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Intercropping is a common cropping practice that takes advantage of plant diversity and plant complementarity to increase land-use efficiency. Biofertilizers centered around arbuscular mycorrhizal fungi (AMF) and plant growth promoting rhizobacteria (PGPR) are supplements to mineral fertilizers well-known for their far-reaching beneficial effects on plants such as increased drought resistance and increased yields. This study tested if the combination of intercropping and biofertilizers can enhance land-use efficiency (overyielding) using staple crops from southern India. Specifically, the role of different combinations of plant species (crop mixtures) and spatial arrangements mediating overyielding in intercropping was tested. Biofertilizer inoculation increased yields in both monocropping and intercropping. In intercropping, grain yield improved by an average of 23% over the control, regardless of the crop mixture or spatial arrangement. Positive crop-type-specific mycorrhizal growth responses (MGR) and overyielding across experimental treatments and sites indicate that combining biofertilizers with intercropping significantly enhances land-use efficiency in the semi-arid tropics. These findings have practical implications for improving the productivity of intercropping systems in dryland agricultural systems, particularly under resource-limited conditions.
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1 Introduction

Dryland agriculture faces major challenges such as limited water availability, low soil fertility, and increasing climate variability, making conventional high-input practices unsustainable. Alternative approaches like intercropping combined with biofertilizers could improve resource efficiency, reduce environmental impacts, and boost productivity. This study investigated whether combining these approaches consistently enhances yields and land-use efficiency across different intercropping systems. Intercropping is a promising land-management practice for sustainable intensification of low-input agriculture that has positive ecosystem impacts such as increased biodiversity and soil health (Brooker et al., 2015; Wang et al., 2023). In intercropping two or more crop species are grown simultaneously on the same field for a substantial part of their growing period generally leading to improved land-use efficiency (Willey, 1990). Intercropped plant species grown in close proximity can profit from plant complementary effects, in terms of resource partitioning, abiotic facilitation and biotic feedbacks (Yu et al., 2015; Zhang et al., 2019a). Plant complementary effects in intercropping are determined by the plant species identity or crop mixtures, their planting distance, and spatial arrangements (Stefan et al., 2022). Crop mixtures and their spatial arrangement are generally selected to leverage complementary effects against interspecific competition to enhance productivity. However, increasing the planting distance between crop mixtures to reduce interspecific competition can also limit beneficial rhizosphere interactions, leading to reduced facilitation and decreased land-use efficiency of intercropping (Zhang and Li, 2003).

Biofertilizers consisting of arbuscular mycorrhizal fungi (AMF) and plant growth promoting rhizobacteria (PGPR) are soil microorganisms that can increase plant resistance to environmental challenges and facilitate plant nutrient uptake (Mäder et al., 2011; Schütz et al., 2018; Mathimaran et al., 2020). Moreover, biofertilizers can have a positive effect on the environment as they can improve the soil structure and aggregation (Smith and Read, 2010). Most importantly, field inoculations with biofertilizers have been shown to improve grain yields of crops, such as wheat, rice, maize, as well as marginal crops such as sorghum, a variety of legumes and millets from regions of Africa and Asia (Zhang et al., 2019b; Mathimaran et al., 2020; Singh et al., 2021). Biofertilizer effects on yield vary between crop species, depending on a wide variety of factors such as the quality of the inoculum and the identity of the AMF taxa infecting crop roots as well as abiotic factors such as soil types, soil fertility and climatic conditions (Tawaraya, 2003; Romero et al., 2023; Lutz et al., 2023). For example, in cereal crops, which have fine fibrous, highly branched roots and dense thin root hairs typically display lower reliance upon soil microorganisms for nutrient acquisition (Ryser and Lambers, 1995; Wilson and Hartnett, 1998). In contrast, legume crops with coarse, thick, and less branched roots generally require more nutrients to achieve the same yield as cereals because legumes expend more energy on respiration and nitrogen fixation (Sadras, 2006). As a result, legumes generally rely more heavily upon AMF and other soil microorganisms to acquire nutrients from the soil through their thin and extensively branched hyphal networks (Duponnois et al., 2008; Unger et al., 2016).

