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phosphorus (P), and carbon (C) exchange, mediated by arbuscular mycorrhizal
fungi (AMF) and root exudates. This review synthesizes this progression by
integrating multiple, temporally distinct pathways of N transfer, spanning rapid
root-derived and mycorrhizal pathways to delayed residue-mediated pathways. It
further synthesizes their multidimensional regulation and the emergent mechanisms
of N-P and C-N exchange into a coherent multi-nutrient network framework. This
integrative synthesis moves beyond prior reviews focused on singular processes or
nutrients, offering a novel conceptual framework that captures the complexity and
reciprocity of belowground interactions. We further evaluate the agronomic
outcomes for yield and resource efficiency and outline future research directions.
By moving beyond syntheses of singular processes, this work aims to provide an
updated ecological foundation for designing sustainable intercropping systems.
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1. Introduction

The dual pressures of global food security and environmental sustainability have underscored the pivotal
need to develop resource-efficient and environmentally friendly cropping systems [1,2]. Intercropping, particularly
legume-cereal combinations, is recognized as a cornerstone of ecological intensification for sustainable agriculture
and biodiversity conservation [3-6]. A recent global meta-analysis confirms that legume/non-legume
intercropping significantly enhances system productivity, increasing non-legume yield by an average of 33% and
highlighting its substantial potential to improve resource use efficiency [7]. This practice leverages the engine of
symbiotic N, fixation, a highly regulated mutualistic process governed by complex signaling, to initiate beneficial
interspecific interaction [8,9]. These systems optimize spatiotemporal arrangements and identify optimal species
proportions. This strategy enables synergistic productivity gains and reduces dependency on synthetic inputs,
thereby contributing to sustainable intensification [10-13]. While foundational reviews have established
methodologies for quantifying N transfer [14], recent syntheses have provided deeper mechanistic insights into
specific facets, such as the synergistic roles of mycorrhizal networks and N»-fixers [15], rhizosphere engineering
via localized fertilization [16], and the cascading effects framework [17]. Nevertheless, an integrative synthesis
that consolidates these advances into a unified multi-nutrient network framework is still lacking.
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Conventionally, the agronomic advantage of legume-cereal intercropping was attributed to a unidirectional
transfer of fixed N [18-20]. Early isotopic evidence confirmed this transfer [21,22]. Building on this, global
syntheses have now quantified that the proportion of N transferred from legumes can range from 0.5% to over
50% and can constitute up to 78% of the non-legume’s N uptake, underscoring its potential significance and
context-dependent variability [7]. Later sophisticated tracing further quantified its significant contribution to cereal
N uptake [22], a process notably suppressed by N fertilizer application [13,23,24]. Contemporary research has
fundamentally expanded this linear model, revealing N transfer to be one component within a broader, reciprocal
exchange network involving phosphorus (P) [25] and carbon (C) [26]. Crucially, the facilitation within this
network is highly context-dependent and species-specific, as evidenced by the positive correlation between
interspecific N transfer and AMF colonization [7]. For instance, rhizosphere-driven P facilitation in wheat-faba
bean systems emerges only under P-depleted conditions [25], while the magnitude of symbiotic N, fixation and
transfer varies markedly with specific legume-cereal combinations and is linked to interspecific competitive
dynamics [27]. This conceptual progression converges on a new integrative framework: the interspecific nutrient
exchange network. This framework is mechanistically founded on belowground interactions mediated by common
mycorrhizal networks and root exudates, and is increasingly understood as a dynamic plant-AMF-bacterium
continuum [28,29]. This evolution from a linear N transfer model to an integrative network framework represents
a significant advancement in agroecological theory.

