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Abstract

Agricultural systems increasingly face soil degradation, resource scarcity, and climate change, positioning
maize intercropping systems as a promising strategy to enhance ecosystem services in farmlands. This review
highlights recent advancements and future prospects of maize intercropping systems in enhancing soil fertility,
resource efficiency, and ecological sustainability. Maize intercropping systems leveraging ecological niche
complementarity and interspecies facilitation, boost biodiversity, improve water, nutrient, and light use
efficiency, and minimize dependence on chemical inputs. Furthermore, these systems play a critical role in pest
and weed management, leading to higher crop yields and improved quality with reduced environmental impact.
Despite the ecological and economic benefits, challenges persist, including technical constraints, limited
regional adaptability, and obstacles to widespread adoption. Overcoming these challenges requires targeted
mechanization, region-specific trials, and robust policy support. Future research should prioritize refining
intercropping models, integrating advanced technologies, and formulating region-specific strategies to unlock
the full potential of maize intercropping systems for sustainable agriculture.
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Introduction

With the global population expected to reach 10 billion by 2050, food demand will rise sharply,
intensifying pressure on agricultural systems to increase yields on existing arable land (Bijl ez 4/., 2017; Van ez
al.,2021; Damari et al., 2024). Soil degradation, over-cultivation, and improper fertilization have significantly
reduced soil fertility, posing serious threats to sustainable agricultural productivity (Vashisht ez /., 2015; Gao
et al., 2019; Zhang ez al., 2020). Climate change has increased the frequency of extreme weather events,
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negatively affecting crop growth and destabilizing agricultural ecosystems (Donmez ez al., 2024; Hou ez al.,
2024; Shah ez al., 2024). Agricultural systems must adapt to changing climates and adopt effective strategies to
mitigate their adverse effects. The development of new cropping patterns and agricultural technologies to
enhance resource use efficiency is essential to address the global agricultural crisis. Agricultural ecosystem
services, such as nutrient cycling, water regulation, and natural pest control, rely on biodiversity and natural
processes to support crop growth, reduce reliance on external inputs, and minimize environmental impacts
(Costanza e al., 1997; Swinton et al., 2007; Liu et al., 2022), supporting crop growth while reducing
dependence on external inputs and minimizing negative environmental impacts (Kazemi e al., 2018;
Dardonville ez al., 2022; Ditzler ez al., 2023). Sustainable agriculture emphasizes maintaining and enhancing
ecosystem services to boost productivity and ecological stability while minimizing environmental harm. Such
services are crucial for tackling challenges in global food security, climate change, and environmental protection
(Liu ez al., 2019; Qiu ez al., 2021).

Maize intercropping systems integrate diverse crops, offering a promising strategy to enhance
agroecosystem services. This approach enhances soil fertility, water retention, and resource use efficiency while
reducing erosion and minimizing chemical inputs (Du ez a/., 2018; Li e al., 2021; Ablimit ez al., 2022; Zhao ez
al., 2024). Intercropping also mitigates pest pressures, making it a practical solution for improving ecosystem
services under climate change and land scarcity (Kou ez 4/., 2024; Soujanya ez al., 2024; Yang et al., 2025).
Continued research on maize intercropping is crucial for its widespread adoption, supporting sustainable
agriculture and contributing to food security and ecological sustainability.

Development Status and Trend Analysis of Maize Intercropping in China

Intercropping and relay intercropping are deeply rooted in China's history and have significantly
influenced traditional agricultural systems (Zhang, 2021). Intercropping practices in China date back to the
Western Han Dynasty (1st century BC). By the 6th century, the Qi Min Yao Shu described methods like
intercropping legumes with millet in mulberry orchards. In the Qing Dynasty, the Nong Sang Jing documented
relay cropping methods involving wheat and soybeans. Maize-legume intercropping was widely practiced even
before the establishment of the People's Republic of China. Over time, these systems evolved from low-input,
low-output models to high-input, high-output systems, becoming integral to modern agriculture (Li, 2016; Li
et al., 2020; Shi et al., 2022). By the 1980s, wheat-maize intercropping spanned over 4 million hectares,
accounting for more than half of China's maize planting area. In the 1970s, researchers optimized wheat-maize
crop combinations to address food security, leading to significant yield increases, especially in Gansu and Inner
Mongolia. Water shortages in northwest China led to the adoption of water-efficient systems like pea-maize
intercropping, which gained popularity in the 2000s (Li, 2016).