Combining intercropping and biofertilization holds potential to intensify yields in marginal dryland agriculture, where conventional high-input land-management strategies are not optional or desired. AMF form interconnected fungal networks known as common mycorrhizal networks (CMNs). CMNs can enhance nutrient exchange, particularly phosphorus and nitrogen, between neighboring crops, helping plants cope better with competition and environmental stress, thereby increasing the productivity and stability of intercropping (Wagg et al., 2011; Walder et al., 2012; Zhu et al., 2023). CMNs can further enhance plant diversity effects leading to overyielding by promoting resource transfer across different plant species (van der Heijden et al., 1998). However, the formation of a CMN between plants depends on the distance at which AMF hyphae can connect the root systems of different plant species (Giovannetti et al., 1999, van der Heijden et al., 2015). Singh et al. (2021) found that in a dryland cereal‐legume intercropping system using pigeon pea (Cajanus cajan) and finger millet (Eleusine coracana), the combined use of biofertilizers with intercropping arranged at varied planting distances resulted in higher yields than when either practice was applied alone. Furthermore, the study demonstrated that biofertilizers exerted crop‐type specific positive effects on yields in both monocropping and intercropping systems, regardless of spatial arrangement or site. Still, it remains unclear whether the effects of crop mixtures involving different species, spatial arrangements, and biofertilizers are consistent across different sites and seasons; this underlines the critical role of species selection in optimizing intercropping systems in combination with biofertilizers.

Building on previous research (Singh et al., 2021), which indicated the potential for biofertilizers to improve intercropping effects, this study tested additional crop mixtures consisting of three dryland legumes—pigeon pea (Cajanus cajan, PP), cowpea (Vigna unguiculata, CP), and lablab (Lablab purpureus, LL)—in addition to the cereal finger millet (Eleusine coracana, FM). These crop mixtures were evaluated under two spatial arrangements (row and mosaic) and on different soil types in varying climates. Specifically, the study aimed to determine: (1) whether biofertilizer effects remain consistent across different intercropping systems grown at different sites; (2) whether the spatial arrangement within intercropping mixtures influences the magnitude of biofertilizer effects; and (3) whether combining biofertilizers with intercropping leads to enhanced land-use efficiencies compared to monocropping, as well as the extent of variation in these effects across different crop mixtures and spatial arrangements.




2 Methods



2.1 Field site and conditions

Field trials were conducted at two sites in southern India, the University of Agricultural Sciences campus in Bangalore (GKVK), site 1, (Karnataka) and Kolli Hills, site 2 (Tamil Nadu). Both sites were studied during the first season (July 2018 to January 2019) and only site 1 during the second season (July 2019 to March 2020). Supplementary Table S1 shows the soil properties of both field sites, as well as their climatic conditions for the respective study years.




2.2 Experimental design

Experimental treatments ranged from T01 to T10. Each treatment was paired with a control (labeled “-”) and with biofertilizer inoculation (labeled “+”). Treatments T01-T04 were monocropping and T05-T10 were intercropping. Following recommendations from local agronomists, one cereal, finger millet (Eleusine coracana) (FM) variety GPU-28, and three local legumes, pigeon pea (Cajanus cajan) (PP) variety BRG-2, cowpea (Vigna unguiculata) (CP) variety C-152 and lablab (Lablab purpureus) (LL) local variety 1 were selected. During the second season, a new lablab (Lablab purpureus) local variety 2 was used. Seeds were provided by the Seed Center from the University of Agricultural Sciences campus in Bangalore. Supplementary Table S2 shows key agronomic traits for each species. Monocropping of cereal was defined as T01, with monocropping of each legume, PP, CP, LL, always in the same order defined as T02, T03, and T04, respectively. T05–T10 were intercropping, with T05–07 involving row-wise spatial arrangements with each legume species in the same order as in the monocropping, and T08–10 involving mosaic spatial arrangement of the same legume combinations (Figure 1). Intercropping spatial arrangements were based on previous research (Singh et al., 2021). Row spatial arrangement was adjusted as follows: in monocropping, cereal rows were 30 cm apart and plants were separated by 7.5 cm within each row. Legume monocropping rows were 60 cm apart and plants were 30 cm apart within each row. The distance between cereals and legume rows in row-wise spatial arrangement was 45 cm, and the mosaic spatial arrangement had an approximate spacing of 90 cm between legumes and cereals. To achieve the same plant densities of legumes and cereals in both intercropping spatial arrangements, always 8 cereal plants were substituted by one legume leading to 4 rows of 12 legumes in the row-wise arrangement and 12 rows of 4 legumes in the mosaic spatial arrangement. Monocropping were planted at plant densities of 1152 cereal plants and 144 legume plants per plot, in intercropping a ratio of 2:8 (legume: cereal) with respective plant densities was adjusted to 768 cereal plants and 48 legume plants per plot. The experimental design was a randomized complete block with r = 4 complete blocks. The plot size was 7.2 x 3.6 m, with a net plot area of 3.6 x 1.8 m (Table 1).
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Figure 1 | Effects of biofertilizer inoculation on (A) root colonization and (B) spore density at Site 1 during Season 2. Bars show finger millet (cereal, blue) and legume (orange) crops grown either in monocropping (dark shades) or intercropping (light shades). Control treatments are shown with empty bars (-), and biofertilizer treatments with striped bars (+) and cropping spatial arrangements are presented as row (triangle) and mosaic (circles). Species abbreviations: FM, Finger millet; PP, Pigeon pea; CP, Cowpea; LL, Lablab. Error bars show standard errors (SE).




