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Introduction

Rice plays a critical role in human livelihoods and food security. However, its cultivation requires inputs that are not accessible to all farming communities and can have negative effects on ecosystems. simultaneously, ecological research demonstrates that biodiversity management within fields contributes to ecosystem functioning.





Methods

This study aims to evaluate the mixture effect of four functionally distinct rice varieties in terms of characteristics and agronomic performance and their spatial arrangement on the upland rice performance in the highlands of Madagascar. The study was conducted during the 2021-2022 rainfall season at two close sites in Madagascar. Both site differ from each other’s in soil properties and soil fertility management. The experimental design at each site included three modalities: i) plot composition, i.e., pure stand or binary mixture; ii) the balance between the varieties within a mixture; iii) and for the balanced mixture (50% of each variety), the spatial arrangement, i.e., row or checkerboard patterns. Data were collected on yields (grain and biomass), and resistance to Striga asiatica infestation, Pyricularia oryzea and bacterial leaf blight (BLB) caused by Xanthomonas oryzae-pv from each plot.





Results and discussion

Varietal mixtures produced significantly higher grain and biomass yields, and significantly lower incidence of Pyricularia oryzea compared to pure stands. No significant differences were observed for BLB and striga infestation. These effects were influenced by site fertility, the less fertilized site showed stronger mixture effects with greater gains in grain yield (60%) and biomass yield (42%). The most unbalanced repartition (75% and 25% of each variety) showed the greatest mixture effect for grain yield at both sites, with a strong impact of the varietal identity within the plot. The mixture was most effective when EARLY_MUTANT_IAC_165 constituted 75% of the density associated with other varieties at 25% density. The assessment of the net effect ratio of disease, an index evaluating the mixture effect in disease reduction, indicated improved disease resistance in mixtures, regardless of site conditions. Our study in limited environments suggests that varietal mixtures can enhance rice productivity, especially in low-input situations. Further research is needed to understand the ecological mechanisms behind the positive mixture effect.
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1 Introduction

Rice is a staple food for over half of the world’s population, thus making it an essential crop in ensuring food security (Breumier et al., 2018; Gérardeaux et al., 2021; OECD-FAO, 2023). In Madagascar, like in many African countries, rice is grown mainly in upland and lowland areas (Radanielina et al., 2013). However, its cultivation is challenged by high incidence of pests and diseases, soil degradation, and unpredictable weather conditions (Balasubramanian et al., 2007; Gerardeaux et al., 2012; Raboin et al., 2014). Conventional agricultural practices used for growing monoculture or the cultivation of pure stands of some resilient varieties like CHOMRRHONG DHAN and NERICA have come under scrutiny due to their negative environmental impacts, including the loss of biodiversity, water pollution, and soil degradation (Malézieux, 2012). These constraints collectively contribute to increase vulnerability of crops to biotic and abiotic stresses (Raboin et al., 2013) and pose a significant challenge in sustaining upland rice production without detrimental environmental impacts.

Genotypic diversity has a positive effect on the functioning of ecosystems and enhance diverse ecological services (Naeem et al., 2012; Boero, 2015; Turnbull et al., 2016; Panda et al., 2021). Moreover, research in functional and community ecology has been carried out to understand the mechanisms underlying biodiversity effect on ecosystems (Cardinale et al., 2012; Jucker and Coomes, 2012). Ecologists have developed and tested various hypotheses on the mechanisms to understand the link between community functioning and diversity (Cardinale et al., 2011; Miele et al., 2018). Two major mechanisms have been identified: the complementarity effect and the selection effect (Loreau and Hector, 2001; Wang et al., 2021). These mechanisms are linked to the fact that different species or genotypes fulfil different functions that contributes to the functioning of ecosystems (Yachi and Loreau, 1999; Hooper et al., 2005). The complementary effect is defined as the positive effect of increasing diversity due to the efficient partitioning of the available resources or positive interaction among species. The selection effect is due to the dominance of one or several species or genotypes well-adapted to the environmental conditions faced by the community (Loreau and Hector, 2001; Wang et al., 2021). Cardinale et al. (2007) demonstrate that, although mixtures generally produce more biomass than monocultures, only a few outperform the best-performing monoculture. This emphasizes the significant role of species complementarity. These findings have resonated with agronomic sciences, which are increasingly exploring the role of biodiversity in agroecosystem functionality (Altieri, 1999; Feledyn-Szewczyk et al., 2016; Barot et al., 2017). A wide range of studies has shown that introducing diversity into a field can lead to increased productivity, whether through inter-specific diversity (Cardinale et al., 2002; Gaudio et al., 2021) or intra-specific diversity (Snyder et al., 2020; Wuest et al., 2021). Li et al. (2023) further demonstrated that while intercropping may yield a diverse range of crop products, it may slightly lag in grain or calorie yield compared to the best monoculture. However, its protein yield, especially with maize/legume combinations, often matches or surpasses monocultures. Such crop mixtures also mitigate the negative effects of disease propagation within the field (Fréville et al., 2022). However, the mechanisms behind these effects remain, all too often, unexplored in agroecosystems, as does their interaction with the crop management system.

