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Sustainable agriculture confronts significant challenges such as soil degradation, intensification of agricultural production, and the impact of climate change. Legume intercropping is an “underestimated” cultural practice that harnesses the unique ecosystem services of legumes to enhance resilience and productivity of cropping systems. Legumes contribute to biodiversity by supporting beneficial insects, including pollinators, which can enhance crop productivity. Additionally, through nitrogen fixation, legumes reduce synthetic fertilizer inputs, promote efficient nutrient cycling, and improve soil health. The introduction of legumes in intercropping schemes has beneficial effects on soil texture, microbial diversity, water retention, crop growth, and yield. This cultural practice also contributes to reduced emissions of greenhouse gases, carbon sequestration, and lower pesticide inputs. In addition, legume intercropping promotes biodiversity while facilitating natural pest control and weed suppression. Overall, the inclusion of legumes in intercropping schemes and diversified cropping systems can support food security and mitigate environmental risks related to climate change.
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1 Introduction

The sustainable use of soil is crucial for human life and ecological stability, as soil supports agriculture, fosters plant development, serves as habitats for wildlife, preserves biodiversity, soil organic carbon storage, and improves the overall quality of the environment (Pereira et al., 2018). These functions are vital for maintaining biodiversity and ecological resilience, especially in an era when the constantly increasing population raises food demands and puts immense pressure on natural resources' availability (Smith et al., 2016).

Intensive agriculture causes biodiversity loss and extensive land degradation that now affects approximately 30% of global land area and impacts three billion people; each year, an estimated 10 million hectares of arable land are rendered unproductive (Hossain et al., 2020). This intensified land use, along with a heavy reliance on pesticide inputs and fertilizers, gradually diminishes soil fertility and disrupts ecosystem balance (Krasilnikov et al., 2022). Climate change exacerbates these challenges, accelerating resource depletion and posing additional threats to food security and safety (Miraglia et al., 2009; Farooq and Pisante, 2019). Accordingly, the adoption of sustainable agricultural practices is key to strengthening resilience and long-term productivity in agricultural systems. Biodiversity restoration through diversified agroecosystems plays a vital role in maintaining soil fertility and facilitating key ecological processes such as pollination and pest control. Intercropping, as an agronomic practice, is one of the best “fits” in such diversified agroecosystems, referring to a multiple cropping system where two or more crop species are cultivated together in the same field during overlapping periods of their growing season (Scherr and McNeely, 2008). Intercropping has demonstrated the ability to increase yields across various crop combinations while reducing reliance on chemical inputs and promoting the cultivation of high-quality food (Lulie, 2017). It also improves crop protection and facilitates efficient use of soil resources (Hauggaard-Nielsen et al., 2008). In contrast to crop monocultures, which deplete biodiversity and lead to overreliance on agrochemicals, intercrops reduce soil erosion, increase yield stability, and improve pest-weed management (Figure 1).
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FIGURE 1
 Benefits of legume intercropping vs. monoculture: enhancing soil health, resilience, and productivity.


All legumes have the potential to fix atmospheric nitrogen (N) due to their symbiotic association with rhizobacteria of the genus Rhizobium spp. (Mahieu, 2008; Patel and Shah, 2014). N-fixation contributes about 20–22 million tons of N annually to the globe. Therefore, legume presence can reduce fertilizer inputs and nutrient leaching to groundwater (Büchi et al., 2015). Moreover, legumes can enhance microbial abundance and activity, which contributes to improved soil health (Tang et al., 2014). In addition to these benefits, legumes also support climate change mitigation by reducing greenhouse gas emissions associated with synthetic fertilizer use and enhancing soil carbon sequestration, a function that deserves greater recognition (Hassen et al., 2017). They further contribute to improved nutrient cycling and natural pest regulation, reinforcing their multifunctional role in sustainable agriculture.

Their integration into cropping systems offers a pathway toward reducing input dependence, optimizing ecological performance, and promoting productive, biologically based farming practices that align with long-term sustainability goals.