Accordingly, this review synthesizes the latest evidence underpinning this conceptual shift with three core
objectives: to consolidate the mechanistic foundations of interspecific N transfer via both direct and indirect
pathways; to elucidate the operational principles and multidimensional regulation of the emergent N-P-C exchange
network (Figure 1); and finally, to evaluate the resulting agronomic applications, analyze persisting challenges,
and outline future research trajectories aimed at predictive system design. The ultimate aim is to inform the
transition of legume-cereal intercropping from an empirically guided practice into a predictable and designable
component of next-generation sustainable agroecosystems. Advancing this predictive understanding requires
overcoming methodological hurdles. Quantifying the reciprocal, market-like exchanges of nutrients (e.g., N-P, C-
N trades) remains challenging, as real-time, in sifu measurement of these simultaneous fluxes is technically
complex. Consequently, much current quantitative evidence stems from controlled single-nutrient experiments,
which limits generalizable insights into their context-dependent dynamics.
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Figure 1. Integration of multiple co-occurring pathways into a multinutrient exchange network between legume

and cereal.
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2. Mechanistic Basis of Nitrogen Transfer Pathways

The transfer of N from legume to cereals is a pivotal process underpinning the productivity and sustainability
of diversified cropping systems [19,30]. Contemporary research elucidates that this transfer is orchestrated through
three principal, co-occurring pathways with distinct mechanistic foundations: (1) the root-rhizosphere pathway [31],
(2) the mycorrhizal network pathway [32], and (3) the residue decomposition pathway [20,33,34]. The first two
pathways operate concurrently and rapidly during the co-growth period, facilitating immediate N sharing. In
contrast, the third pathway mediates a delayed but substantial N release, contributing to long-term system fertility.
A comprehensive understanding of the interactions and relative contributions of these concurrent routes under
field conditions is essential for optimizing intercropping systems and reducing synthetic N inputs.

2.1. The Root-Rhizosphere Pathway

The root-rhizosphere pathway, facilitating near-immediate N sharing, is predominantly driven by rhizosphere
interactions and direct root contact between legume and non-legume plants [35]. Legume roots contribute N
through both active exudation of low-molecular-weight organic compounds (e.g., amino acids) and passive
sloughing of N-rich organic materials (e.g., root cells and mucilage), processes collectively known as
rhizodeposition [20,36,37]. These inputs create a localized zone of N enrichment [37,38]. The agronomic efficacy
of this enriched zone, however, hinges upon the physical proximity between donor and receiver roots. Specifically,
the physical intermingling or close proximity of roots is a key driver of transfer efficiency [39,40]. A study in
maize/alfalfa systems show that allowing unrestricted root contact increases N transfer by 1.24 to 1.42 times
compared to treatments where roots are separated by barriers, and induces complementary changes in root
architecture that facilitate exchange [22]. Similarly, in maize/peanut intercropping, direct root interaction
significantly enhances N transfer alongside the activity of rhizosphere enzymes like protease and dehydrogenase,
indicating intensified microbial processing [19]. This enhanced microbial activity is crucial, as the legume
rhizosphere is a hotspot for N mineralization, with rates shown to be 73.3% to 306.9% higher than in bulk soil [41].
Therefore, this pathway is not merely passive diffusion but an active process where root contact stimulates a
biochemical cascade in the rhizosphere, converting legume-derived organic N into inorganic forms readily
accessible to neighboring plants. Field evidence confirms the agronomic significance of this pathway; for instance,
in soybean-maize intercropping, it can supply 22% to 32% of the total N in maize plants [20].

2.2. The Mycorrhizal Network Pathway

Parallel to the root-mediated process, the mycorrhizal network pathway represents a rapid and direct conduit
for N transfer, distinct from soil solution diffusion [42—44]. This pathway is mediated by AMF, whose extraradical
hyphae form common mycorrhizal networks that connect the root systems of legume and cereal plants [15,45,46].
And AMF hyphae can absorb ammonium (NH4") from the soil or the legume rhizosphere and transport it internally
to the cereal host, effectively bypassing the bulk soil [47]. Quantitative research in an alfalfa and Korla pear
intercropping system demonstrated that the N transfer contribution rate was highest (0.92%) under a treatment
allowing both hyphal and soil pathways, and was still substantial (0.30%) when relying solely on hyphal channels,
compared to complete root isolation (0.28%) [48]. Beyond acting as a direct pipeline, AMF profoundly influence
the rhizosphere ecology that governs other transfer pathways. Metagenomic analyses reveal that root interactions
in intercrops alter the expression of key N-cycling genes (e.g., nrfA4, nirK), and mycorrhizal associations likely
modulate these microbial community functions, thereby indirectly shaping N transfer outcomes [19]. The role of
AMF is therefore dual: as a direct transport channel and as a key regulator of the soil N cycle.

