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Abstract

Background The potential benefits of intercropping
are manifold and have been repeatedly demonstrated.
Intercropping has the potential to create more pro-
ductive and resilient agroecosystems, by improving
land utilisation, yield and yield stability, soil qual-
ity, and pest, disease and weed suppression. Despite
these potential benefits, significant gaps remain in the
understanding of ecological mechanisms that govern
the outcomes when crop species are grown together.
A major part of plant-plant interactions takes place
belowground and these are often overlooked.
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Scope This review synthesises current evidence for
belowground plant-plant interactions of competition,
niche differentiation and facilitation, with the aim
of identifying root traits that influence the processes
contributing to enhanced performance of intercrops
compared with monocultures. We identify a suite of
potentially complementary root traits for maximis-
ing the benefits of intercropping. These traits under-
pin improved soil exploration, more efficient resource
use, and suppression of soil-borne pathogens and
pests in intercrops.

Conclusion This review brings together understand-
ing of the mechanisms underpinning interactions
between intercropped roots, and how root traits and
their plasticity can promote positive outcomes. Root
trait ‘ideotypes’ for intercropped partners are identi-
fied that could be selected for crop improvement. We
highlight the importance of examining belowground
interactions and consider both spatial and temporal
distribution of roots and rhizosphere mechanisms
that aid complementarity through niche differentia-
tion and facilitation. Breeding of crop ideotypes with
specific beneficial root traits, combined with consid-
erations for optimal spatio-temporal arrangement and
ratios of component crops, are essential next steps to
promote the adoption of intercropping as a sustain-
able farming practice.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-021-05165-8&domain=pdf
https://doi.org/10.1007/s11104-021-05165-8
https://doi.org/10.1007/s11104-021-05165-8

Plant Soil

Keywords Complementarity - Disease
suppression - Facilitation - Niche differentiation -
Nutrient uptake - Root distribution - Root-root
interactions - Selection effects - Trait plasticity

Introduction

Prior to the “fossilization™ of agriculture with chemi-
cal fertilizers and pesticides, cultivation of crop mix-
tures was a common agricultural practice (Mikié
et al. 2015). Intercropping, also referred to as mixed
cropping, companion cropping or polyculture, is the
agroecological practice of cultivating two or more
crops simultaneously. The component crops of an
intercropping system are often from different spe-
cies and different plant families, although it can refer
to different varieties or cultivars of the same crop
grown in variety mixtures (Lithourgidis et al. 2011).
Intercropping has been widely practised by farmers
for millennia and is still present in various cropping
systems around the world. For example, in Mexico
and Guatemala farmers often intercrop maize with
beans, squash and other crops, according to ancient
milpa traditions (Isakson 2009). In rural sub-Saharan
Africa, intercropping is a common practice aimed at
minimizing risks associated with monocultures, with
the predominant crop combinations being maize,
bean/cowpea and pumpkin (Bedoussac et al. 2018).

Features of an intercrop system differ around the
world, depending on local climate, soil conditions,
economic situation, and preferences of the local com-
munity (Lithourgidis et al. 2011). The different types
of intercrop systems can be categorised based on the
spatial and temporal variation of the crop mixture.
These types of intercropping are usually divided into
four main categories:

1. Mixed intercropping or mixed cropping: the cul-
tivation of crops that are randomly mixed in the
available space with no distinct row arrangement.

2. Row intercropping: two or more crops are culti-
vated in separate alternate rows.

3. Strip cropping: several rows (=strip) of crops
are alternated with several rows of another crop.
Strips are wide enough to allow the use of mod-
ern equipment, but narrow enough for the crops
to interact.
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4. Relay intercropping: component crops are not
sown and harvested at the same time, but the life
cycle of one crop overlaps that of the other. Relay
intercropping can be practised independent of
spatial arrangement.

The spatial arrangement is important because it
indicates the number of conspecific and non-conspe-
cific neighbours. For example, in mixed intercropping
a plant would have fewer conspecific neighbours than
in strip intercropping. As a result, plant-plant interac-
tions of different species are fewer in strip intercrop-
ping than in mixed intercropping.

Even though most crops in intensive agricultural
systems are grown as sole crops, there is renewed
interest in adopting intercropping practices, due to
the potential for positive outcomes from intercrop
systems (Bedoussac et al. 2018). A global meta-
analysis found that the overall yield gain in maize-
based intercrop systems was 1.5+0.1 Mg ha™' (Li
et al. 2020a), indicating that intercrop systems could
have larger absolute yields than monocrop systems.
It is often assumed that benefits of intercropping are
only associated with low-input systems, but benefits
may be even greater if stresses are relieved (Li et al.
2020a). For instance, absolute yield gains in high
input, high output maize-based intercrop systems
have been found to be about four times larger than
those without maize and using a low-input intercrop-
ping strategy (Li et al. 2020a). Intercropping systems
have been shown not only to boost crop productivity
(Qin et al. 2013; Li et al. 2020a) and improve land
utilization efficiency (Agegnehu et al. 2008), but can
also enhance soil quality (Cong et al. 2015), sup-
press pests, diseases and weeds (Jensen et al. 2015),
increase yield stability (Raseduzzaman and Jensen
2017), and reduce dependency on fertilisers and
risks of nitrate leaching compared with sole crop-
ping (Corre-Hellou et al. 2006; Hauggaard-Nielsen
et al. 2003). These benefits, however, are not always
achieved, partly due to incomplete knowledge about
the plant characteristics that optimise interactions
between intercropped plants, particularly those that
occur belowground.