One way to increase the within field biodiversity is the use of varietal mixtures. The potential benefits of mixtures, including increased productivity (Creissen et al., 2016), stability, and sustainability (Smithson and Lenné, 1996; Reiss and Drinkwater, 2018) are well-established and this practice is increasingly widespread in upland rice production (Smithson and Lenné, 1996; Revilla-Molina, 2009). Yet, varietal mixtures have been shown to reduce the risk of pest and disease outbreaks (Singh et al., 2016; Zhu et al., 2000) as well as yield losses due to extreme weather events (Creissen et al., 2016). Additionally, mixtures can increase crop resilience, improve nitrogen cycling, and reduce soil erosion (Cardinale et al., 2002; McAlvay et al., 2022). Consequently, the use of varietal mixtures can reduce the need for chemical inputs, resulting in economic and environmental benefits (Borg et al., 2018; Snyder et al., 2021).

However, the effectiveness of varietal mixtures may depend on their growth conditions including both, spatial organization of the mixture and fertility of the field. Studies have shown that a crop’s mixture organisation can have a significant impact on crop performance and can influence, in different ways, vegetative and reproductive biomass production in favour of grain yield (Gaudio et al., 2021; C. Li et al., 2020), as well as disease control (Newton and Skelsey, 2023). As the mixture effect is determined by plant-plant interactions, we hypothesized that the proportion and spatial organization of the mixture could have a strong effect on the agronomic traits. Based on an extensive literature review, Reiss and Drinkwater (2018) demonstrated that different soil fertility components can influence mixture effects and determine the relevance of the mixture in comparison to pure stand. They concluded that the benefits of mixtures were more prevalent in low-fertile soils than in relatively more fertile soils. While prior research has provided valuable insights, there remains an ongoing need for a comprehensive understanding of the complex relationships between mixture performance, their spatial arrangement, and the environmental conditions they encounter. These critical gaps in the existing literature serve as the foundation for our research questions in this.

The main objective of the study was to assess the effect of varietal mixture of upland rice, their proportion and spatial arrangements on agronomical performance of yield and disease resistance. We then aimed at these three sub-objectives: i) assess the relevance in terms of yield and disease resistance of growing upland rice varieties in mixtures compared to monoculture, and whether the mixture effect is influenced by the environment; ii) test whether the spatial arrangement of the binary mixtures, i.e., both the proportion of each variety as well as their organisations, has an impact on the mixture effect; and iii) estimate if some genotypes are more efficient than others to build effective mixtures. To reach these objectives, we conducted field experiments in the highlands of Madagascar with four functionally contrasted upland rice varieties grown in mixture and pure stand. Two experimental sites were established with two different levels of fertilization. To assess the influence of environmental limitations on the performance of the varietal mixtures, we considered constraints such as the weed Striga asiatica, as well as the diseases Pyricularia oryzea, and Bacterial Leaf Blight (BLB).




2 Materials and methods



2.1 Study site and trial management

In order to compare the performance of upland rice under two contrasting growing conditions, the same experiment was conducted simultaneously at two relatively close sites both featuring “Ferralsol” soil type with differing properties (Table S1) and distinguished soil fertility management. These sites are located in the western part of theVakinankaratra region, within the central highlands of Madagascar. The first site, Ankazomiriotra (in the following referred to as “Site ANK”), is located at an altitude of 1128m, (19°40’00.92”S, 46°32’11.49”E). The second site, Ivory (referred to as “Site IVO”), is situated at an altitude of 950m (19°33’21,7”S 46°25’58,4”E). These two sites are approximately 16km apart from each other.

During the growing season, which extended from October 2021 to May 2022, both sites experienced very similar meteorological conditions. The average monthly rainfall was 182mm at Site ANK and 183mm at Site IVO. The average temperature throughout the experiment was 25.4°C, with a minimum temperature of 18°C and a maximum temperature of 37°C at both locations.

The soils at both sites are classified as Ferralsol (FAO, 2014), known for their low nitrogen, carbon, and available phosphorus content. The soil at the ANK site had a higher percentage of clay in the upper horizons (0-10cm, 10-20cm, and 20-30cm) compared to the IVO site. In contrast, the IVO site had higher percentages of fine silts and coarse silts in these horizons (Table S1). According to the World Reference Base for Soil Resources (2014), the ANK site has a “Clay loam” soil, while the IVO site has “Silty Clay Loam” soil. The percentage of fine sand was similar at both sites ( ± 9%), while the percentage of coarse sand was higher at Site ANK (34%) than at Site IVO (20%). The chemical properties of the soils were also analysed and showed that the pH was slightly higher at Site IVO (mean = 5.0) than at Site ANK (mean = 4.8) in all three horizons. The organic carbon content was greater in the topsoil (0-10cm) at Site ANK (21.5g.kg-1) compared to Site IVO (17.6g.kg-1), as was the case for the total nitrogen content (1.7g.kg-1 and 1.4g.kg-1, respectively). The assimilable phosphorus content was lower at Site ANK (mean =5.0mg.kg-1) compared to Site IVO (mean =6.9mg.kg-1) in all three horizons. Soil at the ANK site is rich in organic matter (20.9 g.kg-1) compared to soil at the IVO site (16.9 g.kg-1). Detailed information about soil characteristics and properties is available in Table S1. The differences in soil chemical properties may be influenced by the recent history of each field. The IVO site was previously cultivated with maize for three seasons, using chemical fertilizer, while the ANK site was previously cultivated with Mucuna puriens, a leguminous cover crop, after being left fallow for two years. Given this history, we implemented a more intensive cropping management approach at the IVO site, involving higher fertilizer application.