2 Ecosystem services provided by legumes

Incorporating legumes into existing monoculture and simplified crop rotations is a common strategy for improving agricultural diversity globally (Hufnagel et al., 2020), recognized for its multiple social and ecological advantages. These advantages are referred to as ecosystem services (ES), which are the benefits that people receive from ecosystems crucial for life on Earth, including both biological functions and agricultural aspects (Zhang et al., 2007). Globally, cereal–legume intercropping often pairs major cereals with grain legumes; for example, maize is commonly grown alongside soybean and wheat with field pea (Landschoot et al., 2024). In temperate regions, annual legumes such as pea, vetches, and white lupin have long been intercropped with cereals, representing one of the oldest and most established practices for improving both forage and grain production in diversified systems (Mikić et al., 2015).


2.1 Human-centered ecosystem services provided by legumes

Beyond their environmental and agronomic benefits, legumes also provide significant social advantages, particularly in improving food security, public health, and economic resilience. In many regions, limited access to nutritious food remains a major issue, affecting over 2 billion people globally, including vulnerable populations in developed nations. Legumes, with their high protein and micronutrient content, offer an affordable and accessible alternative to expensive animal-based proteins, improving dietary diversity and reducing the risk of malnutrition-related health issues (Boye et al., 2010; Marinangeli et al., 2017). However, despite their nutritional and ecological advantages, legumes remain underutilized in both diets and large-scale agricultural production systems (Foyer et al., 2016).

Despite growing awareness of their benefits, legumes have historically been overlooked in global food security policies. However, targeted public procurement initiatives have shown promising results. In Portugal, a national food policy successfully increased institutional legume consumption, demonstrating how policy-driven interventions can promote healthier and more sustainable dietary habits (Graca et al., 2018).

Beyond nutrition and policy, legumes also offer economic and public health benefits. Research in Canada has shown that encouraging legume consumption (100 g cooked legumes/day for 50% of the population) could reduce healthcare costs by $370 million per year, primarily by lowering the prevalence of cardiovascular disease and type 2 diabetes (Abdullah et al., 2017). Additionally, legumes support local food systems and community-based agriculture, such as home gardens, school meal programs, and cooperative farming projects, making nutritious food more accessible and affordable (Keatinge et al., 2012).

Given their potential to enhance food security, economic resilience, and public health, legumes should be recognized as a cornerstone of sustainable food security strategies. Strengthening policy support, institutional procurement programs, and consumer awareness would help maximize their social benefits, ensuring they contribute more effectively to global food security and sustainable agriculture.



2.2 Enhancing nitrogen fixation through legume intercropping

The use of legumes in intercropping systems is justified by their natural ability to exploit atmospheric nitrogen (N2), which makes them particularly valuable in cropping systems with nitrogen deficiency (Bedoussac et al., 2015). These legumes enhance nitrogen fixation through facilitative interactions among root systems that improve nutrient availability, including nitrogen and phosphorus, especially under environmental stress (Latati et al., 2016). Their ability to fix nitrogen not only supplies an extra source of nitrogen but also minimizes competition between various crop species and legumes for nitrogen uptake. Research has demonstrated that intercropped legumes significantly benefit adjacent cereal crops, with estimates of nitrogen fixation by legumes ranging from 10 to 38 g N m−2 a−1 and nitrogen transfer to cereals varying from 0 to 73% (Thilakarathna et al., 2016). Intercropped legumes can store between 40 and 100 kg N/ha in their above ground biomass, which can lead to higher yields for subsequent crops. For instance, a 30% increase in maize yield has been positively correlated with the development of legumes and nitrogen accumulation in legume tissues (Amossé et al., 2014). Furthermore, the land equivalent ratio (LER) for intercropped systems often exceeds 1, indicating increased productivity compared to sole crops (Mead and Willey, 1980). Legumes exhibit adaptive traits that allow them to optimize nitrogen fixation based on soil nitrogen availability; their nitrogen fixation rate is negatively correlated with the inorganic nitrogen content in the soil, meaning they fix more nitrogen when soil nitrogen is low (Mahieu, 2008). Additionally, research indicates that intercropped cereals absorb 54–64% more soil nitrogen than those grown in monoculture (Rodriguez et al., 2020). Legume intercropping can significantly reduce synthetic fertilizer dependency through several mechanisms. In research conducted by Li et al. (2020), it is shown that intercropping practices can result in 16% to 29% higher grain production per hectare while requiring 19% to 36% less fertilizer per unit of output compared to conventional monocropping systems, this not only enhances profitability for farmers but also reduces environmental impacts, contributing to a more secure food supply.



