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High biodiversity increases ecosystem functions; however, belowground facilita-
tion remains poorly understood in this context. Here, we explore mechanisms
that operate via ‘giving-receiving feedbacks’ for belowground facilitation.
These include direct effects via root exudates, signals, and root trait plasticity,
and indirect biotic facilitation via the effects of root exudates on soil biota and
feedback from biota to plants. We then highlight that these two- or three-way
mechanisms must affect biodiversity—ecosystem function relationships via spe-
cific combinations of matching traits. To tango requires a powerful affinity and
harmony between well-matched partners, and such matches link belowground
facilitation to the effect of biodiversity on function. Such matching underpins
applications in intercropping, forestry, and pasture systems, in which diversity
contributes to greater productivity and sustainability.

Biodiversity, ecosystem function, and belowground facilitation

Many experiments in natural ecosystems and agroecosystems have shown that experimentally
increased biodiversity enhances various ecosystem functions [1-4]. The preeminent mechanism
for this effect of biodiversity is resource complementarity (see Glossary) and niche partitioning,
which occurs when species in diverse polycultures have unique traits and requirements that lead
to greater resource capture than that of any single species in monoculture. However, resource
partitioning alone does not always explain biodiversity—ecosystem function (BEF) relation-
ships [5,6]. In addition to partitioning, facilitation has received increasing attention as another
important mechanism driving BEF, and this occurs when one or more species in polycultures
increase a functional metric (e.g., biomass) of one or more other species [3,7,8] (Box 1). To
date, most studies interpret facilitation in BEF by calculating relative interaction intensities [9] or
diversity effects [10], for example, complementarity effect (consequences), in which facilitation
is framed, often appropriately, as a distinct alternative to resource complementarity. However,
this integration does not shed light on mechanisms by which polycultures of species interact,
and often cannot separate facilitation from resource complementarity (causes) [4,10].

More recently, researchers have focused on belowground facilitative mechanisms underlying
positive BEF relationships [3]. For example, it is widely accepted that legumes may facilitate
neighbours via dinitrogen (N,) fixation and increasing nitrogen (N) availability in soil [3,4,7]. How-
ever, beyond N facilitation, belowground facilitation has received little attention in BEF research.
For example, a study showed that 40% more root biomass was produced in polycultures than
predicted from monocultures, and this was not due to spatial partitioning. They argued that
root responses were consistent with species-specific root recognition, but this was not demon-
strated [11]. Other studies also reported striking decreases in the occurrence of pathogenic fungi
in plant polycultures (indirect biotic facilitation), while the plant-beneficial microbe—pathogen inter-
action was underexplored [12,13].
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Highlights
Belowground facilitation is a vital mecha-

nism underlying ecosystem function in
diverse plant communities.

A bottleneck to linking theory to applica-
tion is that interspecific belowground
facilitation processes are incompletely
understood.

Here, we explore direct and indirect facil-
itation, which requires matching specific
belowground responses between the
facilitated species and the facilitator.

Understanding and integrating the pro-
cesses of interspecific facilitation helps
to design sustainable diverse plant com-
munities with compatible ecosystem
functions.
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Box 1. Linking facilitation to ecosystem function in BEF experiments

Facilitative mechanisms can explain the greater ecosystem function in BEF experiments by direct abiotic facilitation
(e.g., microclimate amelioration and resource enrichment) and indirect biotic facilitation (e.g., microbe-mediated pathogen
protection, nutrient mobilisation, and biotic feedback) [4,7]. Direct abiotic facilitation may operate via emergent effects
associated with unique properties of a more diverse community, that is, community-scale facilitative effect [18]. For
instance, in aboveground facilitation, it can drive greater canopy architecture complementarity, which leads to unique
microclimate effects that protect drought-/cold-sensitive species [66,75]. Or, direct abiotic belowground facilitation may
operate in a universal fashion through resource enrichment (e.g., N and water facilitation) [4,7,76,77] and greater root
biomass creating soils with greater porosity that enhances oxygen diffusion in soils which alleviates the negative effect
of flooding or compaction on productivity [17]. Indirect biotic belowground facilitation through common mycorrhizal
networks may also play universal roles in increasing plant nutrient uptake and enhancing defence against pathogens of
their hosts [19,21]. Belowground facilitation may also function in a species-specific manner, that is, members of
polycultures facilitating species that possess traits that benefit only certain other species [14,42]. This matching of
‘complementary’ traits can be crucial for facilitation to function. To understand this matching and potential conceptual
overlap between resource complementarity and facilitation, we must understand the mechanisms by which facilitation
affects BEF.