We conducted this experiment on two sites with different levels of fertilisation. At ANK site, an initial application of 5t DM.ha-1 of cattle manure resulted in an input of 31.2 kg.ha-1 of nitrogen (N) and 5.6 kg.ha-1 of phosphorus (P2O5). Subsequently, an application of 50kg.ha-1 urea further enriched nitrogen levels by 23kg.ha-1. In the case of IVO site, an initial application of 5t DM.ha-1 of cattle manure introduced 52.35 kg.ha-1 of N and 11.25 kg.ha-1 of P2O5. Dual applications of NPK (11:22:16) “Vano be” played a pivotal role in fertilisation. The first application at sowing time (50kg.ha-1), contributed 5.5kg.ha-1 of N, 11kg.ha-1 of P2O5, and 8 kg.ha-1 of potassium (K2O). The subsequent booting stage application (100kg.ha-1) added 11kg.ha-1 of N, 22 kg.ha-1 of P2O5, and 16kg.ha-1 of K2O. A 23kg.ha-1 of N by urea was also applied at this stage with the second application of NPK “Vano be”. As a result, the site ANK was fertilized with 54.2kg.ha-1 of N, 5.6kg.ha-1 of P2O5, and no amount of K2O. The site IVO received 91.85kg.ha-1 of N, 44.25kg.ha-1 of P2O5 and 24kg.ha-1 of K2O.




2.2 Plant material

Our aim was to work with varieties that shared similar growing cycle length but exhibited a diversity of morphological traits and resistance to Pyricularia oryzea (Zhang et al., 2016; Qi et al., 2019) in order to evaluate the effects of their mixtures under contrasting field conditions. Four upland rice varieties were selected for the experiment: EARLY MUTANT IAC 165 (A), FOFIFA 152 (B), FOFIFA 154 (C), and DOURADO PRECOCE (D). These varieties displayed significant differences in terms of phenotypic traits (Table S2), agronomic performance, and disease resistance, as indicated in a previous study (Table S2) (Rahajaharilaza, manuscript in preparation). Specifically, EARLY MUTANT IAC 165 and DOURADO PRECOCE are taller than FOFIFA 152 and FOFIFA 154. Additionally, according to the previous study, variety A proved to be the most productive, while D exhibited the highest sensitivity to Pyricularia oryzea (Zhang et al., 2016; Qi et al., 2019).




2.3 Experimental design

The four selected genotypes were cultivated both in pure stands and mixed in pairs, resulting six binary mixtures. Each mixture was tested with four different arrangements of the hills of the two varieties: two balanced repartitions, with 50 percent of each variety, considering: i) alternating rows (referred to as L1/1) and ii) checkerboard pattern (CBD); iii) an unbalanced repartition, with two-thirds of the plants from one variety and one-third from the other one (67-33), obtained by alternating one in two rows (L1/2); and iv) a very unbalanced treatment, with three-quarters of one variety and one quarter of the other one (75-25), obtained by alternating one in three rows (L1/3). The mixtures were named using the codes of the varieties that composed them, considering first the most abundant one. For instance, the mixture composed of 67 percent of variety A and 33 percent of the variety B was named A2B1, with the first letter representing the most abundant variety in the mixture (see Table 1). In both sites, the experimental design was structured as a split plot with five complete blocks (repetitions). Each main plot represented a specific binary mixture as the main factor, with the spatial arrangement as the subplot factor (Figure 1). Randomization was implemented at two levels: first, by randomizing the order of the six combinations within each block, and second, by randomizing the eight modalities within each combination. This design was chosen to ensure a robust and reliable comparison of the treatments, with a primary focus on the variety effect. Each elementary plot (subplot) had a length of 2.4m and a width of 2m, resulting in a total area of 4.8m² which included 120 hills spaced at a distance of 20cm from each other (Figure 1).


Table 1 | Treatments studied along a variety association taking the main plot EARLY_MUTANT_IAC_165 (A) and FOFIFA 152 (B) as an example in a split plot design experimental.






Figure 1 | Split-plot experimental design with six main plots containing six binary mixtures, conducted in two experimental sites with five replications (blocks). Each block contains 48 microplots of 4.48 m². For the unbalanced repartition L1/2 the mixture A2B1 is composed by 67 percent of the variety A (EARLY MUTANT IAC_165) and 33 percent of the variety B (FOFIFA 152) and the mixture of B2A1 composed by 67% of the variety B and 33 percent of the variety A. In the same way for the repartition L1/3 the mixture A3B1 is composed by 75 percent of the variety A and 33 percent of the variety B and it is the opposite for the mixture B3A1.  'A' stands for EARLY MUTANT IAC 25; 'B' stands for FOFIFA 152; 'C' stands for FOFIFA 154; and 'D' stands for DOURADO PRECOCE.