Recent advancements in maize-soybean intercropping emphasize improved variety selection, optimized
row spacing, and plant density, with support from mechanization and integrated pest management (Yang and
Yang, 2019). These innovations have increased yields and achieved a land equivalent ratio (LER) exceeding 1.4,
while improving light distribution and reducing nitrogen inputs (Yang ez al., 2017; Liu ¢# al., 2018). National
policies encouraging crop rotation and intercropping aim to enhance ecological services, improve resource
efficiency, and foster sustainable agricultural development. Consequently, maize intercropping systems have
become a cornerstone of China's green agriculture strategy.
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The Role of Maize Intercropping in Enhancing the Ecosystem Service Function of Farmland

Maize intercropping systems play a crucial role in enhancing farmland ecosystem services by integrating
diverse crops to increase biodiversity and yields. These systems optimize the use of light, water, and nutrients,
enhancing crop quality while offering effective ecological pest and weed control. This approach reduces
pesticide dependency and lowers the risk of environmental pollution. Ultimately, maize intercropping
enhances ecosystem services and supports sustainable agricultural development (Figure 1).
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Figure 1. Maize intercropping systems strengthen farmland ecosystem services

Increasing farmland biodiversity

China’s agricultural system is undergoing intensification aimed at maximizing monoculture
productivity. While this approach has increased crop yields, it has also caused severe environmental challenges,
including soil degradation, pest outbreaks, clevated greenhouse gas emissions, groundwater pollution, and
reduced biodiversity due to excessive pesticide and fertilizer use. The focus on high-yield monocultures has
further reduced crop diversity, exacerbating soil and environmental degradation (Liu ez 4/., 2010).

Intercropping, especially cereal-legume combinations such as maize with soybean (Liu ez 4/, 2016; Zhou
et al., 2016), peanut (Zou et al., 2023), or faba bean (Stoltz ez al., 2014), effectively enhances crop diversity by
cultivating multiple species together. Maize intercropping with non-legumes, such as wheat (Xia ez al., 2024),
cumin (Zhang, 2021), and alfalfa (Xu ez al., 2022; Tao et al., 2024), is also widely practiced. The diversity of
crop traits, such as root structure and canopy distribution, enhances resource use efficiency and alleviates the
drawbacks of monoculture systems. Aboveground diversity correlates with belowground biodiversity,
improving root chemical profiles, exudate patterns, and microbial community structures. Tao et al. (2024)
highlighted the importance of root traits in enhancing rhizosphere ecosystem services under intensive land use,
while Zhu e# al. (2022) found that intercropping consistently produces positive net effects across diverse
environmental conditions. In phosphorus- and moisture-deficient soils, maize intercropping enhances
rhizosphere interactions, leading to increased soil acidification, higher phosphatase activity, and greater
microbial biomass phosphorus, ultimately boosting resource use efficiency and facilitation effects.

Increasing farmland productivity and economic benefits

Maize intercropping systems provide significant productivity benefits over monocropping, often
measured using the land equivalent ratio (LER) (Zhang e 4., 2007; Shah ez al.,2016). An LER greater than 1
indicates that intercropping requires less land to achieve the same yields as monocropping (Willey, 1979;
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Vandermeer,1989). In addition to productivity, economic benefits are a major driver for the adoption and
development of intercropping systems (Qian ez a/., 2018; Zhu ez al., 2022). Optimizing crop arrangements in
intercropping systems enables multifunctional land use and multiple harvests, thereby enhancing resource
efficiency, production stability, and farmer income. Kou et al. (2024) found that a two-row maize, four-row
soybean intercropping system had LERs of 1.61 in 2022 and 1.42 in 2023, with significantly higher water
productivity and economic profitability than monocropping, Similarly, Raza ez al. (2021) found LERs between
1.31 and 1.45 in maize-soybean intercropping, along with improvements in water use efficiency. Du et al.
(2018) found that selecting optimal cultivars and increasing planting density in maize-soybean intercropping
can raise the LER to 2.2, enhancing nutrient uptake and preventing continuous cropping challenges. This
system achieved high productivity without sacrificing maize yield, promoting sustainable agricultural practices.