Table 1 | Layout of experimental plots, spatial arrangements, and plant densities for different crop mixtures.






2.3 Microbial inoculants

Biofertilizer consisted of two AMF strains and plant growth promoting rhizobacteria (PGPR). Rhizophagus fasciculatus (formerly called Glomus fasciculatum) and Ambispora leptoticha (formerly called Glomus leptotichum) which were chosen for FM and PP/CP/LL, respectively (Govinda Rao et al., 1983; Byra Reddy and Bagyaraj, 1991). The PGPR strains (Pseudomonas sp. MSSRFD41 and Rhizobium liquid formulation) were chosen as a complement to the AMF strains as shown in other previous studies (Sekar and Prabavathy, 2014; Mathimaran et al., 2020; Singh et al., 2021). The AMF strains were obtained from Centre for Natural and Biological Resources and Community Development (CNBRCD), Bengaluru.




2.4 Microbial cultivation

AMF species were propagated in a vermiculite-based carrier material using Rhodes grass (Chloris gayana) as host plant for 40 to 45 days. The mycorrhizal inoculum quality was improved by setting the grass to a short drought period (last week of cultivation) after which the roots were chopped into small segments (ca., 0.5–1 cm), and mixed homogenously in the same substrate in which the grass was grown. The harvested Rhizophagus fasciculatus AMF inoculum consisting of 15 spores per g substrate was applied at the rate of 444 kg inoculum per hectare as a band application (along the planting rows). Glomus leptotichum inoculum consisting of 24 spores per g substrate was applied at the rate of 278 kg inoculum per hectare during sowing. PGPR pseudomonas strain was obtained from MS Swaminathan Research Foundation (MSSRF), Chennai and Rhizobium sp. was obtained from Agricultural Research Station, Acharya N. G. Ranga Agricultural University, Amaravati. The PGPR strains were multiplied in King`s B medium. The liquid culture consisting of 1x109 CFU ml-1 of Pseudomonas sp. MSSRFD41 was applied as seed coating at the rate of 10 ml per kg seed (Sekar and Prabavathy, 2014). Additionally, a band application was applied at the rate of 50 liters together with farmyard manure (FYM) 7.5 t per hectare. Rhizobium was applied as seed inoculation at the rate of 10 ml kg-1 (1x109 CFU ml-1) to all legume seeds.




2.5 Mineral fertilization

All plots received 50% of the recommended dose of fertilizer (RDF) during sowing. Finger millet had a NPK RDF of 50:40:25 kg per ha-1, while all legumes had an RDF of 25:50:25 kg per ha-1. nitrogen (N) was applied in the form of Urea (46% N-0P2 O5 - 0K2 O, SPIC India Fertilizer Company), phosphate (P) was applied in the form of Single Super Phosphate (normal 16% P2O5, SPIC India Fertilizer Company) and potassium (K) was given in the form of Muriate of Potash (normal 60% K2O, SPIC India Fertilizer Company).