Recent studies without a focus on BEF have explored the role of belowground direct and indirect
facilitation in plant—plant [14], plant-microbiome [15] and cross-kingdom interactions [16],
providing opportunities to better conceptualise facilitative interactions that might underlie how
biodiversity increases ecosystem functions. Here, we synthesise these recent advances. We
also highlight the importance of intimate matches among interacting species that enhance not
only direct abiotic facilitation via root exudates, signalling molecules, and species-specific
root phenotypic plasticity, but also indirect biotic facilitation via plant-microbiome combina-
tions. As tango requires a powerful affinity and harmony between well-matched partners, so do
these belowground processes. However, tango is officially and logistically limited to two partners,
but facilitative interactions that drive BEF are not. A deeper understanding of how these
processes allow facilitation, and matches among species, can advance conceptual ecological
theory and bridge the gap between biodiversity theory and application.

How does belowground facilitation work?

First, we acknowledge that facilitation in highly diverse plant communities may operate via emer-
gent effects associated with unique properties of a more diverse community (direct abiotic
facilitation or indirect biotic facilitation via soil biota) [7,17,18] (Box 1). For instance, higher diversity
plant communities may have more complete occupation of belowground root space and this can
lead to increased soil porosity and enhanced aeration of soils during a flooding event; as a result,
all constituent species benefit from living in a higher diversity soil during a flood [17]. Mycorrhizal
fungi- and beneficial microbe-mediated indirect abiotic facilitation may play universal roles in
increasing plant nutrient uptake via common mycorrhizal networks (e.g., N and P), and
benefiting their hosts by enhancing their defence against pathogens in diverse plant communities
[13,19-21]. However, for the purpose of this review, we focus on specific two- and three-way
interactions between neighbouring species (Box 1). In particular, we explore direct abiotic facilita-
tion via nutrient-mobilising root exudates and signalling molecules, direct facilitation due to trait
plasticity in response to neighbours, and indirect facilitation via root—soil biota interactions.

Direct facilitation via root exudates and signalling molecules

Nutrient-mobilising root exudates and signalling molecules may mediate belowground plant-
plant interactions via direct abiotic facilitation (Figure 1). In faba bean (Vicia faba)/maize
(Zea mays) intercrops, root exudates from maize include flavonoids, which are signalling compounds
for the rhizobial symbiosis with legume plants [22]. These exudates increase nodulation and
nodule activity in neighbouring faba bean, whereas root exudates from wheat (Triticum aestivum)
and barley (Hordeum vulgare), which do not produce the signalling flavonoids, do not increase
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Glossary

Biodiversity—ecosystem function:
the effect of species, genotype, and
functional diversity on the function of
communities.

Common mycorrhizal networks:
hyphal networks established by
mycorrhizal fungi that connect plant
individuals and transfer nutrients,
signals, and water.

Facilitation: process by which the
target species (facilitated species)
benefits from the presence of another
species (facilitator).

Phenotypic plasticity: the ability of a
particular genotype to express different
phenotypes in response to
environmental variation.

Resource complementarity:
partitioning of resources among species
because all species specialise on
different resources. This can lead to
increased performance of a higher-
diversity community.

Rhizosphere: the narrow zone of soll
directly affected by root activity and the
root microbiome.

Root exudate: substance released by
plant roots into the rhizosphere.
Signalling molecules: compounds
that are neither nutrients nor enzymes,
but transmit information between cells
and species.
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Figure 1. Belowground interspecific facilitation that requires matching of benefactors and beneficiaries. The red
arrow indicates the processes exhibited by facilitating species that affect facilitated species. The blue arrow indicates the
processes expressed by facilitated species that respond to facilitators; the green arrows represent bidirectional effects
between facilitating and facilitated species. There are three groups of facilitative mechanisms that require the matching of
belowground processes: (1) facilitating species that are efficient in mobilising nutrients and facilitated species that exhibit
greater root trait plasticity; (2) communication among species via specific nutrient-mobilising root exudates and signalling
molecules, and the process might be bidirectional; and (3) root exudate-induced microbial interactions and specific soil
biota that may enhance nutrient availability or defence.

nodulation. In return, the enhanced N, fixation process of faba bean also acidifies soils and
increases the availability of P, which facilitates N and P acquisition by nearby maize [22,23].