2.3 Improving legume intercropping for enhanced soil health

Healthy soil is foundational to sustainable agriculture, and legume intercropping contributes to key ecosystem services, such as soil stability, water retention, and microbial health. Intercropping legumes with cereals enhances soil structure by leveraging complementary root-zone effects, as legumes' deeper root systems break up compacted layers, improve soil aeration, and promote stronger soil aggregates (Garland et al., 2017). Additionally, intercropping a variety of crops helps prevent soil erosion by minimizing the impact of precipitation on the soil surface, thereby reducing the sealing of surface pores, enhancing water infiltration, and decreasing runoff volume (Seran and Brintha, 2010). Specifically, intercropping sorghum with cowpea reduced surface runoff by 20–30% compared to growing sorghum alone and by 45–55% compared to growing cowpea alone. Furthermore, soil loss was cut by 50% when sorghum and cowpea were intercropped rather than cultivated as monocultures (Zougmore et al., 2000). Incorporating legumes into intercropped systems has been found to significantly boost the diversity of soil microbial communities, which is essential for effective nutrient cycling and overall soil health due to the specialized roles played by different microbial species (Lai et al., 2022). Research demonstrates that intercropping cereals with legumes increases microbial biomass and activity (Latati et al., 2014). All this evidence supports the idea that intercropping is vital for promoting soil biodiversity and helps select functional microbial communities that rely on carbon fluxes from plant roots and signaling molecules, which encourage mutualistic relationships (Bartelt-Ryser et al., 2005; Philippot et al., 2013).



2.4 Building climate resilience with legume intercropping

Sustainable agricultural practices are essential for climate change adaptation and mitigation. Legume intercropping has been shown to promote agricultural sustainability, providing both mitigation and adaptation benefits by reducing greenhouse gas emissions (Soussana and Lemaire, 2014) and replacing synthetic nitrogen fertilizers with symbiotic nitrogen fixation (Lüscher et al., 2014). According to Jensen et al. (2012), a study on grass-clover intercropping revealed significantly lower mean annual N2O emissions (0.54 kg N2O–N/ha) compared to N-fertilized pasture grass (4.49 kg N2O–N/ha) and pure legume stands of white clover (0.79 kg N2O–N/ha), highlighting the potential of legume intercropping to reduce nitrogen-based emissions. Similarly, Senbayram et al. (2015) reported that seasonal N2O emissions were 35% lower in a wheat-faba bean intercrop compared to N-fertilized wheat in Germany, demonstrating further reductions in fertilizer-derived N2O emissions through intercropping. Additionally, soil carbon sequestration, which has the technical capacity to mitigate up to 89% of greenhouse gas emissions, is a promising climate change mitigation strategy (Fischlin et al., 2007). Over a 7-year experiment, Cong et al. (2015) found that intercropping improved soil organic carbon by up to 4% in the top 20 cm of soil compared to monoculture systems, underscoring its potential to support long-term carbon storage and climate resilience. Another climate-smart approach involves adopting crop varieties and species adapted to specific environmental conditions. This includes introducing new or heritage crop varieties, which diversify agricultural production and can enhance resilience against climate variability (Chimonyo et al., 2020). Given the ecological diversity across regions, tailored planting strategies and crop selections are necessary to address varying climates and weather conditions effectively.



2.5 Pollination and biodiversity support in legume intercropping

Pollination is a key ecological function that plays a crucial role in preserving biodiversity. Many species within the Fabaceae family rely on animal-mediated pollination, offering floral resources such as nectar and pollen that attract a wide range of insect pollinators (Proctor et al., 1996). This function is especially important as the decline in floral resources within modern agricultural landscapes is recognized as a major factor driving pollinator losses (Rhodes, 2018). Consequently, as a potential solution, legume intercropping may help mitigate pollinator losses and contribute to maintaining essential crop pollination services. Growing legume species alongside non-insect-pollinated crops, such as cereals, has been shown to increase the diversity and abundance of flower-visiting insects compared to monoculture systems (Brandmeier et al., 2021). Additionally, intercropping legumes with cereals improves the overall productivity of neighboring crops by attracting shared pollinators (Galloni et al., 2007). Although legume-cereal intercropping is expected to receive fewer pollinators than legume monoculture due to a lower floral density, the impact on pollination rates may be less significant than anticipated (Beyer et al., 2022). However, in a fava bean (Vicia faba L.)—wheat intercropping system, the reduced number of Vicia faba inflorescences did not decrease the total number of bee pollinator visits compared to sole fava bean cultivation. This suggests that both cropping systems are equally attractive to foraging insects. Additionally, Vicia faba plants in intercropping systems produced 46.7% higher yields compared to monoculture, highlighting how intercropping optimizes resource use, reduces plant competition, and enhances overall growth and productivity (Kirsch et al., 2023). Legume intercropping not only supports pollinator conservation but also improves the sustainability of agricultural systems by means of the provision of various ecosystem services (Figure 2).
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FIGURE 2
 Ecosystem services of legumes in intercropping systems: contributions to soil health, nitrogen fixation, microbial activity, and climate resilience.