2.6 Harvest, root colonization and spore density

Plant material in the net plot area was harvested row by row after the growing period of each individual species was completed (Supplementary Table S2). For analysis, straw and grains were separated. To determine the total biomass, grains and straw were sun-dried for ten days and subsamples were oven dried for 24 hours at 80°C. To assess mycorrhizal root colonization, roots from three randomly selected plants from either cereals or legumes per plot were harvested and pooled. Root samples were thoroughly washed with water and cleared overnight in KOH (10% w/v) at room temperature. The percentage of mycorrhizal root colonization was estimated using the gridline intersect method after staining fine and large lateral roots with trypan blue (0.05% w/v in 0.8% acetic acid solution) at 121°C for 3 minutes (Giovannetti and Mosse, 1980). AM fungal spore population was estimated using the wet sieving and decantation method (Gerdemann and Nicolson, 1963). Briefly, 50 g of sieved sun-dried soil from three randomly selected soil plots was combined with 500 mL of water. After briefly allowing heavier particles to settle, the supernatant was strained through several sieves (2-mm, 750 µm, 500 µm and 250 µm), removing larger organic materials but allowing AMF spores to pass. The solution was then stirred and allowed to settle again before being decanted through final sieves (pore sizes 125 µm and 45 µm), retaining only the last fractions. Debris were examined in a thin layer in a petri dish using a stereoscopic microscope at 25x and 50x magnifications in bright light. There was no species characterization and both colonization and spore densities were only investigated at one site (site 1) during one growing season (season 2).




2.7 Mycorrhizal growth response

MGR was determined by expressing the dry total yield of each biofertilizer treatment as a percentage of the total yield of the control treatments (Köhl et al., 2016). MGR was calculated using the following equation:

	

	




2.8 Land equivalent ratio, competitive ratio, and harvest index

LER was calculated using the following equation, where (-) refers to control treatments and (+) with biofertilizer inoculation, and Yinter to intercropping grain yield and Ymono to the respective monoculture:

	

	

	

CR was calculated using the following equation:

	

	

Harvest index was calculated using the following equation, where (-) refers to control treatments and (+) with biofertilizer inoculation:

	




2.9 Statistics

Analysis of Variance (ANOVA) was used to investigate the main effects and interactions between biofertilizer treatment, on yields, LER, CR, MGRs in relation to cropping systems, spatial arrangement, and crop mixtures across sites. Subplot was used as constant-variance random term. Individual Student’s T-tests were used to determine whether LER were significantly different from the null expectation of one. All calculations and analysis were performed in R version 4.1.0 (R Core Team, 2022). Normality assumptions were tested with histograms and plotting standardized residuals.





3 Results

Biofertilizer inoculation significantly increased AMF root colonization compared to control, independently of the cropping system and spatial arrangement in site 1 season 2 (Table 2). AMF root colonization varied across crop types independently of the legume species. When cereals in monocropping were inoculated with biofertilizer, their average root colonization increased from 38 ± 3.3% (mean ± se) in the control to 73 ± 5.1% in the biofertilizer treatment. On average, legumes in monocropping showed a similar effect with increasing root colonization from 42 ± 4% in the control to 53 ± 7.2% in biofertilizer treatment (Figure 1A). In intercropping, cereals displayed a similar colonization increase as in monocropping averaging 47 ± 2.8% in control which increased to 72 ± 2% in the biofertilizer treatments. Also, legumes in intercropping showed a general increase of root colonization from 38 ± 1.5% in the control to 56 ± 2.5% in the biofertilizer treatment. Overall, mean percentage change of root colonization after biofertilizer inoculation in monocropping was + 44.4% for cereals and + 13.3% for legumes. In intercropping, the overall mean percentage change was + 33.7% in cereals and + 23.8% in legumes.


Table 2 | ANOVA table of the root colonization.



Spore density (per 50 g soil) was also significantly affected by inoculation with biofertilizers in site 1 with no significant interactions across the other factors (Table 2). Cereal monocropping demonstrated a substantial increase in spore density after biofertilizer inoculation from 45 ± 11 spores in the control to 87 ± 3.9 in the biofertilizers treatment. Similarly, legumes in monocropping showed increasing spore densities from 23 ± 2 spores in control to an average of 76 ± 3 in the biofertilizer treatment. This pattern was consistent across individual legume species and no significant effect at species level was recorded (Figure 1B). Cereals in intercropping showed an increment from average 24 ± 1 spores in control to 72 ± 5 in biofertilizer treatment. Legumes in intercropping also exhibited an increase after biofertilizer inoculation in the spore density of 58 ± 4 compared to 24 ± 2 in control. Overall, average percentage change of the spore density after biofertilizer inoculation in monocropping was + 33.4% for cereals and + 70.3% for legumes. In intercropping, the overall mean percentage increase was + 60.8% for cereals and + 53.4% for legumes.