2.3. The Residue Decomposition Pathway

In contrast to the immediate pathways, the residue decomposition pathway encompasses the delayed transfer
of N mediated by the breakdown of legume-derived organic matter, such as senesced leaves, roots, root nodules,
and rhizodeposits [49]. This pathway is vital for system-level N resilience and long-term fertility [37,50,51]. After
legume senescence or incorporation as a green manure, this N-rich organic matter is mineralized by soil microbes,
releasing plant-available NH4" and nitrate (NOs") for subsequent crops [52,53]. The quantity of N input through
this pathway is substantial. Legumes rhizodeposit an average of 83 kg N ha™!, with common grain legumes
contributing 25-63 kg N ha™! [33]. A global meta-analysis underscores its power, showing that legumes increase
the soil net N mineralization rate by an average of 67% [54]. Subsequent crops can recover a significant portion
of this N; for example, wheat has been shown to utilize 13—85% of legume rhizodeposited N, accounting for 4—
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20% of the wheat’s total N uptake [33]. The efficiency of this transfer is influenced by residue quality (e.g., C:N),
soil properties (e.g., temperature, moisture), and the composition of the decomposer community [18,55,56].

2.4. Interactions and Integration of Co-Occurring Pathways

These three pathways are not mutually exclusive but operate simultaneously and synergistically within a
cooperative belowground system [57,58]. The root exudation and mycorrhizal network pathways provide swift N
supplements to the neighbors during critical co-growth stages [59]. In contrast, the residue decomposition pathway
contributes to a more sustained N supply, enhancing soil fertility over time and supporting subsequent crops in a
rotation [60,61]. Functional overlap is evident; for instance, root exudates that drive the root-rhizosphere pathway
also shape the microbial consortia responsible for residue decomposition [62,63]. Crucially, these pathways are
integrated into a complex system orchestrated by chemical communication within the plant-AMF-microbe
continuum [28,64]. Arbuscular mycorrhizal fungal hyphae release specific compounds to structure a distinct
hyphosphere microbiome, which functionally complements fungal nutrient acquisition [65,66]. Concurrently,
plant root exudates drive rhizosphere microbiome assembly, recruiting beneficial microbiota [63]. The collective
activity of these exudate-shaped microbial consortia is decisive for system overyielding [67]. Within this
continuum, the common mycorrhizal network serves as a core physical and regulatory platform, not only for N
transfer but also for the broader exchange of C [28,29] and P [68,69]. This integrated view of belowground
facilitation, where multiple specialized nutrient transfer pathways are embedded within a larger biological
network, sets the stage for understanding the system as a multi-nutrient exchange economy.

3. Multidimensional Regulation of Transfer Efficiency

The efficiency of N transfer in intercropping systems is dynamically regulated by the complex interplay of
biotic [15], abiotic [48,70], and management factors [71], which collectively determine its spatiotemporal variability.

3.1. Biotic Regulation: Plant Traits and Microbial Symbionts

The intrinsic biological traits of donor and recipient plants constitute the foundational biotic control.
Phylogenetic relatedness between species is a significant predictor of N transfer patterns, with studies in semi-arid
ecosystems demonstrating increased transfer between phylogenetically distant species [72]. Furthermore,
differences in root system architecture influence transfer capacity; for example, grasses typically receive more
legume-derived N than dicotyledonous herbs in multi-species grasslands [18]. Donor species identity further
modulates transfer efficiency. In maize-legume green manure systems, hairy vetch transferred a higher proportion
of N to maize (23.3% to 37.0% of maize N uptake) compared to common vetch (5.9% to 32.9%) [73]. Additionally,
temporal synchrony of N demand between species, dictated by phenology, critically regulates transfer.
Specifically, source-sink gradients driven by phenological asynchrony promote N movement, with evidence
showing greater transfer from plants at a low-N-demand stage to those at a high-N-demand stage [74].