Both pure stands and mixtures were managed in the same way. At sowing,six to eight seeds (of a single variety) were placed in small holes about 3cm deep covered with a small amount of soil, this is what we call “hill”. The cattle manure, and the mineral fertiliser in IVO, were added to these holes, before covering the planting holes with small amounts of soil. These planted hills were considered as individual plants during our study. The crop depended entirely on rainwater as no irrigation was provided. Weeding was carried out manually three times in all plots to facilitate optimal growth, specifically two weeks after sowing, at the start and at the end of tillering.




2.4 Plant measurements

Throughout the experiment, striga infestation, Pyricularia oryzea (Zhang et al., 2016; Qi et al., 2019) and Bacterial leaf Blight (BLB) caused by Xanthomonas oryzae pv. oryzae (Xoo) incidence (Tall et al., 2022) were recorded. The number of striga plants and their biomass were noted before each weeding operation, which occurred three times during the experiment. Pyricularia oryzea on leaves was assessed during flowering stage, while Pyricularia oryzea infection on panicles was noted during the maturity stage. Six hills per variety were selected on the diagonal of each plot to quantify Pyricularia oryzea. Two fundamental evaluation were made for Pyricularia oryzea infection: disease incidence and disease severity. Incidence referred to the proportion of infected tillers or panicles out of the total tillers/panicles on a hill and was typically expressed as a percentage. Severity characterized the extent of infestation and referred to the degree of infestation within individual infected tillers. We calculated the number of lesions on each leaf per infected tiller to represent disease severity. Considering both disease incidence and severity simultaneously provides a comprehensive understanding of the infection’s impact, allowing for a more nuanced assessment of the disease’s effects on the experiment. At the IVO site, measurements for BLB were also taken by counting the number of diseased hills per plot without identifying the variety involved.

To assess the phenotypic characteristics of each variety in both pure and mixture stands, five hills per variety in the middle of the plot were selected. The duration of the vegetative phases of these hills and the time to flowering was monitored. After the plants had bloomed, plant height was measured, and the number of leaves and stems in these five hills was recorded.

Harvesting was conducted plot by plot, by first removing all border hills in order to prevent contaminations and errors. Then, we gathered all the hills of the first variety of the mixture, and concluded with the hills of the second variety. Notably, our analysis of yield separated the grain and vegetative aboveground biomass components, or straw. For of grain yield, we carefully separated the grains from the panicles. In the case of vegetative aboveground biomass yield, the procedure involved isolating the straw without grain and panicle. Sample grain and vegetative biomass dry weights were established by drying subsamples for 48 hours at 60C°.




2.5 Relative productivity of mixture

As presented in equation 1 we calculated the relative yield total (RYT) for each plot. This measure is obtained by adding up the relative yield of each variety in the mixture (Hooper and Dukes, 2003; Weigelt et al., 2021):

 

Where Ymix(i) is the yield (grain or biomass) of variety (i) in the mixture and Ypure(i) is the yield (grain or biomass) of variety (i) in pure stand in the same main-plot. A RYT value greater than 1 indicates a global positive effect on yield in the mixture compared to what could be expected based on the performances of its components in pure stands. RYT was calculated per main plot within a block to account for the block effect. The pure stand yields are, therefore, the average of the yields per block. The calculation of Relative Yield Total (RYT) shares a common underlying principle with the Land Equivalent Ratio (LER). Both assess the advantages of intercropping by comparing combined yields or resource utilization in varietal mixtures with those achievable in separate pure stands (De Wit, 1960; Mead and Willey, 1980).




2.6 Disease resistance of mixture

To assess resistance to Pyricularia oryzea, the net effect ratio of disease (NERDI) was calculated for the disease intensity (DI) (Cardinale et al., 2007; Li et al., 2023). This intensity was separated into disease incidence and severity.The NERDI measures the difference between the actual disease infection and the expected mixture infection based on pure crop infection and the variety proportions in the mixture. Unlike measuring reduction, our index calculates the sensitivity ratio of disease in mixtures versus pure stands within separate plots. Combining these relative indices involves aggregating the relative index of each variety in mixtures and comparing it to the average when that variety is in a pure stand within the mixed plots. A NERDI value above 1 indicates heightened disease in mixtures, while a value below 1 signifies the efficacy of mixtures in disease reduction.

The following formula was used to calculate the net effect ratio of disease:

 

Where NERDI (ij) is the net effect ratio of disease of the mixture of varieties i and j. DIobserved is the observed disease incidence or disease severity in the mixtures and DIexpected the expected disease incidence or disease severity based in the infections levels in pure stands. pi and pj are the proportion of the variety i and j in the mixture, respectively. DImix(i) is the disease incidence or the disease severity of the variety i in mixed plots and Dpure(i) the average disease infections in pure stands per block for variety i and likewise for the variety j. A NERDI value less than 1 indicates a higher resistance performance in the mixture than in the pure stand. Due to the low disease pressure during the experiment, only one variety (DOURADO PRECOCE) developed symptoms on leaves. As a result, the NERDI indicator was calculated for half of the mixtures, i.e. those that included this susceptible variety. Then, Pyricularia oryzea developed symptoms on panicles in two varieties: DOURADO PRECOCE and EARLY MUTANT IAC 165, but only at the IVO site. The NERDI on panicle was calculated in plots including these two varieties.