Biofertilizer inoculation consistently led to higher yields than the control in both monocropping and intercropping systems, regardless of crop mixture, site, or season (Table 3). Across cropping systems, cereal monocropping grain yields in control ranged from 1.48 ± 0.15 to 3.03 ± 0.30 tons per hectare, compared to 1.48 ± 0.28 to 3.40 ± 0.26 tons per hectare in biofertilizer treatments (Figure 2A). Similarly, control legumes in monocropping yielded on average between 0.46 ± 0.05 to 3.03 ± 0.30 tons per hectare, while biofertilizer treatment ranged from an average 0.52 ± 0.05 to 3.48 ± 0.78 tons per hectare. Accordingly, in monocropping percentage change after biofertilizer inoculation in site 1 was + 19.2% during season 1, + 11% during season 2 and + 5.7% in site 2 (Figure 2B). In intercropping, row spatial arrangement in control ranged between 1.27 ± 0.06 to 3.25 ± 0.18 tons per hectare compared to 1.51 ± 0.08 to 3.98 ± 0.29–18 tons per hectare in biofertilizer treatment and mosaic spatial arrangement control ranged from 1.34 ± 0.07 to 2.79 ± 0.16 tons per hectare compared to 1.59 ± 0.06 to 3.48 ± 0.18 in biofertilizer treatments. Percentage increase following inoculation with biofertilizers of intercropping systems where therefore for site 1, 29% during season 1, 23% for season 2, and 19.3% in site 2. Across crop mixtures, the highest total grain percentage increase after biofertilizer inoculation compared to respective control was 42.7% for FM X PP (+T05) in site 1, season 1 while the lowest was 3.57% for FM X LL (+T10) in site 2. Other noteworthy percentage increases included FM X CP (+T06) with 39.47% in site 2 and FM X LL (+T07) with a 27.48% increase in site 1, season 2.


Table 3 | ANOVA table for spore density.
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Figure 2 | Grain yields under monocropping (dark shades) and intercropping (light shades) systems across two seasons (Season 1, Season 2) and two experimental sites (Site 1, Site 2). (A) shows grain yield (tons ha-1) for finger millet (cereal, blue) and legumes (orange) with control treatments (empty bars, -) and biofertilizer inoculation (striped bars, +). (B) illustrates the percent grain yield increase due to biofertilizer treatments relative to controls for monocropping (blue bars) and intercropping (yellow bars). Species abbreviations as in Figure 1. Error bars indicate SE.



The harvest index (HI) was not influenced by biofertilizer treatment, either alone or in combination with spatial arrangement or crop mixtures. While site 1 and season 1 had significantly higher harvest indexes, these effects were not associated with biofertilizer application (Supplementary Table S3). The effects of AMF-biofertilizers on total biomass in the different crop mixtures and spatial arrangements across sites and seasons were assessed using the mycorrhizal growth response (MGR). MGRs were generally positive with significant effects only across cropping systems regardless of the site and season (Table 4). For cereals, intercropping showed greater MGR than monocropping. At site 1, in season 1, row-wise intercropping increased MGR by 21.6% and mosaic by 14.6%, while in season 2, row intercropping increased MGR by 7.7% and mosaic by 11.8% compared to monocropping (Figure 3; Table 5). At site 2, cereal row-wise intercropping increased MGR relative to monocropping by 18% and 17.4% in mosaic arrangement. Legumes also showed higher MGRs than monocropping, at site 1, in season 1, row intercropping increased MGR by 15.4% and mosaic by 39.3% compared to respective monocropping, in season 2, row-wise intercropping increased legume MGR by 15.7% and mosaic by 23.4%, and at site 2, row intercropping increased MGR by 14.7% and 22.3% in mosaic arrangement. Across individual legume species, no significant effects were recorded; however, CP displayed the most pronounced change in MGR in intercropping relative to monocropping, averaging 45.3%.


Table 4 | ANOVA table of the total grain yield.
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Figure 3 | Mycorrhizal Growth Response (MGR) expressed as percent increase in total biomass of finger millet (cereal, blue) and legumes (orange) following biofertilizer inoculation relative to controls. Data represent monocropping (dark shades) and intercropping (light shades) systems across two experimental seasons and two study sites. Species abbreviations as in Figure 1. Error bars show SE.




Table 5 | ANOVA table of MGR.