Enhancing light and heat utilization efficiency and climate regulation functions

Maize intercropping improves light and heat efficiency through complementary crop arrangements and
growth stages, maximizing solar radiation utilization and heat efficiency to enhance productivity (Liu ez 4/,
2018; Yang ez al., 2025). Intercropping improves microclimate conditions by reducing soil moisture loss,
stabilizing temperatures, and increasing air humidity, thereby enhancing crop resilience and stability.
Optimized resource use, combined with climate regulation, boosts yield and provides an effective strategy for
mitigating climate change impacts (Knérzer ez al.,2011; Gou et al., 2021). Zou et al. (2021) demonstrated that
the rotational strip intercropping of maize (Zea mays L.) and peanut (Arachis hypogaea L.) (RMP) improved
crop productivity compared to the continuous monoculture of maize (CM) or peanut (CP). Increased
productivity in RMP mainly resulted from higher maize photosynthesis due to aboveground interspecific
competition and optimized soil nutrients and bacterial communities for peanuts through below-ground
interactions. Feng ez al. (2020) observed that a narrow-wide row planting pattern in the maize-soybean relay
intercropping system (MS) enhanced leaf greenness and green leaf area, delayed leaf senescence in maize, and
increased the photosynthetic rate of maize leaves during the reproductive stages in MS. Guo ez al. (2021) found
that faba bean-wheat intercropping reduced the relative humidity of the faba bean canopy while increasing
canopy temperature and light transmittance, creating a micro-ecological environment unfavorable for rust
disease. Liu ez al. (2019) found that maize-cotton intercropping significantly raised canopy temperatures of

maize at upper, middle, and lower levels and of cotton at the middle level compared to monoculture.

Improving crop quality

Maize intercropping enhances yield and quality through complementary interactions between crops.
Intercropping maize with legumes improves soil fertility through nitrogen fixation, thereby enhancing crop
nutrition. Moreover, intercropping optimizes the microenvironment, reduces pest and disease incidence,
minimizes pesticide use, and enhances food safety (Ning e a/., 2012; Zou et al., 2021). Maize intercropping
enhances nutrient uptake, improves soil structure, and strengthens crop resilience, leading to higher crop
quality and market value. Begam ez a/. (2024) found that while sole maize cultivation resulted in better growth
and yield, maize-cowpea intercropping significantly increased the total system yield by 13.6%. This strategy also
improved grain quality by enhancing crude protein content and nutrient composition. Wang ez al. (2024)
found that compared to monoculture, maize-lablab bean intercroppingsignificantly increased fresh forage yield
(by 9.8%-17.0%), hay yield (by 9.59%-13.1%), crude protein yield (by 22.9%-25.9%), and water productivity
(by 7.8%-8.7%). Javanmard ez a/. (2020) found that intercropping maize (‘KSc301’ variety) with hairy vetch
produced the highest total forage and crude protein yields, while maize monoculture yielded the lowest.
Intercropping ‘KSc301” with grass pea improved total digestible nutrients, dry matter digestibility, dry matter
intake, and net energy for lactation. In contrast, maize monoculture exhibited 19% and 29% higher acid
detergent fiber and neutral detergent fiber contents, respectively, compared to intercropping systems.
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Enhancing nutrient utilization efficiency

Maize intercropping improves nutrient use efficiency by leveraging complementary crop interactions to
optimize soil resource utilization. Diverse root distributions and nutrient demands mitigate competition, while
legumes intercropped with maize fix nitrogen and enhance phosphorus and potassium uptake. Moreover,
intercropping stimulates beneficial microbial activity, enhancing nutrient transformation and overall efficiency
(Wang et al., 2017). Liu e al. (2024) reported that intercropping systems increased soil organic matter and
total nitrogen by 4.4-14.3% compared to monocultures, with consistent effects across maize growth stages and
irrespective of nitrogen application levels. Likewise, Ma ez a/. (2020) found that intercropping increased total
yield by 68% relative to maize monoculture, with phosphorus uptake and use efficiency rising by 61% and 53%,
respectively. Zhang ez al. (2023) found that soybean-based intercropping systems with film mulching reduced
nitrogen fertilizer use by 20% and improved nitrogen use efficiency (NUE) in maize. These findings highlight
maize intercropping as a sustainable practice that enhances nutrient efficiency, minimizes fertilizer inputs, and
boosts yields.