Allelopathy and chemical facilitation via root exudates affect belowground interactions in a species-
and dose-specific manner, and are common in both natural and agricultural ecosystems [24].
Some chemicals may enhance plant performance at low concentrations, and inhibit performance
at relatively high concentrations. For example, in a mixed-species forest, Michelia macclurei
(Magnoliaceae) reduces the release of a cyclic dipeptide, an autotoxic compound, from the roots of
its neighbour Chinese fir (Cunninghamia lanceolata), and thus enhances the growth of neighbouring
Chinese fir via chemical facilitation [25]. Recent studies have shown that root-secreted chemical sig-
nals, such as jasmonic acid, (-)-loliolide, and strigolactones, contribute to root—root communications
and trigger chemical responses among plant species [26-28], and root-secreted N-rich allantoin may
be responsible for recognition among rice (Oryza sativa) genotypes [29]. By integrating these kinds of
species-specific root exudates and signals that drive belowground facilitation, we may increase our
understanding of BEF. In turn, this may contribute to functioning in species- or genotype-diverse
agroecosystems and the restoration of degraded communities.

Direct facilitation via trait plasticity in response to neighbours

Trait plasticity may be associated with a greater potential for giving—receiving facilitation (Figure 1).
A recent study showed that grassland species that are facilitated tend to exhibit greater
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phenotypic plasticity of specific root traits in response to root exudates released by the facilitator
on P-deficient soils than non-facilitated neighbours [14]. For example, when the roots of two
facilitated species, Cleistogenes squarrosa and Bromus inermis, interact with a P-mobilising
facilitator, they show greater plasticity in root proliferation and rhizosheath acid phosphatase
activity than do co-occurring non-P-mobilising species that do not experience facilitation [14].
Root trait plasticity in response to neighbours may also be shaped by nutrient availability and
particular neighbour species or genotypes [30-33]. Thus, specific genotypes and species com-
binations appear to enhance belowground facilitation through trait matching, which may increase
some metrics of ecosystem function.

The studies reviewed above emphasise that facilitation predominates when facilitated species
exhibit greater phenotypic plasticity in root traits (e.g., specific root length and root-secreted phos-
phatases [14,30]) in ways that permit better matches with specific benefits from a facilitator.
However, quantifying the role of root trait plasticity in diverse plant communities is a challenge.
Multispecies genotyping by sequencing [34] and Fourier-transform infrared spectroscopy [35] can
quantify relative root abundance of multispecies or multigenotype communities; the combination
of zymography, planar optodes, and image processing is a promising tool to image and quantify
rhizosphere processes in situ in multispecies communities [36,37]. However, the plasticity of
root traits for multispecies and whole root systems has not been linked to ecosystem functioning.
A promising alternative approach to sampling highly variable root exudates is easily measured leaf
[Mn] as a proxy for interspecific P facilitation via rhizosheath carboxylates [20,38,39].

Indirect facilitation via root-soil biota interactions

Evidence is mounting that root exudate-induced shifts of soil microbial composition and microbe—
microbe interactions may contribute to enhancing ecosystem functioning in diverse plant
communities [40,41]. For example, species-specific chemical signals and phytohormones that
are involved in plant-plant recognition alter soil microbial composition [24,42]. A recent study
showed that ethylene synthesis and release from the roots of peanut (Arachis hypogaea) are
enhanced by cyanide released from neighbouring cassava (Manihot esculenta) [15]. Here, ethylene
has a dual role in species-specific recognition as a gaseous signal and inducing a shift of microbial
composition in the peanut rhizosphere. The increased abundance of an actinobacterial species
enhances soil nutrient availability and facilitates peanut fruit productivity [15].

Signals among plants mediated by volatile organic compounds in the rhizosphere may occur
through common mycorrhizal networks or specific microbes, protecting them against degradation
and enhancing plant-to-plant transmission [43-45] or directing root placement [46]. For example,
kin pairs of Pseudotsuga menziesii share more carbon from donor to recipient through
ectomycorrhizal networks than non-kin pairs, mediated by root-secreted signalling molecules [47].

Communication among species might be species specific and bidirectional (Figure 1). Wang et al.
[48] demonstrated that root exudate differentiation may trigger positive microbial legacy effects that
suppress pathogens and increase beneficial microbes, attenuating negative plant-soil feedbacks
[48]. This appears to enhance the performance of wheat—faba bean and maize—faba bean combina-
tions, but not of the wheat-maize combination. The outcome of root-microbiome interactions de-
pends on spatial and temporal patterns of root exudates, management practices, and genotype
identity [49-52]. Therefore, selecting specific species or genotype combinations to match pheno-
type, microbiome function, and plant—soil feedback are possible routes to enhance BEF.