The overall mean grain LER value was 1.09 pointing towards an enhanced land-use efficiency of intercropping compared to monocropping (Figure 4). The inoculation with biofertilizer resulted in significantly higher LER values than 1 through sites and seasons compared to control and, most importantly, biofertilizer inoculation increased the average LER from 1.01 in the controls to an average value of 1.17 (Table 6). This effect was not affected by the intercropping spatial arrangement nor by the crop mixture composition and their interaction (Table 7). Across sites, the highest LER values were observed in site 2, with mean control LER values of 1.12 and 1.33 for the biofertilizer treatment, while site 1 showed mean values of 0.95 for the control and 1.08 for the biofertilizer treatments. Across seasons, there was a slight improvement during season 2 for the control, ranging from LER 0.92 to 0.95, and stable values in biofertilizer treatment, maintaining a mean LER of 1.08. Mosaic spatial arrangement with biofertilizer displayed the highest LERs in site 2, with LER values of 1.18 in control and of 1.42 in the biofertilizer treatment. Despite cereals displaying higher competitiveness and suppling the highest contribution to the LERs, the biofertilizer treatment did not significantly affect the competitive ratios of either cereals or legumes nor for the interaction with intercropping spatial arrangements, crop mixtures and sites (Supplementary Table S4).
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Figure 4 | Land Equivalent Ratio (LER), indicating land-use efficiency, calculated for finger millet (cereal, blue) and legumes (orange) grown in row (triangle symbols) and mosaic (circle symbols) spatial arrangements. Control treatments (empty symbols, -) are compared to biofertilizer treatments (striped symbols, +). LER values greater than one indicate enhanced land-use efficiency compared to monocropping. Statistical significance is indicated based on T-tests against LER = 1. Error bars denote SE.




Table 6 | Student T-Tests of LER grain yield against 1.




Table 7 | ANOVA table of the LER grain.






4 Discussion

Inoculation with biofertilizers led to a higher root colonization and spore production than observed in the controls independent of cropping system and the spatial arrangement in intercropping during one season in one site, where these variables were assessed. The percentage increase in root colonization after biofertilizers inoculation, despite background colonization, aligns with similar studies from semi-arid tropics (Mäder et al., 2011). However, they are lower than those reported in other studies, such as Bender et al. (2019), who observed up to 66% increase after biofertilizer inoculation compared to controls in maize roots in Swiss fields. AMF are non-host-specific but they generally display host preferences, in which the largest symbiotic responses are achieved by both symbionts when selected plant species are colonized by favored AMF taxa (Bagyaraj, 2014; van der Heijden et al., 2003). The AMF taxa used in this study as well as the PGPRs were previously screened and selected based on their maximum symbiotic responses for some of the crop species used in this study (Mathimaran et al., 2020). Moreover, the combined inoculation of AMF and PGPRs has been also shown to act synergistically and to lead to increased fungal colonization and spore germination (Frey-Klett et al., 2007; Mäder et al., 2011; Hoeksema et al., 2010). Stronger colonization and spore production were expected in intercropping because of the higher plant diversity. However, biofertilizer inoculation resulted in comparable increases in both cropping systems. This may be related to literature reporting that biofertilizers can alter indigenous microbial communities, often reducing native AMF colonization (Janoušková et al., 2017; Bender et al., 2019).

Grain yields increased significantly in response to biofertilizer inoculation in both cropping systems at both sites, with intercropping consistently showing greater grain yields than monocropping, independent of crop mixtures or spatial arrangements. While the precise mechanisms behind these yield improvements were not explicitly addressed in this study, higher yield after biofertilizer inoculation across both cropping systems could have been due to the well-known associated benefits of biofertilizers such as better root-growth, enhanced nutrient uptake and increased resistance to environmental stresses (Mathimaran et al., 2020; Singh et al., 2021; Daniel et al., 2022; Kumar et al., 2022). Also, biofertilizers may have enhanced yields through the formation of common mycorrhizal networks (CMNs), facilitating nutrient exchange such as phosphorus and nitrogen between intercropped plants, thus improving resource use efficiency and alleviating competition stress. While biofertilizer inoculation did not alter the harvest index, other studies suggest it may increase nutrient density in both grain and straw (Zhang et al., 2019b).

