. Advantageously, intercropping resulted in a 300% potential yield increase compared to the un-weeded sole lentil. This weed suppression property is supported by the results of the PCA (Figure 3B) and the findings reported by Banik et al. [53] on wheat–chickpea, and Carr et al. [22] on wheat–lentil mixtures. Owing to their differences in canopy height and growth habit of the component species, intercrops develop some sort of synergism in light interception and nutrient uptake that interferes with the availability of resources exploitable by weeds. Mechanical weed control could be a solution for low-input farmers, but it may increase production costs, hence reducing farmers’ returns. In this view, the result of this study suggests that intercropping can be as effective as hoeing in controlling weeds within our low-input context.





5. Conclusions


This study showed that despite contrasting climatic conditions, intercropping of winter durum wheat with spring lentil can increase the overall aboveground biomass and grain production per unit area compared to sole crops. No adverse competition effects between the intercrops were observed, hence a yield advantage in both intercropping systems over the sole crops. At the crop species level, relay intercropping slightly reduced the lentil shoot P concentration but favored P accumulation in durum wheat shoots. Reducing wheat density did not considerably lower durum wheat grain production compared to the highly dense intercropping system. The complementary functional traits of durum wheat–lentil intercrops effectively controlled weeds comparable to mechanical hoeing. Finally, it was evident that climate variability can increase the risk of yield losses; nevertheless, relay intercropping of durum wheat with lentil proved to stabilize overall crop productivity. However, further economic analysis capturing the additional costs incurred in intercropping and mechanical weeding would highlight the actual profitability of these systems.
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Figure 1. Average monthly rainfall and temperature (maximum and minimum) at San Piero a Grado (Pisa, Central Italy) from October 2018 to July 2021. 
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Figure 2. Aboveground weed biomass dry weight (g m−2) in 2019, 2020 and 2021 seasons at crop harvest: 100% mix, high-density wheat + lentil; 33% mix, low-density wheat + lentil; different lowercase letters within each year indicate statistical significance at p ≤ 0.05 level (Tukey’s post hoc test) among all treatments. Error bars represent standard error of the mean (S.E). 
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Figure 3. Principal component analysis (PCA) representation of production related variables of (A) wheat and (B) lentils in sole and intercropped systems. HI, harvest index; spikeBM, spike biomass; spikeNo, spike number; weedBM, weed biomass; TotalBM, total aboveground biomass; lent, lentil; wht, durum wheat. 
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Table 1. Durum wheat tillering index (TI) and aboveground crop biomass of intercrops.
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Year

	
Intercropping System

	
Tillering Index (TI)

	
Aboveground Crop Biomass (t ha−1) at Harvest




	
Lentil

	
Wheat

	
Total Intercrop






	
2019

	
Weeded sole crop

	
-

	
-

	
-

	
-




	
Sole crop

	
1.64 (0.11) bA

	
4.26 (0.53) aA

	
12.87 (0.67) aA

	
-




	
100% Mix

	
1.86 (0.22) bA

	
1.93 (0.24) bB

	
11.62 (0.38) abA

	
13.55 (0.47) aA




	
33% Mix

	
2.69 (0.40) aA

	
2.97 (0.28) abA

	
11.06 (0.45) bA

	
14.03 (0.23) aA




	
2020

	
Weeded sole crop

	
-

	
3.59 (0.25) aA

	
-

	
-




	
Sole crop

	
0.89 (0.06) bB

	
2.27 (0.31) bB

	
7.30 (0.33) aB

	
-




	
100% Mix

	
0.76 (0.03) bB

	
3.04 (0.33) abA

	
5.07 (0.44) bB

	
8.12 (0.19) aB




	
33% Mix

	
1.26 (0.09) aB

	
3.03 (0.25) abA

	
4.56 (0.29) bB

	
7.59 (0.73) aB




	
2021

	
Weeded sole crop

	
-

	
2.85 (0.17) bA

	
-

	
-




	
Sole crop

	
1.61 (0.23) bA

	
4.25 (0.34) aA

	
5.30 (0.32) aC

	
-




	
100% Mix

	
1.16 (0.09) bA

	
3.37 (0.25) abA

	
5.14 (0.38) aB

	
8.50 (0.39) aB




	
33% Mix

	
2.32 (0.29) aA

	
3.49 (0.18) abA

	
5.03 (0.32) aB

	
8.52 (0.37) aB




	
p-values

	
Intercropping

	
<0.0001

	
0.047

	
<0.0001

	
0.718




	
Year

	
<0.0001

	
0.004

	
<0.0001

	
<0.0001




	
Int. × Year

	
0.45

	
<0.0001

	
0.016

	
0.345








Values are treatment means (S.E); different lowercase letters within columns in each year indicate statistical significance at p ≤ 0.05 level (Tukey’s post hoc test) among treatments. Different uppercase letters within columns indicate statistically significant differences between years.
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Table 2. Total intercrop and specific grain yield and harvest index (HI) of durum wheat and lentil at harvest.
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Year

	
Intercropping System

	
Crop Grain Yield (t ha−1)

	
Harvest Index (HI)