While there has been substantial evidence for
temporal niche differentiation contributing to ove-
ryielding aboveground (Li et al. 2020b), less is
known about belowground processes (Brooker et al.
2015). The relative contribution of belowground
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interactions to yield advantages in intercropping,
through increased water and nutrient uptake, can
be substantial (Zhang et al. 2001; Mu et al. 2013).
Although progress has been made towards a better
understanding of belowground interactions between
intercropped plants, significant gaps remain regard-
ing the mechanisms. Studying belowground phe-
nomena is more challenging than aboveground
interactions due to methodological limitations.
Many studies focussing on plant interactions can
follow the outcome of interactions dynamically
aboveground, while belowground interactions can
often only be measured at the end of an experiment
via destructive harvesting (Faget et al. 2013). Fur-
thermore, demonstrating the belowground mecha-
nisms responsible for overyielding in intercrop
systems can be difficult (Duchene et al. 2017). Stud-
ies which show overyielding in terms of biomass,
while simultaneously demonstrating greater N or
P uptake or larger root biomass, cannot distinguish
whether greater N or P uptake drives overyielding
or whether larger root biomass is responsible for
enhanced nutrient acquisition. In fact, both out-
comes could be the consequence, rather than the
cause, of overyielding.

Improving our understanding of mechanisms
and processes at play between intercropped roots
and identifying knowledge gaps in belowground
interactions is key for advancing intercropping
(Ma et al. 2019). In particular, identifying specific
root traits which can promote beneficial plant-plant
interactions and minimise crop-crop competition
would be a step forward to design crops suitable for
intercropping. Here we look in more detail at recent
advances in understanding of how intercropped
roots behave and provide a synopsis of key findings
on root-root interactions. This review aims to 1)
provide an overview of the interactions taking place
between intercropped roots, 2) summarise evidence
for root traits regulating interactions in intercropped
roots compared with sole cropped roots, and 3)
recommend root traits of importance for maximis-
ing the benefits of intercropping. By doing so, this
review highlights the need to consider belowground
interactions as critically as aboveground, by meas-
uring belowground processes and considering both
spatial distribution of roots and mechanisms in the
rhizosphere that aid complementarity through niche

differentiation and facilitation at a range of temporal
and spatial scales which are relevant to biophysical
processes in the soil (i.e. nutrient and water dynam-
ics, and interactions with microbial facilitators and
pathogens).

Underlying mechanisms of belowground interactions
in intercrop systems

Several mechanisms have been conceptualised to
explain overyielding in diverse systems. Intercrop-
ping leads to relatively small increases in plant
diversity, comprising two or more crop species bred
for high productivity, and it cannot be discounted
that many of the apparent benefits associated with
intercropping, some highlighted in this review, are
due to selection effects (Loreau and Hector 2001)
which favour dominance by a high yielding species.
The relative importance of selection effects is also
likely to be determined by crop spatial arrangement:
in strip intercrops in China, only 10% of the yield
gain was due to selection effects and the remain-
der was explained by complementarity effects (Li
et al. 2020b). Complementarity effects occur when
niche space (i.e. physical, chemical and biological
resources) is used more completely as more species
are added in (niche differentiation), or when inter-
actions between neighbouring plants have beneficial
outcomes for at least one of the neighbours (facili-
tation) (Brooker et al. 2021; Loreau and Hector
2001). Complementarity is thus a two-sided inter-
action, although it is often not clear whether niche
differentiation or facilitation are underlying these
effects (Loreau and Hector 2001). Intercrops show-
ing positive selection effects will outperform the
average monoculture but will not exceed the perfor-
mance of the best species in monoculture, whereas
complementarity effects promote the overall per-
formance of species in mixtures and lead to greater
net resource use (Loreau and Hector 2001; Schob
et al. 2015). In this review, we focus on identifying
root traits that promote better use of available niche
space and/or facilitative processes that enhance
resource capture as the desirable goals for intercrop
improvement, but we also highlight studies reveal-
ing root traits that might drive selection effects in
high yielding intercrops.
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Root traits for complementary resource use
Complementarity through niche differentiation

Successful intercrop systems can be achieved by
growing crops together which complement each other
in spatial niche occupation (e.g. tall and short). Crops
that occupy different niches may use resources more
completely compared with sole crops, due to differen-
tial use of resources in space, time or different forms
(Ehrmann and Ritz 2014).