Promoting soil health

Maize intercropping promotes soil health by fostering diverse crop-root interactions that improve soil
structure, water retention, and organic matter. It reduces erosion and enhances the soil's physicochemical and
biological properties, laying a strong foundation for sustainable agriculture (Zuazo ez al., 2008; Berendse ez 4l.,
2015; Kumari et a/., 2015). Secco et al. (2023) found that, in the short term, bulk density in the 10-20 cm soil
layer was 10% lower when ruzigrass was sown before maize than under sole maize. Macroporosity was 17%
higher when ruzigrass was sown before maize than when sown 15 days later and 33% higher than in sole maize
without ruzigrass between the rows. Intercropping maize with ruzigrass improved soil physical quality most
when ruzigrass was sown before or concurrently with maize. Sharma et al. found that, compared to maize
monoculture, cereal-legume intercropping (maize and cowpea) reduced runoft by 26% and soil loss by 43%. It
also increased income, promoted crop diversification, and strengthened soil conservation (Sharma ez al., 2017).
Khokhar ez 4/. (2021) found that maize-cowpea strip intercropping, with a 4.8 m maize strip and 1.2 m cowpea
strip, significantly increased maize equivalent yield compared to sole maize and other intercropping systems.
This system achieved the highest land equivalent ratio (1.24), offering a 24% yield advantage over
monocropping. It also achieved the highest net returns (US$ 530 ha') with a benefit-cost ratio of 2.09.
Moreover, it reduced runoff and soil loss by 10.9% and 8.3%, respectively, relative to sole maize. Across all
slopes, strip intercropping significantly reduced losses of N, P, K, and organic carbon while boosting yields and
farmer income compared to sole maize.

Controlling disease and pests, suppressing weed growth

Maize intercropping systems manage pests and suppress weeds by disrupting their life cycles through
diverse crop combinations (Gu ez al., 2021; Wu ez al., 2022; Agbor et al., 2023). Leguminous crops, for instance,
release volatile compounds that disrupt pest navigation and reproduction, while dense planting limits light for
weeds, inhibiting their growth (Silberg ez a/., 2019). Furthermore, biodiversity within intercropping systems
attracts natural enemies and beneficial insects, effectively reducing pest pressure (Zhang ez a/., 2000; Lin ¢z al.,
2003; Men et al., 2004). These mechanisms reduce reliance on pesticides and herbicides while promoting
sustainable and eco-friendly agriculture (Poveda ez 4l.,,2019). Soujanya ez al. (2024) found that location-specific
intercropping of maize with cowpea, groundnut, green gram, black gram, and red amaranthus effectively
mitigated Fall armyworm damage, enhanced natural enemy populations, suppressed weed growth, and
significantly boosted maize yields compared to monoculture. Pierre ez al. (2022) found that maize-cowpea
intercropping serves as a viable alternative to sole maize systems, enhancing maize yield and beneficial insect
abundance without intensifying interspecific competition. Saudy ez al. (2015) reported that maize-cowpea

alternating ridge intercropping reduced weed biomass by 49.5% compared to sole maize, while maize grain yield
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remained comparable, particularly under medium to high nitrogen application (216 or 288 kg N ha™'). The
intercropping system also achieved the highest agronomic efficiency, producing 14.6 kg grain per kg N at 216
kg N ha™' and saving 26% of cultivated land.