Specific soil microbe—microbe and interkingdom interactions also provide new insights into indi-
rect belowground interspecific facilitation. For instance, mycelia of Phomopsis liquidambaris

1230  Trends in Plant Science, December 2021, Vol. 26, No. 12



Trends in Plant Science

promote migration of rhizobia from bulk soil to the rhizosphere of peanuts which then triggers
nodulation [53]. In a combination of particular mycorrhizal fungi and bacteria, extraradical hyphae
of arbuscular mycorrhizal fungi carry phosphate-solubilising bacteria via water film to organic
P patches and enhance organic P mineralisation by hyphal exudates [54]. Multikingdom interac-
tions also play a vital role in plant performance by communications mediated by root nutrient-
mobilising exudates and signalling molecules [16,55]. However, the importance of these soil
biota interactions in plant-plant interactions remains unexplored. Diverse communities may
benefit from matches between certain root traits and soil microbiome combinations among
plant species in ways that enhance nutrient acquisition and defence against pathogens [56-58]
(Figure 2). To better understand this, or to develop productive managed systems, we need to
integrate high-throughput cultivation and identification of root microbiota and multi-omics analyses
to understand the complicated belowground facilitative network [59,60]. For instance, we first need
to show facilitation mediated by belowground processes, and then identify the changes in root
exudates, root trait plasticity, and microbial composition. Then, we can further explore the molecular
mechanisms of root—-microbe interactions [50] or manipulate the microbial cormmunity to study the
interactions between root traits and specific microbes [59].

Why do some combinations show stronger facilitative interactions than others?
Both competition and facilitation play roles in shaping community patterns, but the net outcome is
determined by the relative strength of different mechanisms [61]. These mechanisms are often
determined by species-specific traits (e.g., variation in the ability to perform N, fixation or
P-mobilisation, deep versus shallow roots, variation in detection of different species). For some
combinations, facilitation is overridden by competition, because of the strong competitive ability
of the facilitator or facilitated species [61,62]. Besides, in plant communities that experience multi-
ple abiotic stresses simultaneously (e.g., water and N limitation), N facilitation between N-fixing
species and neighbours may occur only when the root traits exhibit greater dissimilarity in
accessing water sources from different depths, and the facilitated species have greater stomatal
control in response to water stress [63,64]. Therefore, we also need to understand how facilitation
and competition interact under multiple stresses; this would allow us to strengthen facilitation for
the primary factors that limit growth and avoid competition for another by trait matching when
establishing managed communities.

Inspirations for BEF relationships and managed ecosystems

To fully understand the mechanisms of belowground facilitation in BEF experiments, we need to
know: (1) how more diverse plant communities structurally change the environment in a way that
benefits many of the constituent species (reviewed in [4,7]), as well as (2) what determines a good
match between species with facilitating and facilitated traits. Below, we illustrate the links
between belowground facilitative mechanisms and BEF relationships, and the approaches that
might establish productive and sustainably managed systems based on facilitation theory.

Linking belowground facilitation and enhanced BEF relationships

Based on the stress-gradient hypothesis, we expect the strength of facilitation to increase in
environments with relatively greater abiotic stresses, but this depends on the species involved
and the type of stress. This increase may be due to more important microclimate amelioration by
nurse plants or resource enrichment in harsh conditions [3,65,66]. Undisturbed plant communities
at equilibrium usually harbour more plant species than those not at equilibrium (e.g., N-deposition
communities [67]) which in turn corresponds to increases in some metrics of ecosystem functions
in the former. In degraded communities, commonly not at equilibrium, establishing artificial grass-
lands and reforestation by transplanting or reseeding facilitating species (e.g., legume establishment
[68]) might be more efficient than natural succession. By matching belowground processes we
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Figure 2. Linking theoretical research and application in diverse plant communities to enhance belowground
interspecific facilitation and ecosystem functioning. The x-axis represents a relative distance from natural
communities. At the far left of the x-axis is a degraded natural community with low ecosystem function and without human
efforts towards restoration. To the far right of the x-axis is monoculture. Interspecific facilitation (red columns) may increase
via matching plant traits of artificial assemblages of particular plant species, increasing ecosystem function in seminatural
communities and diverse cropping systems compared with degraded natural communities (theoretical research). There is
no interspecific facilitation in monocultures. The diverse seminatural communities and agroecosystems in the green centre
of the x-axis represent goals (blue arrows) for sustainable artificial communities (applications) with enhanced ecosystem
function and stability. To link theoretical research and applications, we need to consider the methods in the blue box
between matching facilitating and facilitated species via belowground processes.