Microbial symbionts play a central role in mediating transfer pathways. Although AMF are often proposed
as conduits, their direct role is context-dependent. Field experiments in semi-arid ecosystems found that
suppressing AMF did not significantly alter the amount of N transferred between plants [72]. However, controlled
experiments indicate that soil N availability can modulate the direction and efficiency of N transfer via common
mycorrhizal networks. For instance, N addition levels altered AMF colonization, hyphal density, and N transfer
rates (16% to 61%) between Leymus chinensis and Cleistogenes squarrosa [45]. A broader conceptual framework
of mycorrhizal networks that includes both direct hyphal connections and indirect rhizosphere interactions is
essential. A meta-analysis of N labeling studies revealed that mycorrhizal networks and symbiotic N,-fixing
bacteria synergistically enhance interplant N sharing, increasing transfer from N»-fixing donors to non-fixing
receivers by an average of 9.7-fold, with greater transfer to phylogenetically distant plants [15]. This synergy likely
arises from functional complementarity between different transfer pathways. Quantitative research in an alfalfa
and Korla pear intercropping system showed that the N transfer contribution rate was highest (0.92%) under a no-
isolation treatment that allowed both inorganic N ion movement and hyphal channel transfer. This rate was
significantly greater than under treatments relying solely on hyphal channels (0.30%) or with complete root
isolation (0.28%) [48]. The effectiveness of symbiotic N»-fixing bacteria (e.g., rhizobia) directly determines the N
supply potential of the legume donor [75]. In long-term field experiments, rhizobial inoculation enhanced yield
advantages in a faba bean-maize intercrop and increased soil P concentration via strengthened interspecific
facilitation [76]. However, this process is highly sensitive to N fertilizer management. In a maize-alfalfa
intercropping system, increasing N application from 0 to 224 kg N ha™! reduced the proportion of alfalfa N derived
from symbiotic N> fixation from 59% to 15%, concurrently decreasing the contribution of fixed N to maize N
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uptake from 28% to 7% [13]. Intercropping patterns and N management strongly shape the legume rhizosphere
microbiome. Maize-soybean intercropping combined with reduced N fertilization significantly altered soybean
rhizosphere bacterial and nifH communities, enriching beneficial No-fixers like Sinorhizobium and enhancing
microbial network complexity and stability, which in turn predicted higher system yield and N use efficiency [71].

3.2. Abiotic Regulation: Soil Chemical and Physical Factors

Soil chemical properties constitute the fundamental abiotic template governing N transfer processes. Among
these, soil pH is a predominant factor, explaining up to 44.04% of the variation in N transfer proportion, with
significantly higher efficiency in alkaline than in acidic soils [77]. Soil N availability acts as a master regulator
through dual, context-dependent mechanisms. Primarily, low soil N availability stimulates legume nodulation and
symbiotic N, fixation, thereby enlarging the source pool of transferable N [18]. This is evidenced by "N studies
showing that N transfer from peanut decreases from 12.2% to 6.2% as N fertilizer application increases [78].
Recent research further elucidates that this regulation is mediated by the growth responses of both partners. For
instance, the proportion of fixed N transferred is negatively correlated with legume biomass but positively
correlated with cereal biomass, indicating that N application affects transfer efficiency by modulating the source-sink
dynamics within the intercrop [27]. Ultimately, the legume-derived N source can be substantial, with cover crops in
relay intercropping fixing 38-67 kg N ha™! and significantly enhancing the N uptake of subsequent maize [79]. In a
contrasting dynamic, under conditions where legume growth and biomass production are limited by N, the
application of N-rich amendments can enhance overall system productivity and N flux, potentially increasing the
absolute amount of N transferred, particularly to competitive species [18]. A more direct mechanism is that N
addition may alter belowground C allocation and root exudation, thereby modifying rhizosphere processes that
mediate transfer. Soil P status serves as another key switch; low P availability increases plant dependence on
mycorrhizal fungi for nutrient acquisition [ 18], which can influence hyphal-mediated N transfer. Furthermore, root
interactions in intercrops can enhance rhizosphere citric acid exudation and decrease the NO3;/NH4", conditions
that facilitate N fixation and subsequent transfer [70]. Collectively, the interactive regulation by soil N and P
availability underscores that N transfer efficiency is constrained by the stoichiometric balance of the rhizosphere
environment, which shapes plant investment in symbiotic partnerships. Therefore, precision management of soil
nutrient status is key to unlocking the full N facilitation potential of legume-cereal intercropping systems.