Mechanisms of Maize Intercropping Systems for Enhancing Farmland Ecosystem Service
Functions

In maize intercropping systems, several fundamental mechanisms synergistically enhance farmland
ecosystem services by optimizing resource utilization, boosting crop productivity, and promoting long-term
ecological sustainability. Understanding and applying these processes are crucial for maximizing the agronomic,
environmental, and economic benefits of intercropping. The following sections explore three key
mechanisms—ecological niche complementarity, crop species interactions, and allelopathy—that underpin the
successful implementation of maize intercropping systems, improving resource efficiency, increasing
biodiversity, and stabilizing agroecosystems (Figure 2.) (Li, 2016; Li ¢z al., 2020).

Iinhancing farmland ccosystem service functions

licological niche complementarity Crop specics interactions

Inter-root allelopathy

Figure 2. Mechanisms related to the enhancement of farmland ecosystem services by maize intercropping
systems

Ecological niche complementarity

Ecological niche complementarity refers to how plants utilize resources differently across time and space,
optimizing the allocation of light, water, and nutrients while reducing interspecies competition (Li, 2016). This
mechanism plays a vital role in intercropping systems, enhancing resource use efficiency, crop growth, and yield,
thereby promoting agricultural ecosystem stability and sustainability (Zhang ez al, 2016). In maize
intercropping systems, strategic crop arrangements—such as pairing tall with short crops, grasses with legumes,
and deep-rooted with shallow-rooted plants—optimize spatial and temporal niche utilization, enhancing
photosynthetic efficiency and overall yield. Functional synergy among crops fosters higher productivity and
resilience, supporting long-term agricultural sustainability (Yang ez a/., 2012; Yin, 2017; Zhou ez al., 2021).

For example, maize-cumin intercropping, with staggered sowing and growth periods, enables canopy
differentiation across ecological niches, significantly improving light interception per unit area compared to
monoculture. Intercropping systems also enhance belowground complementarity. Te ez 4/. (2023) found that
maize-soybean intercropping improved root growth, increasing root length density (RLD) by 72.15% in maize
and 15.72% in soybean, as lateral roots expanded into inter-row spaces. Shen et 4/. (2023) found that maize
roots extended beyond soybean rows, concentrating in the 0-20 c¢m soil layer, whereas soybean root growth was
suppressed by maize. Despite this, intercropped systems maintained high nutrient and water uptake efficiency,
even under resource-constrained conditions. Zhang ez a/. (2022) found that maize-soybean intercropping
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achieved a land equivalent ratio (LER) and water equivalent ratio (WER) of 1.10, with maize yield increasing
by 45% due to a rise in kernel numbers. Furthermore, temporal water use complementarity promoted maize
kernel formation and mitigated shading effects on soybean grain filling.

Crop species interactions

Inter-crop interactions involve competitive, facilitative, and compensatory relationships between plant
species, which significantly influence crop performance, yield, and ecological outcomes (Hetrick ez a/., 1989; Li
et al., 2001; Sekiya and Yano, 2004). Competition occurs when plants compete for limited resources like light,
water, and nutrients, potentially suppressing the growth of some species. Facilitation, in contrast, happens
when plants mutually enhance each other’s growth by optimizing resource use or boosting biodiversity, a
common feature of intercropping systems. Understanding these interspecies interactions allows for optimizing
agricultural production, enhancing soil health, and promoting ecosystem services, ultimately supporting
sustainable agricultural development (Callaway, 1995; Li ez al., 2020).

Many studies underscore facilitation in maize intercropping systems. For instance, Zuo and Zhang
(2004) reported that peanut monocultures suffered from severe iron deficiency, whereas maize-peanut
intercropping alleviated these symptoms, illustrating strong facilitation between the two crops (Zou and
Zhang, 2004). Lv ez al. (2014) found that in maize-soybean intercropping, maize increased its photosynthetic
rate by absorbing more soil nutrients and water, which promoted maize growth but hindered soybean
development, reflecting both competitive and facilitative interactions. Cheng ez a/. (2016) also found that
maize-soybean intercropping enhanced light utilization and nutrient uptake, increasing crop biomass and yield
and demonstrating the productivity benefits of intercropping These benefits stem from the optimal allocation
of resources—light, temperature, water, air, and nutrients—which fosters complementarity, minimizes
competition, and maximizes resource use efficiency, thereby fully realizing the yield potential of intercropping

systems (Karlidag and Yildirim, 2009; Xia ¢# al., 2013).