	
Lentil

	
Wheat

	
Total Intercrop

	
Lentil HI

	
Wheat HI






	
2019

	
Weeded sole crop

	
-

	
-

	
-

	
-

	
-




	
Sole crop

	
1.04 (0.12) aA

	
5.20 (0.26) aA

	
-

	
0.253 (0.031) bA

	
0.404 (0.005) aB




	
100% Mix

	
0.77 (0.11) aA

	
4.49 (0.15) abA

	
5.26 (0.24) aA

	
0.396 (0.018) aA

	
0.386 (0.003) aB




	
33% Mix

	
1.24 (0.14) aA

	
4.33 (0.15) bA

	
5.57 (0.11) aA

	
0.414 (0.015) aA

	
0.392 (0.007) aB




	
2020

	
Weeded sole crop

	
0.79 (0.07) aA

	
-

	
-

	
0.220 (0.010) bB

	
-




	
Sole crop

	
0.28 (0.08) bB

	
2.82 (0.13) aB

	
-

	
0.115 (0.018) cB

	
0.386 (0.002) aB




	
100% Mix

	
1.20 (0.14) aA

	
1.95 (0.17) bB

	
3.15 (0.10) aB

	
0.391 (0.013) aA

	
0.383 (0.001) aB




	
33% Mix

	
1.05 (0.10) aA

	
1.68 (0.11) bB

	
2.73 (0.28) aC

	
0.342 (0.011) aB

	
0.368 (0.003) aB




	
2021

	
Weeded sole crop

	
0.96 (0.08) aA

	
-

	
-

	
0.331 (0.014) aA

	
-




	
Sole crop

	
1.29 (0.10) aA

	
2.32 (0.15) bB

	
-

	
0.308 (0.016) aA

	
0.438 (0.011) aA




	
100% Mix

	
1.17 (0.11) aA

	
2.23 (0.18) aB

	
3.40 (0.24) aB

	
0.338 (0.012) aB

	
0.433 (0.011) aA




	
33% Mix

	
1.24 (0.07) aA

	
2.21 (0.15) aB

	
3.45 (0.18) aB

	
0.357 (0.010) aAB

	
0.438 (0.011) aA




	
p-values

	
Intercropping

	
0.01

	
<0.0001

	
0.579

	
<0.0001

	
0.351




	
Year

	
0.0002

	
0.001

	
<0.0001

	
<0.0001

	
<0.0001




	
Int. × Year

	
<0.0001

	
0.708

	
<0.0001

	
<0.0001

	
0.604








Values are treatment means (S.E); different lowercase letters within columns in each year indicate statistical significance at p ≤ 0.05 level (Tukey’s post hoc test) among treatments. Different uppercase letters within columns indicate statistically significant differences between years.
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Table 3. Phosphorus (P) concentration of durum wheat and lentil shoots at flowering stage.
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Year

	
Intercropping System

	
Phosphorus (P) Concentration (%)




	
Lentil

	
Durum Wheat






	
2019

	
Weeded sole crop

	
-

	
-




	
Sole control

	
0.349 (0.029) aA

	
0.199 (0.012) bA




	
100% Mix

	
0.294 (0.005) bA

	
0.216 (0.012) abA




	
33% Mix

	
0.333 (0.005) bA

	
0.229 (0.003) aA




	
2020

	
Weeded sole crop

	
0.266 (0.010) bA

	
-




	
Sole control

	
0.344 (0.007) aA

	
0.136 (0.007) bB




	
100% Mix

	
0.284 (0.012) bA

	
0.146 (0.013) abB




	
33% Mix

	
0.284 (0.014) bA

	
0.164 (0.004) aB




	
p-values

	
Intercropping

	
<0.0001

	
0.002




	
Year

	
0.06

	
<0.0001




	
Int. × Year

	
0.143

	
0.906








Values are treatment means (S.E); different lowercase letters within columns in each year indicate statistical significance at p ≤ 0.05 level (Tukey’s post hoc test) among treatments. Different uppercase letters within columns indicate statistically significant differences between years.
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Table 4. Land equivalent ratio (LER), aggressivity (A) and competition ratio (CR).






Table 4. Land equivalent ratio (LER), aggressivity (A) and competition ratio (CR).





	
Year

	
Intercropping System

	
Land Equivalent Ratio (LER)

	
Aggressivity (A)

	
Competition Ratio (CR)




	
LERwheat

	
LERlentil

	
Total LER

	
Awheat

	
CRwheat

	
CRlentil






	
2019

	
100% Mix

	
0.86 (0.01) aAB

	
0.78 (0.18) aB

	
1.64 (0.18) aB

	
0.04 (0.09) aA

	
1.29 (0.27) bA

	
0.91 (0.21) aA




	
33% Mix

	
0.83 (0.03) aAB

	
1.19 (0.09) aB

	
2.02 (0.09) aB

	
−0.69 (0.06) aA

	
2.15 (0.17) aA

	
0.47 (0.04) bA




	
2020

	
100% Mix

	
0.70 (0.06) aB

	
5.35 (1.58) aA

	
6.05 (1.61) aA

	
−2.32 (0.78) aB

	
0.16 (0.03) bB

	
7.51 (1.90) aB




	
33% Mix

	
0.61 (0.07) aB

	
5.87 (2.20) aA

	
6.48 (2.25) aA

	
−4.26 (1.64) aB

	
0.53 (0.16) aB

	
2.98 (0.94) bB




	
2021

	
100% Mix

	
0.97 (0.09) aA

	
0.91 (0.14) aB

	
1.88 (0.14) aB

	
0.03 (0.09) aA

	
1.21 (0.26) bA

	
0.99 (0.19) aA




	
33% Mix

	
0.99 (0.13) aA

	
0.99 (0.11) aB

	
1.98 (0.08) aB

	
−0.50 (0.11) aA

	
3.41 (0.89) aA

	
0.38 (0.09) bA




	
p-values

	
Intercropping

	
0.593

	
0.050

	
0.163

	
0.067

	
0.002

	
<0.0001




	
Year

	
0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001




	
Int. × Year

	
0.736

	
0.971

	
0.983

	
0.499

	
0.07

	
0.969








Values are treatment means (S.E); different lowercase letters within columns in each year indicate statistical significance at p ≤ 0.05 level (Tukey’s post hoc test) among treatments. Different uppercase letters within columns indicate statistically significant differences between years.
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