2.7 Statistical analysis

All the statistical analyses were done using R version 4.2.2 (2022-10-31 ucrt).We assessed the effects of the different modalities (pure stand and mixtures) and their interactions with the site on grain and biomass yields, diseases resistance and striga infestation using a mixed linear model (function lmer package lme4) (Banta et al., 2010; Bates et al., 2015). Association types, including cultural condition, different arrangement, and the main plot, were considered as factors with fixed effects. The block and plot positions within each site were included as random factors. Adjusted means were calculated using the lsmean function from the emmeans package (Searle, 2012), wich takes into account the variability introduced by the random factors. Mean comparisons were performed using the cld function from the multcomp package (Dunnett, 1955; Hothorn et al., 2008). This function assigns letters to the different levels of the modalities being compared (i.e., ‘Culture condition (pure stand vs mixture)’, ‘Site’, and ‘Arrangement’) based on their statistical differences.

The differences between RYT and NERDI and the value 1 (the reference value without any mixture effect) were assessed using the one-sample Student’s t-test. We assessed a linear model considering association type (i.e., ‘Culture condition (pure stand vs mixture)’, ‘spatial arrangement’, ‘main plot’) and site as fixed effects and the block and plot positions within each site were added as random factors. Adjusted means of each index were again calculated by lsmean. Then we compared the means between sites and the means for modalities of mixture repartition. Taking into account the comparison between modalities in each site and in general, the most efficient spatial arrangements was selected. Then we detailed the component mixtures of varieties in the identified spatial arrangement to highlight the one(s) inducing best performances. In this more efficient spatial arrangement (L1/3), the characteristics of each variety were compared across various proportions, both in pure stands and mixtures. Comparisons were performed using a Fisher’s multiple comparison test following an ANOVA, treating each trait as the dependent variable and the proportions as the independent variable for each variety.





3 Results



3.1 Effect of varietal mixtures on yield and resistance to biotic constraints

The results show that the variety EARLY MUTANT IAC 165 was the most productive in terms of grain yield (p<0.001) and it also performed well in biomass yield even the p-value was not significant between the monocultures of the four variety (Table 2). Mixtures, on the other hand, had a significant positive impact on both grain and biomass yields (p< 0.001) (Table 2). On average, varietal mixtures improved grain yield by 265g.m-² and biomass yield by 236 g.m-². These positive effects of mixtures were observed in both sites, although there were significant differences in yields between the two sites. Specifically, site IVO, with high fertilizer inputs, had significantly higher yields of 631g.m-² for grain and 363g.m-² for biomass, compared to the ANK site. The interactions between crop conditions and sites also had significant effects (p<0.05) (Table 2). Pyricularia oryzea and BLB have significantly negative association with grain yield (p<0.001) (Figure S1).


Table 2 | Analysis of the effect of cropping system and the site experimental condition on upland rice production using ANOVA: means and standard errors for grain yield and biomass averaged over varietal mixtures pure stands and each site.



Regarding disease impact, mixtures showed significantly lower Pyricularia oryzea infection levels on leaves and panicles compared to pure stands (Table 3). Incidence on leaves was reduced by 5% (41% in mixtures versus 46% in pure stands), and the average number of lesions per leaf was reduced by three in all mixtures (5 lesions per hill in mixtures versus 8 lesions in pure stands). Pyricularia oryzea incidence on panicles decreased by half in mixtures, resulting in a 9 lesions reduction in the average number of lesions on panicles. However, no significant differences were observed for BLB and striga infestation rates (Table 3).


Table 3 | Analysis of the effects of cropping and experimental conditions on biotic stresses using ANOVA: means and standard errors of disease incidence and severity for Pyriularia oryzea, BLB, and Striga infestation averaged over varietal mixtures and pure stands and each site.



The results of the site-specific analysis reveal significant differences between the two experimental sites. The IVO site showed significantly lower values of Pyricularia oryzea incidence and severity on leaves compared to the ANK site. Specifically, the differences between the two sites were 3% in Pyricularia oryzea incidence (p = 0.02) and a reduction of 7 lesions number in Pyricularia oryzea severity (p<0.001). Interestingly, the pathogen Pyricularia oryzea only affected panicles at the IVO site, with an incidence rate of 6% and an average of 9 lesions in severity. Additionally, Bacterial Leaf Blight (BLB) infection was observed only at the IVO site, while striga infestation occurred solely in the experiment at the ANK site. In summary, the highly fertilized IVO site demonstrated higher yields and lower Pyricularia oryzea infection levels compared to the ANK site.




3.2 Relative productivity and disease resistance of mixture

The RYT analysis demonstrated an overall 45% increase in grain yield and a 33% increase in biomass yield in mixtures compared to monocultures (Figure 2). The effect of mixtures was consistent across both sites for grain yield, with a gain of 54% in the ANK site and 36% in the IVO site, respectively (Figure 2A). however, there was a large difference of 22% in biomass yield between the two sites. The biomass yield gain through mixtures in the ANK site was the double of the biomass gain in IVO site (Figure 2B).