Allelopathy

Allelopathy is the process by which plants release chemical substances from their leaves and root zones,
altering the surrounding microenvironment and influencing the growth, development, and physiology of
neighboring plants (Kong ez al., 2016; Latif ez al., 2017; Li et al., 2020). This interaction is crucial in
intercropping systems, where root exudates stimulate crop growth, boost yields, and decrease reliance on
chemical inputs, thereby promoting sustainable agriculture (Robbins ez /., 2017; Jones, 2018; Brown ez al.,
2019). Harnessing allelopathic effects can optimize crop performance, enhance yield and quality, and mitigate
environmental pressures. Zhu ez 4/. (2022) found that rhizosphere interactions in phosphorus-deficient soils
enhance intercropping facilitation, primarily via soil acidification and microbial activity that stimulate
phosphorus mineralization. This mechanism bolsters crop growth under stress and underscores the role of root
exudates in facilitating interspecies interactions. Zi ¢f al. (2019) observed that maize root exudates stimulate
potato stem, root, and tuber growth, providing insight into the yield-enhancing effects of maize-potato
intercropping. Additionally, allelopathy can be leveraged to suppress weeds and minimize pesticide use. Stoltz
et al. (2014) found that intercropping maize and faba beans in organic systems reduced soil nitrogen residuals
and weed incidence, enhanced protein content, and increased land use efficiency, achieving a land equivalent
ratio (LER) greater than 1.

Key Issues and Future Directions for Maize Intercropping Systems

Although maize intercropping systems offer substantial ecological and economic benefits, their
widespread adoption is hindered by several challenges. Technical and managerial challenges, including
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optimizing crop configurations and mechanization, limit their potential. Regional adaptability is crucial for
performance across diverse climatic and soil conditions, necessitating resilient intercropping models tailored to
specific environments. In arid regions, incorporating drought-resistant crops can enhance system stability and
productivity. Site-specific soil analyses are critical, as variations in soil properties significantly influence crop
interactions. Economic feasibility and promotional barriers also affect farmers' willingness to adopt
intercropping, emphasizing the importance of comprehensive cost-benefit analyses and strong policy and
financial support.

Addressing these challenges requires future research to focus on several key areas. Developing
multifunctional maize intercropping systems is essential to enhance soil health and optimize resource use
efficiency. Techniques like intercropping with legumes and nitrogen-fixing crops can boost soil fertility, lower
input costs, and support sustainable, low-carbon agriculture. Integrating modern agricultural technologies,
including precision farming, remote sensing, and advanced mechanization, can enhance the efficiency and
scalability of intercropping systems. Strengthening regional adaptability and establishing effective promotion
strategies are crucial for the broader adoption of maize intercropping systems. Tailored solutions, supported by
robust policy frameworks and market incentives, are necessary to align intercropping models with local
agricultural conditions. Finally, research should prioritize mitigating climate change impacts, improving
resource use efficiency, and conducting extensive regional trials. These efforts will refine intercropping models
for resilience and adaptability, thereby advancing the sustainable development of maize intercropping systems

(Figure 3).

Maize intercropping systems

ter ferilizer integration

Maize New soil tillage tech
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Figure 3. Future development of maize intercropping systems - integrated application of technology

Conclusions

Maize intercropping systems offer a promising solution to enhance farmland ecosystem services by
improving biodiversity, optimizing resource utilization, and promoting soil health. Through complementary
interactions between crops, intercropping increases productivity, enhances nutrient use efficiency, and
improves resilience against environmental stresses. The integration of ecological niche complementarity,
species interactions, and allelopathy in these systems significantly contributes to sustainable agricultural
practices. Despite the evident benefits, challenges such as technical difficulties, regional adaptability, and
economic feasibility must be addressed to ensure broader adoption. Future research should focus on refining
intercropping models tailored to local conditions, optimizing resource efficiency, and addressing the impacts
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of climate change. With proper support and innovation, maize intercropping systems has the potential to
contribute substantially to global food security and ecological sustainability.
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