Literature suggests that the greater biofertilizer effects observed in intercropping at both sites may stem from increased soil microbial activity, stronger biotic feedbacks, and enhanced interactions between AMF and the associated microbiomes. This is likely because of the increased belowground plant diversity and the varied root architectures characteristic of intercropping systems (Wahbi et al., 2016; Ingraffia et al., 2019; Grünfeld et al., 2022). Previous studies have shown that intercropping commonly promote higher diversity of AMF species than monocropping (Lee et al., 2023). Diversity of AMF species has been shown to be an important predictor of plant productivity and is generally associated in the literature with an increase in the length of AMF extraradical hyphae resulting in a more efficient mining of the soil (van der Heijden et al., 1998; Oehl et al., 2010). Extensive hyphal networks and CMNs may also enhance exchanges between intercropped plants and their associated bacteria (Ingraffia et al., 2019). While greater yields have been reported across different crop mixtures in intercropping, and outcomes of responsiveness to AMF have been shown to vary across crop species, no clear pattern across the different legume species tested was observed. The conserved effects across crop mixtures could be attributed to the intensive breeding history of modern crops, where traits for maximum nutrient uptake are selected. This is hypothesized to have reduced the capacity of modern crops to gain full benefit from their associated soil microorganisms (Lauk and Lauk, 2008; Sawers et al., 2018). Testing combinations of more distantly related crops and those with less breeding history may provide further insights into the effects of biofertilizers on various cropping systems.

Crop-type-specific responses, where cereals displayed a greater magnitude of biofertilizer effects than legumes in intercropping, might have been partially because of the establishment of CMNs tends to be more reliant upon cereals as AMFs can generally sequester more carbon of leaf photosynthates from cereals than from legumes (Johnson et al., 2002). Moreover, larger cereal plants in this study might have applied a stronger sink strength for resources available in the established CMN leading to more pronounced growth responses, similar to the findings by Walder et al. (2012). Accordingly, the allocation of plant carbon through extraradical hyphae has been shown to influence nutrient dynamics and microbial communities in the soil which in turn might further facilitate nutrient uptake and protect against environmental stressors for both crop species in intercropping or increase the size of the underground fungal mycelium (Jones et al., 2004).

Spatial arrangements did not affect the biofertilizer effects at either site. It was initially hypothesized that different spatial arrangements would lead to varying root intermingling patterns, influencing AMF-mediated interspecific facilitation and competition, and thereby potentially increasing yields (Singh et al., 2021). While previous studies suggest that plant arrangement affects root colonization, with more heterogeneous and connected habitats enhancing AMF colonization (Grünfeld et al., 2022), in this study, the mosaic arrangement, despite its higher heterogeneity, did not result in significant effects after inoculation with biofertilizers in colonization, spore production, or grain yields. Conserved biofertilizer effects across crop mixtures and spatial arrangements may be attributed to the wide differences in soil microbial activities in the soil (Duchene et al., 2017). AMF communities are influenced by soil types, climatic conditions and the land-use intensity (Johnson, 1993; Oehl et al., 2010). In dryland soils, characteristics such as high clay content, low organic matter and reduced vegetative growth periods are frequently regarded as unstable habitats for many soil microorganisms (Parr and Papendick, 1997; Verbruggen et al., 2013; Adenan et al., 2021). Intercropping may contribute to a more favorable environment for microbial diversity and activity. Site two, characterized by lower soil nutrient levels and higher clay content compared to site one, likely experienced a shift in AMF community composition. Higher clay content, which limits root expansion and also the growth of extraradical hyphae, has been shown to favor genera such as Gigaspora over Glomus, the main component of the biofertilizers. This shift may contribute to greater instability in the microbial communities at site two, as reflected in the higher variability of biofertilizer effects (Lekberg et al., 2007; Moebius-Clune et al., 2013). The lack of AMF species identification limits predicting the general applicability of these findings, as different AMF species often differ in their effectiveness. Future studies should characterize AMF communities to enhance predictive power. For practical application, future research should also include cost-benefit analyses across diverse agroecological settings. This would help farmers evaluate economic viability and effectively integrate biofertilizer-intercropping strategies into their management practices.