3.3. Management Regulation: Agricultural Practices

Agricultural management interventions can be employed to optimize N transfer. Strategic planting designs,
such as combining species with contrasting phenologies to exploit temporal N-demand gradients, are crucial [74].
Root barrier experiments directly quantify the role of belowground interaction in driving this optimization. For
instance, allowing root intermingling in soybean-maize systems significantly reduced soil mineral N residue and
drove substantial N transfer from soybean to maize (accounting for 22% to 32% of maize N uptake) [20]. This
mechanism is key to achieving N-saving benefits, enabling a reduction of the optimal N application rate by
approximately 45% (to about 165 kg N ha™!) compared to maize monoculture [20], which serves as a cornerstone
for achieving multi-objective agroecosystem balance. Research in a maize-peanut intercropping system
demonstrated that a 20% reduction in conventional N application effectively maintained crop productivity while
significantly enhancing soil biological health (by 78% in the maize strip and 49% in the peanut strip), achieving
an optimal trade-off among productivity, soil health, and soil multifunctionality [11]. Consequently, fertilization
management requires a nuanced approach. While N application can enhance overall system productivity and N
transfer to strong competitors [18], excessive N suppresses symbiotic N, fixation [13]. Beyond targeted nutrient
management, the intercropping practice itself modifies soil biotic communities and ecosystem functions. For
example, durum wheat-lentil relay intercropping enhanced soil mycorrhizal inoculum potential but variably affected
AMF root colonization and community structure compared to sole crops [80]. Similarly, maize-soybean intercropping
differentially influenced soil food webs, increasing the complexity and robustness of co-occurrence networks in the
maize strip while promoting saprophytic fungi and plant-parasitic nematodes in the soybean strip [81]. On a broader
scale, legume-based intercropping systems deliver integrated ecosystem services beyond N transfer. These
optimized management practices translate into tangible, multifaceted benefits. Meta-analyses indicate that well-
managed legume-cereal intercropping can reduce synthetic N fertilizer requirement by 20-25%, increase main
crop equivalent yield by 30-35%, and improve water use efficiency by 20-25% compared to sole cropping [38].
These findings collectively underscore that the optimization of management practices must account for their
cascading effects on belowground biotic interactions and ecosystem multifunctionality to maximize the
complementary and facilitative processes that underpin efficient and sustainable N cycling in intercropping systems.
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4. Multinutrient Exchange Networks Coupled with Nitrogen Transfer
4.1. The Reciprocal Exchange Network of Multiple Nutrients

Research on legume-cereal intercropping has witnessed a fundamental shift in perspective: from a focus on
unidirectional N transfer toward recognizing a self-organizing, biological market-like network of multi-nutrient
exchange [82-85]. This network, orchestrated within the plant-AMF-bacterium continuum, is the fundamental
engine driving system-level advantages in resource use, productivity, and resilience [28,65]. This integrated
perspective moves beyond merely listing pathways, instead viewing belowground facilitation as a hierarchical and
synergistic system: the common mycorrhizal network acts as the central architectural hub and integrative exchange
platform, whose function is initiated by root contact and exudates, executed by recruited microbial consortia, and
holistically regulated by soil physicochemical properties [86]. The arbuscular mycorrhizal symbiosis operates as
a core dynamic biological market, where reciprocal trading of plant-assimilated C for fungal-acquired P and N is
the norm but not an absolute rule [85,87,88]. This market framework posits that cooperation is stabilized through
reciprocal reward mechanisms. However, a empirical study revealed prevalent asymmetric exchanges, where C
investment and nutrient return are unevenly distributed among connected plants [89]. This suggests the market is
driven by a complex interplay of reciprocity, competition for surplus resources, and the functional diversity of
partners [90]. Notably, these dynamics function at a community scale, with C and nutrient flows dynamically
regulated by neighboring plants, highlighting the network’s role as a resilient, multi-host platform rather than a
series of isolated pairwise trades [91].