Figure 2 | Relative Yield Total (RYT) of grain (A) and biomass yield (B) and Net Effect Ratio of Disease (NERDI) of varietal mixtures in two sites. (C) showed NERDI incidence on leaves and (D) showed NERDI severity on leaves. Each site average was compared with a reference value of 1 by a t-test; p-values are indicated in the top of each plot as “p-Site”. RYT and NERDI averages per site are shown i.e., µ=1.54 above scatterplots. The site effect was assessed by linear model analysis and p-values are indicated by stars next to averages, p-value < 0.05 = *; p-value < 0.01= **; p-value < 0.001= ***. NS, non-significant.



Results also demonstrated an overall reduction in Pyricularia oryzea infection on leaves and panicles in mixtures. In comparison to pure-stands, mixtures showed an average 10% decrease in disease incidence on leaves (Figure 2C) and a 39% decrease in disease severity on leaves (Figure 2D). The resistance to Pyricularia oryzea on leaves was very effective at the IVO site, with disease incidence reduced by 15% and severity by 38% (Figures 2C, D). However, this was not the case at the ANK site, where the incidence of Pyricularia oryzea on leaves was not reduced by the mixture (Figure 2C). Nevertheless, for this site, we observed a reduction of 41% in disease severity (Figure 2D). The Pyricularia oryzea infection was reduced by 49% in both NERDI incidence and severity on the panicle at the IVO site since there was no panicle infection in the ANK site (mean NERDI = 0.51 p-value<0.001 for both incidence and severity).

Regarding the spatial arrangement, there were no significant differences between lines and checkerboard patterns within the L1/1 arrangement for all the considered, variables including yields and disease resistance (Figure 3). The most unbalanced variety repartition (L1/3) induced the highest RYT for grain yield (mean =1.60) in both sites (Figure S2), while L1/1 and L1/2 did not differ significantly (Figure 3A). Similarly, the most unbalanced repartition (L1/3) was the most efficient for biomass yield (mean RYT= 1.40), with no significant differences observed for the other three repartitions (Figure 3B). All other repartitions had similar performances in reducing disease incidence on leaves, but the L1/3 repartition had the lowest NERDI value, which was significantly different for one (p<0.05) (Figure 3C). For the disease severity reduction on leaves, the L1/2 and L1/3 repartition were the most efficient with an average reduction of 50% and 40% respectively (Figure 3D). At the panicle level, the effect of different spatial arrangement on both NERDI incidence and severity was consistently positive with a reduction of the disease impact, but there were no significant differences among the modalities (Figures 3E, F). Site-specific results for the effects of different arrangements are available in the Supplementary Information in Figure S2.




Figure 3 | Average RYT for grain (A) and biomass yield (B) and NERDI values for disease incidence (C) and severity (D) on leaves with NERDI incidence on panicles (E) and NERDI severity on panicles (F) of different spatial arrangements of rice mixtures. The modality effect was assessed by ANOVA, and the p-value as indicated by stars in the top of each panel as “Modality effect ***”. The letters 'a', ‘ab’,'b', ‘bc’ and ‘c’ indicate significant differences between arrangements at the 5% level of confidence. ‘a’ indicates the higher value and ‘c’ the lower value. Each modality average (i.e., µ=1.3) was compared with a reference value of 1 by a t-test; p-values are indicated in the top of each plot, near the averages (i.e., µ=1.3***). p-value < 0.05 = *; p-value < 0.01= **; p-value < 0.001= ***). NS, non-significant.



Given that the L1/3 repartition was the most efficient for increasing grain and biomass yield, it was chosen to identify the best performing varietal mixtures based on RYT. The highest RYT values for grain and biomass yield were observed when the variety EARLY MUTANT IAC 165 represented 75% of the plot (Figures 4A, B). According to Table 2, EARLY MUTANT IAC 165 was the most productive variety in grain and biomass yields. Its positive impact in mixtures may be attributed to the fact that the hills of this variety produced more tillers and leaves in mixtures than in pure stands, possibly due to an alleviation of the intra-varietal competition. This effect was particularly pronounced when EARLY MUTANT IAC 165 was associated with the varieties FOFIFA 152 and FOFIFA 154. Notably, these two varieties are resistant to Pyricularia oryzea, and were not affected by this pathogen in our study. On the other hand, the association composed by 25% EARLY MUTANT IAC 165 and 75% of DOURADO PRECOCE had the lowest RYT for biomass (Figure 4B). In this case the association of two sensitive varieties to Pyricularia oryzea attack (Table 3) with 75% of plants coming from the most sensitive variety seemed to counterbalance the positive effect of EARLY MUTANT IAC 165 on mixture performances (Figure 4). Similar trends were observed at the site-specific level (Figure S3).