In this study enhanced overyielding effects after inoculation with biofertilizers across all intercropping settings were recorded. AMF-mediated overyielding can be partially due to an easing of interspecific plant competition through AMF mediated uneven belowground allocation of resources between interconnected plants (van der Heijden et al., 2015). While biofertilizer inoculation did not significantly impact aboveground interspecific competition across crop mixtures or spatial arrangements, it likely enhanced belowground facilitation among intercropped plants. For example the acidification of legume rhizospheres, a process amplified by AMF hyphae producing extracellular phosphatases, can lead to overall greater nutrient availabilities throughout the growing seasons (Li et al., 2007; Ordoñez et al., 2016). Synergies between legumes, AMF and rhizobacteria could have also improved N fixation and interspecific nutrient transport in intercropping (Hestrin et al., 2019; Ingraffia et al., 2019; Makoi and Ndakidemi, 2009). A limitation of this study is the absence of root morphological and biochemical analyses, which could have provided deeper insights into the plant-microbial interactions underlying yield improvements. Future studies should incorporate measurements of root nodulation, and soil biochemical properties to enhance understanding of biofertilizer effects.

In summary, biofertilizer inoculation combined with intercropping resulted in higher land-use efficiencies, possibly due to increased diversity effects. This enhanced diversity likely contributed to greater nutrient availability for the entire system. These effects were consistent across different spatial arrangements and crop mixtures, suggesting a broad benefit of biofertilizers for yield improvements across cropping systems. These findings demonstrate that biofertilizers combined with intercropping enhance land-use efficiency and crop productivity. This approach contributes to sustainable agriculture by reducing dependency on mineral fertilizers and promoting resource efficiency. Future studies should validate these findings across more diverse agroecological zones, perform cost-benefit analyses for farmers, and investigate the long-term effects of continuous biofertilizer inoculation.
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Site (S) 1 1.095 1.095 25.673 <0.001
Season 1 0.0146 0.01463 0.568 0.45
Biofertilizer (Bio) 1 1.099 1.0988 25.761 <0.001
Cropping Arrangement (CA) 1 0.066 0.0656 1.537 021
Legume Species (LS) 2 0.092 0.0459 1077 0.34
CA: LS 2 0.439 0.2194 5.144 0.007
Bio: CA 1 0.018 0.0179 0.42 0.51
Bio: LS 2 0.061 0.0304 0.714 0.49
Bio: CA: LS 1 0.015 0.0074 0.173 0.84
Bio:S 1 0.0192 0.0192 0.456 0.5
Bio: Season 1 0.021 0.021 0.927 0.33

Residuals 72 3.037 0.042
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Biofertilizer (Bio) 1 2646.4 2646.4 114.107 <0.001
Cropping System (CS) 1 22.8 22.8 0.985 0.3
Cropping Arrangement (CA) 1 65.1 65.1 2.807 0.09
Crop Type (CT) 1 904.5 904.5 38.999 <0.001
Legume Species (LS) 2 228 114 4.86 0.01
Cs: CT 1 8.6 8.6 0.365 0.54
Bio: CS 1 6.9 6.9 0.299 0.58
Bio: CT 1 101.3 101.3 4.369 0.04
Bio: LS 2 16.9 8.5 0.365 0.69
Bio: CA : CT 1 187 18.7 0.797 0.37
Bio: CA 1 17.6 17.6 0.75 0.38
Bio: CS : CT 1 188 18.8 0.802 0.37
Bio: CA: LS 9 316.8 352 15 0.16
Residuals 72 1789 235
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Spatial

Treatment B ngement Crop Spacing (cm) = Row spacing (cm)  Row number No plants per row
Cereal Legume Cereal Legume Cereal Legume Cereal Legume
TolL + 75 30 24 0 48
To2 + 30 60 12 12
TO3 + 30 60 12 12
TO4 + 30 60 12 12
TO5 + Intercropping (8:2) 7.5 30 30 60 16 4 48 12
T06 + 75 30 30 60 16 4 48 12
TO7 + 75 30 30 60 16 4 48 12
T8 + Mosaic (8:2 density) 75 90 30 90 24 12 32 4
T09 + 75 90 30 w0 2 12 32 4
TI0 75 90 30 90 24 12 32 4
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Site (S) 1 226 226 0.179 0.67
Season 1 1787 1787 1411 0.23
Cropping System (CS) 1 6018 6018 4.753 0.03
Cropping Arrangement (CA) 1 7 7 0.005 0.94
Legume species (LS) 2 2127 1063 0.817 0.44
CS:CA:LS 4 1610 402 0.318 0.86
S:CS 1 419 419 0331 0.56 1
Season: CS 1 962 962 0.76 0.8

Residuals 144 18233 1266
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