3 Discussion

When legumes are included in agricultural systems, farmers are able to take advantage of the natural nitrogen-fixing abilities of these species and, therefore, reduce their reliance on synthetic fertilizers (Crews and Peoples, 2004). This cultural practice mitigates certain nutrient depletion concerns linked to monoculture and also contributes to an increase in the overall productivity of intercropped systems. Some research has shown that intercropping also improves N-use efficiency and further reduce nitrogen leaching, thus lessening the ecological impact of farming (Li et al., 2006). Furthermore, the key ecosystem services provided by legume intercropping contribute to the sustainability of agricultural practices. Synergistic interactions among the root systems of legumes and cereals enhance soil structure and stability, which increases water-holding capacity and reduces the tendency toward soil erosion (Stagnari et al., 2017). Besides, their beneficial effect on soil microbial communities makes nutrient cycling and pest control more efficient, enhancing the resilience of the cropping system (Cardinale et al., 2012).

The use of intercropping reduces the overreliance on chemical fertilizers and significantly lowers greenhouse gas emissions resulting from nitrogen fertilization. Further, this capacity of legumes' carbon sequestration potential in soil makes a quite important role in efforts aimed at mitigating climate change (Yao et al., 2023). The results show that the adoption of sustainable practices enhances not only the efficiency and resilience of agricultural systems but also soil-plant biodiversity, thus making agricultural practices in line with broader environmental goals. Further research is needed to optimize legume intercropping systems to ensure adaptability across diverse agroecosystems, as regional variables such as soil composition, climatic conditions, and water accessibility strongly influence their performance.

Despite these well-documented benefits, several practical challenges continue to hinder the widespread adoption of legume intercropping. Managing intercrops typically involves higher complexity compared to monoculture systems, as it requires precise coordination of planting times, compatible crop selection, and harvest synchronization, thus increasing the demand for specialized knowledge, careful monitoring, and additional labor (Bedoussac et al., 2015). Additionally, poorly designed intercrop combinations or inadequate management can lead to undesirable competition for critical resources such as nutrients, water, and sunlight, which might negatively affect crop yields and productivity (Yu et al., 2015). Furthermore, economic barriers, including increased initial investment costs, greater labor inputs, and limited market incentives or infrastructure, often discourage wider farmer adoption, especially where supportive policy frameworks are lacking (Mamine and Farès, 2020). Addressing these practical challenges is essential to fully exploit the potential of legume intercropping in diverse agricultural contexts.

While legume intercropping has demonstrated multiple benefits in terms of soil fertility, biodiversity, and yield stability, research findings are not always consistent across different agroecosystems. Some studies report significant improvements in productivity and nitrogen-use efficiency due to complementary plant interactions (Raseduzzaman and Jensen, 2017), while others highlight cases where intercropping showed minimal or even negative impacts on yield due to interspecific competition and environmental variability (Hauggaard-Nielsen et al., 2009). Similarly, while nitrogen fixation benefits are well-documented, research suggests that phosphorus availability and uptake may not always improve under legume-based intercropping systems, depending on soil conditions and species selection (Li et al., 2020). These inconsistencies emphasize the importance of region-specific research and tailored management strategies to optimize intercropping performance.

In summary, legume intercropping reinforces its value in sustainable agriculture. Nonetheless, future research should focus on optimizing cropping systems tailored to regional conditions, addressing existing management complexities, and strengthening policy support and market incentives. These steps will ensure broader adoption and enable legume intercropping systems to fully deliver their potential for resilient and sustainable global agriculture.
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