Figure 4 | RYT values for grain (A) and biomass (B) yield for L1/3 repartition. Mixture effects are assessed using ANOVA indicated in the right top of each panel. Letters ‘a’ to ‘c’ indicate significant differences at the 5% level of confidence with ‘a’ indicating a higher value and ‘c’ the lower value. The first letter in the mixture name, i.e A for the association A3B1, indicate the variety that represent 75% of hills within the mixtures and the second letter indicate the variety that represent 25% of the mixture. A stands for EARLY MUTANT IAC 25; B stands for FOFIFA 152; C stands for FOFIFA 154;and D stands for DOURADO PRECOCE.







4 Discussion

This study demonstrated that binary varietal upland rice mixtures had significantly higher grain and biomass yield compared to the varieties in pure stand, indicating the benefits of varietal mixtures. The Relative Yield Total (RYT) indicated an average of 45% gain in grain yield and 33% gain on biomass yield when applying varietal combination. These benefits of intercropping can be interpreted as improved land use efficiency (Mead and Willey, 1980; Werf, 2021).This finding is consistent with and confirms previous studies on varietal mixtures of rice or other crops (Borg et al., 2018; Montazeaud et al., 2020). The study also demonstrated lower Pyricularia oryzea infection on both leaves and panicles in mixtures, highlighting that varietal mixtures can effectively reduce impact of this fungal disease on crop development as previously demonstrated by Gallet et al. (2014) and Raboin et al. (2012). This reduction is an epidemiological phenomenon when mixtures were composed of varieties with varying levels of resistance. It was particularly evident in the susceptible variety (Raboin et al., 2012; Zhu et al., 2000). The same fact was observed in our study since the Pyricularia oryzea only infected the plot where the most susceptible variety (DOURADO PRECOCE) was present. Disease incidence and severity were higher in pure stands of this variety compared to mixtures. However, no significant differences between mixtures and pure stands were found for Bacterial Leaf Blight (BLB) and striga infestation.

Significant variations in yields were observed between the experimental sites according to the Table 2. The IVO site, which was highly fertilized, had significantly higher yields compared to the ANK site. These site differences induce variations in mixture effects, particularly for biomass production, with a stronger positive effect of the mixture in the low fertility, ANK site (Figure 2). The same trend was observed for grain yield, though the differences were not statistically significant. According to these findings, the varietal mixtures were more pronounced in less fertilized field conditions. These results are in line with the literature that demonstrate that environmental factors and nutrients availability can affect the mechanisms involved in the establishment of the positive effect of varietal mixture (Barot et al., 2017; Grzyb et al., 2020). Moreover, they are consistent with the stress gradient hypothesis, which suggests predictable variation in net plant-plant interactions based on environmental context, with more positive effects of these interactions in the case of low level of resources availability (Brooker et al., 2014). These findings highlight the importance of tailoring intercropping strategies to local environmental conditions for optimal crop performance.

It was demonstrated that soil organic matter content, which is a major driver of soil fertility, could impact mixture performance, i.e. the more organic matter available, the lower the mixture effect and thus the relevance of using varietal mixtures (Reiss and Drinkwater, 2018). This stands in contrast to our findings, and we can hypothesise that this is due to the fact that the fertility of the low soil organic matter content site (Ivory) was improved through fertilisation. This confirms that positive effects of varietal mixtures were stronger under low fertility conditions, as stated by (Reiss and Drinkwater, 2018) and tends to demonstrate that in our case fertilizer input was more important to determine the mixture effect than soil organic matter content. Varietal mixtures can be beneficial in low-fertility soils due to the distinct resource acquisition patterns of different plant varieties (Lambers et al., 2008) and their potential to capture solar radiation differently (Richards, 2000). These varietal differences may lead to compatibility among varieties, facilitating efficient resource utilization (Li et al., 2018). Moreover, our findings supported previous results of Kiær et al. (2012) showing that within field intraspecific diversity allow crops to better respond to environmental factors and especially nutrient availability (Baraibar et al., 2020). However, this assumption needs to be qualified with the discovery by Dahlin et al. (2020), which suggests that the resource niches achieved depend on the genotypes’ identity in the mixture, and this functional mechanism might be influenced by the trait plasticity of individual genotypes leading to different phenotypes. The reasons for improved performance of mixtures is largely to be explored.

Grime (1977) pointed out that in a less fertile site, negative interactions among plants are limited due to an alleviation of the competition from large size individuals when resource availability is restricted. Another reason could be that in low fertility conditions, differences in resources acquisition strategies among genotypes should be more important for the plant community functioning. This is due to a scarcity of resources, thus generating a strong positive effect of plant complementarity on the performance of the mixture (Cook-Patton et al., 2011). These combined hypotheses may explain the positive impacts of inter and intraspecific diversity on use of community-level resource-such as light, water, and nutrients; resulting in improved overall resource utilization and increased crop productivity (Bakker et al., 2016; Loreau, 1998; Craven et al., 2016; Montazeaud et al., 2018). In contrast, we can hypothesise that the benefits of mixing in a more fertilized site were not as pronounced due to a dominance (Grime, 1977) effect of the most productive varieties that perform well in both pure stand and monoculture, limiting the relevance of the mixture. This may also be due to the fact that the effect of differential root exploitation is no longer emphasised in the complementarity effect when resources are not constrained (Elser et al., 2014).