4.2. Exchange Mechanisms, Network Dynamics, and Agroecological Implications

The stability and efficiency of this network arise from the functional complementarity of the intercrop
partners. Legumes possess a high metabolic demand for P) to support energy-intensive symbiotic N» fixation, a
process tightly regulated by nodule-specific energy sensors that modulate C allocation [92,93]. Cereals, in contrast,
often exhibit stronger mycorrhizal dependence and are proficient at acquiring soil P through extensive root systems
and symbiotic associations with AMF [94,95]. This niche differentiation creates a natural synergy: cereals may
supply acquired P (or C) in return for legume-derived N [96]. Importantly, these exchanges are not simple bilateral
trades but are regulated by the entire plant community, exhibiting emergent network properties. For instance, the
presence of a legume can non-additively enhance the transfer of C and N from a grass to a third, non-leguminous
species, demonstrating that network function transcends pairwise interactions [26,91]. Empirical evidence reveals
a critical functional specialization within this network: C transfer is strongly dependent on direct root contact,
whereas N moves predominantly via the mycorrhizal pathway [26]. This logistical divergence indicates that
different nutrients follow distinct transport rules within the belowground economy. Furthermore, these dynamic
nutrient flows generate positive belowground feedbacks by modifying soil structure, specifically increasing the
volume of protective 8-30 um pores, which enhances soil organic C stabilization and directly links short-term
nutrient dynamics to long-term soil health [26]. This integrated network framework converges on a powerful
agroecological insight: the productivity and resilience advantage of legume-cereal intercropping is increasingly
attributed to enhanced soil ecosystem multifunctionality. This multifunctionality is driven by the network’s ability
to simultaneously increase nutrient availability, stimulate key microbial processes, and improve soil physical
structure [97]. This mechanistic understanding of the belowground economy provides a foundational framework
for the predictive management and design of next-generation sustainable agroecosystems.

5. Conclusions and Prospective

Research on legume-cereal intercropping now recognizes a reciprocal exchange network of C, N, and P,
moving beyond the earlier focus on unidirectional N transfer. This network is understood as a self-organized,
market-like system operating within the plant-AMF-bacterium continuum. Its operation relies on specialized
pathways: C transfer depends strongly on direct root contact, N is predominantly channeled through mycorrhizal
hyphae, and cereals facilitate P acquisition in a trade for legume-derived N. These exchanges generate emergent
system properties, where community-level synergies enhance overall efficiency, and nutrient flows create positive
feedbacks by improving soil structure and C stabilization.

Key questions remain regarding how to scale individual traits to system-level performance and how to
elucidate the precise regulatory mechanisms of hyphosphere microbiota. Addressing these questions necessitates
integrating advanced methodologies, such as in sifu multi-isotope tracing, high-resolution imaging, and meta-
omics, to quantitatively map the interactions between nutrient fluxes, microbial networks, and soil architecture.
The integration of these data into process-based models or digital twins is crucial for developing predictive
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frameworks. The insights generated by these advanced methodologies will directly inform practical design
decisions. Ultimately, this knowledge should guide the design of next-generation practices. This includes selecting
cooperative crop phenotypes and engineering synthetic microbial consortia, a promising yet challenging approach
currently limited by persistence, context-dependency, and scaling from lab to field, to stabilize and enhance the
belowground economy. Advancing this predictive understanding is essential for scaling legume-cereal
intercropping into a more efficient and sustainable pillar of agricultural intensification.
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