discussed above, we predict increases in some ecosystem functions in such ‘giving-receiving’
managed plant communities compared with those in naively designed managed communities
due to more efficient interspecific facilitation.
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In agroecosystems, continuous monocropping systems usually exhibit inferior ecosystem func-
tions in comparison with diverse cropping systems. Intercropping, cultivar-diversity mixtures,
agroforestry, and crop rotations are practices to increase biodiversity in agroecosystems that
increase ecosystem function and stabilise food production [69]. By selecting appropriate species
or cultivar combinations, belowground facilitation can strengthen facilitative interactions and
enhance the grain yield of facilitated species via direct root exudate-mediated or indirect
microbe-mediated nutrient enrichment under greater nutrient stress [20,70]; or disease suppres-
sion through dilution effects or antagonism between beneficial and pathogenic microbiomes in
high-input agroecosystems [3] (Figure 2).

How to establish a facilitation-based managed community?

How to design sustainably functioning managed communities is an ongoing question. Previous
studies have focused on temporal and spatial complementarity and productivity. We suggest
that the kinds of belowground interspecific facilitation mechanisms we review might contribute
to the designs of managed communities. This would entail matching belowground processes
among genotypes and species to enhance facilitation and ecosystem functions (Figure 2).
Species that exhibit a greater response to a facilitator via root trait plasticity and enrichment of
beneficial microbiomes in the rhizosphere will likely benefit more from facilitators. For instance,
in the reciprocal faba bean—-maize and faba bean—-wheat systems, cereals usually exhibit greater
root length plasticity in response to P mobilised by neighbouring faba bean [30]. In return, the root
exudates of maize may stimulate N, fixation of neighbouring faba bean [22]; root exudates of
wheat may alleviate soil-borne diseases of faba bean in intercropping [48]. As a result, both
species may exhibit yield advantages in intercropping [23,48]. Such species-specific facilitation
may also result from greater biochemical plasticity of tree species in mixed-species forest planta-
tions [42]. Facilitated species may also benefit more from the facilitator when specific traits exhibit
greater phenotypic distance from those of its facilitator [71]. In addition, harnessing beneficial
soil biota interactions and signals to strengthen positive effects of microbe-mediated root-root
interactions and override negative effects (e.g., allelopathy, pathogen and insect attack;
Figure 2) is desirable in facilitative networks in temporal (e.g., rotation) and spatially diverse
(e.g., intercropping and agricultural mixtures) plant communities [48,58,60,72]. When establishing
a rotation system or restoring a degraded community, manipulating the order of arrival of species
or functional groups is important to influence competition and facilitation between earlier- and
later-arriving species by root exudates and legacy effects [48,73,74].

Others have found that optimising resource (e.g., P) and temporal complementarity by specific
species/genotype combinations can reduce competition and enhance ecosystem functioning
[4], but such combinations are difficult to identify [5,6,62]. We argue that searching for these
combinations in the context of direct and indirect facilitative interactions may contribute to trait
matching and improve the establishment of managed communities. Adopting an understanding
of biotic and abiotic stress gradients on the relative strength of facilitation and competition may
also contribute to managing ecosystems [65].

Concluding remarks and future perspectives

A key challenge for ecologists and plant scientists is to close the gap between ecological princi-
ples and applications in agroecosystems and other managed systems. We suggest that biodiver-
sity research has the potential to unveil secrets of species-specific responses of root traits as well
as metabolic and interkingdom interactions between facilitating and facilitated species in ways
that maximise facilitation in plant communities. The insights gained from such studies would
inform selection of species/genotype combinations and breeding that might promote facilitation
in diverse systems. The next frontier of belowground facilitation in BEF research, particularly as
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Outstanding questions

How can we quantitatively separate
facilitation and niche differentiation
(cause) from complementarity effects
(consequence)?

How do facilitated species recognise,
respond to, and match a facilitator via
root exudates, signalling molecules,
and soil biota?

How can we measure interspecific
facilitation in more diverse plant
communities (more than two species)
via functional traits (e.g., leaf manga-
nese concentration) and new technol-
ogy (e.g., image processes and multi-
omic analyses) to better understand
mechanisms of facilitation?

How can we engineer belowground
facilitation processes to design more
productive and sustainable cropping
systems (e.g., intercropping and agro-
forestry) and seminatural systems
(e.g., managed forests and sown
grasslands)?
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applied to agroecosystems, will be the identification of intricately intertwined two- and three-
species interactions that enhance ecosystem functions. These two- and three-way ecological
‘tangos’ might be harnessed in ecologically and economically groundbreaking ways (see
Outstanding questions).
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