In our study, varietal mixtures demonstrated efficiency to reduce Pyricularia oryzea incidence and severity. These findings are in line with previous research that has demonstrated the potential of mixtures to reduce pest and disease pressure through diversity-mediated pest suppression via specific ecological processes (Pélissier et al., 2021). These results can be related to several ecological mechanisms: the lower Pyricularia oryzea infection could be attributed to reduced host-plant density and increased diversity, making mixtures less favourable to the spread of pathogens (Ekroth et al., 2019). This mechanism is described in ecological studies as the dilution effect or the barrier effect, whereby the introduction of non-susceptible species or genotypes can limit the spread of the disease due to a physical barrier effect, (Li et al., 2007; Zhu and Morel, 2019). However, we did not detect any positive effect of the varietal mixtures on striga infestation, which is contradictory to previous research demonstrating that genetically homogenous populations are more susceptible to parasites and pathogens (Ekroth et al., 2019). Studies conducted on millet varietal mixtures in Senegal have similar results to our findings, showing a neutral effect of mixtures on striga and weed infestation (Cissé et al., 2023). Overall, more research is needed to fully understand the relationship between pure stand and the spread of BLB and striga infestation (Table 3). Furthermore, it is important to consider local factors such as environmental conditions and rice variety choice that can influence the specific results.

Regarding the spatial arrangement, the most unbalanced repartition showed a higher RYT for grain yield in both sites, highlighting that the balance between the varieties is not a prerequisite to obtaining a positive effect of mixtures (Newton and Skelsey, 2023). These results confirm findings of Zhang et al. (2011), who found a variation of biomass yield in different arrangements of wheat-soybean intercropping, thus emphasizing the benefits of an unbalanced arrangement for grain yield. Those findings reveal that the performance of varietal mixtures in agroecosystems is a complex interplay between different ecological mechanisms. Contrary to a strong complementarity effect that could alleviate resource competition, research like Cardinale et al. (2007) highlights that the success of these mixtures often hinges on a selection effect. This effect is characterized by the dominance of a particular component within the mixture, driving its overall performance. This suggests that the presence of a highly successful individual variety can play a pivotal role in determining the overall success of the mixture (Loreau and Hector, 2001; Tilman et al., 2006). These insights underlined the intricate dynamics that dictate the outcomes of varietal mixtures in agriculture, where the dominance of certain components can outweigh the potential benefits of resource complementarity (Lehman and Tilman, 2000).This hypothesis appears to be confirmed by our result because of the dominant genotype in the mixture with the highest RYT, i.e. the EARLY MUTANT IAC 165. This variety produced more leaves biomass and had taller plants than the other varieties, two characteristics which are indicative of high competitive ability (Grime, 1977). Further substantiating these findings, Table 4 presented complete yield data for varieties in both pure stand and in L1/3 repartitions as 75% or 25% proportions. Observed characteristics of the varieties under these repartitions are also available in this table. Additionally, we may associate this highly competitive and productive variety with smaller varieties displaying high root biomass (FOFIFA 152 and FOFIFA 154). This contributes to the improved yield performance of the mixture, leading us to suspect that spatial complementarity for light interception, as well as unbalanced competition for above- and below-ground resources, could explain the performance of the mixture. Our study highlights the fact that selecting specific varietal compositions and unbalanced spatial arrangements can improve grain and biomass yields in upland rice mixtures.


Table 4 | Performance in production and characteristics of the varieties at different proportions (75% and 25%) in the L1/3 repartition compared to pure stands.



The results of this study indicated important benefits of varietal mixtures, albeit these results had limitations, as they were specific to the experimental conditions and locations. Extrapolating the results to different environmental conditions or rice varieties should be treated with caution, as local factors such as soil type, climatic conditions, and genotype selection can influence outcomes. While the study demonstrated the effectiveness of mixtures in reducing Pyricularia oryzea infection, no significant differences were found for BLB and striga infestation. This suggests that the impact of mixtures on different diseases may vary. Further research is needed to fully understand the relationship between pure stands and the spread of these specific infections. The study, furthermore, provided insights into the positive effects of varietal mixtures on crop performance, however, the underlying mechanisms driving these outcomes remain largely unexplored. Future studies should aim to investigate the specific ecological processes and interactions contributing to the observed benefits. Our results highlight the potential benefits of an unbalanced spatial arrangement regarding grain yield. However, the specific reasons behind these findings, such as the selection effect, driven by the dominance of a particular genotype, require further investigation. Additionally, the relationship between spatial arrangement, complementarity effects, and resource competition must be explored further. Lastly, the experiment duration of a single growing season limited our insights into the sustainability and stability of the observed benefits. Long-term experimentation is needed to confirm the above results.

Our study highlighted the benefits of varietal mixtures in upland rice in the mid-west of Madagascar. The highland rice production systems of Madagascar often face challenges such as limited access to inputs such as fertilizers and pesticides. Intercropping can help to address some of these challenges by reducing the reliance on external inputs and enhancing ecosystem functioning. However, understanding ecological mechanisms that drive interaction among varieties is crucial for optimizing mixture composition and improving rice production sustainability. However, further research is needed to explore these mechanisms in more detail and to assess their long-term implications for rice production in the context of highland agroecosystems in Madagascar.
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