Spatial niche differentiation

To achieve complementarity in space, intercropped
plants with different rooting patterns should be con-
sidered. One such example would be growing deep-
rooted and shallow-rooted crops together, allow-
ing access to distinct volumes of soil (Hassan et al.
2019), which could, in theory, lead to a deeper and
more even distribution of roots in the crop system
(Fig. 1A). This allows for a greater exploitation of a
larger soil volume and improved access to relatively
immobile nutrients in the intercrop system, compared
with a monocrop system (Gebru 2015). Improved
exploitation of belowground resources can allevi-
ate belowground competition and promote species
coexistence.

However, spatial differentiation is not simply a
result of intrinsic or genetic differences in species-
specific root architectures; it can also result from the
plasticity of root systems, whereby root-root interac-
tions can alter biomass allocation and modify root
distributions (Chen et al. 2020). Variable responses to
the presence of neighbour roots have been observed;
some species demonstrate avoidance strategies, where
roots grow away from the neighbour, whereas other
species tend to grow roots near neighbour roots and
aggregate (Zhang et al. 2020a). Neighbour-induced
root responses are likely to be common in intercrop-
ping systems and can enable plants to avoid severe
competition and enhance resource uptake efficiency
(Schiffers et al. 2011).

Agroforestry systems, where trees are used as
an intercrop component, provide a clear exam-
ple of spatial niche differentiation, since trees tend
to grow their roots in deeper layers than the annual
intercrops. Moreover, spatial niche differentiation is
important for intercrop systems with a large number
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of non-conspecific neighbours (i.e. mixed intercrop-
ping), whereas in strip intercropping, spatial differen-
tiation only occurs in at the edges of the strips, where
non-conspecific neighbours can interact.

Temporal niche differentiation

Niche differentiation through time in size, position
and activity of the root systems of component crops
is particularly important in determining resource cap-
ture, biomass production and ultimately yields of the
intercropped plants (Fukai and Trenbath 1993). Com-
ponent crops showing temporal differentiation mature
at different times (Fig. 1B). As a result, the growth
patterns of the crops will also differ in time, with the
accompanying nutrient and water demands occurring
with a time displacement (Gebru 2015). Component
plants with similar growth durations will only have
the advantage of spatial complementarity, whereas
the association of crops with different growth dura-
tions results in improved resource utilization in both
space and time.

Differences in maturity and requirement of
resources for growth of the component crops can be
due to genetic differences or manipulation of planting
dates. The latter is the case in relay intercropping, a
specific cropping practice where component crops are
not sown and harvested at the same time, but the life
cycle of one crop overlaps that of the other. In such
cropping systems, interspecific competition enhances
the growth and yield of the dominant crop, whereas
the subordinate crop’s growth is weakened by inter-
specific competition in the co-growth stage (Li et al.
2001a). After harvest of the dominant crop, the sec-
ond crop has a period of growth alone, during which
it can recover and take up more resources, thereby
retaining or even increasing its yield compared with
sole cropping (Li et al. 2001b). Roots of the dominant
crop, which may have been left in the soil after har-
vest, will decompose and release nutrients into the
soil profile, becoming available for the second crop.

Belowground interactions can be studied at scales
spanning the morphology of the whole root system
to sites of nutrient acquisition at fine scale (Isaac
and Borden 2019). The theory of spatial and tem-
poral niche differentiation between plants provides
a useful framework for explaining coexistence at the
level of the whole root system. Due to the destruc-
tive nature of root sampling, complementarity
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A) Spatial niche complementarity

Alone Alone

Together

B) Temporal complementarity

I Growing period crop A

-

Growing period crop B

-

Co-growth period

Recovery period crop B

Fig. 1 Species with differentiated root traits (e.g. rooting depth)
(A) Spatial niche differentiation: plants when in monoculture
will utilise the soil volume within which they place their roots,
but when sown together plants with different rooting depths will
be able to grow together and use the soil volume efficiently. (B)
Temporal niche differentiation can be achieved by planting crops

is often studied at only a few developmental time
points and in a restricted set of soil conditions
(Faget et al. 2013), but it should be noted that
plants respond to multiple signals from a highly

v

Time

at different times. The first crop can explore the soil space freely
without competition during initial growing stages. The second
crop will likely experience interspecific competition, leading to
reduced growth. After the first crop is harvested, the second crop
can recover its growth, due to reduced competition for available
soil resources

heterogeneous and dynamic soil environment. The
distribution of a root system changes in response
to heterogeneously distributed soil resources, the
nutrient status of the plant, and intrinsic restrictions
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of the genotype (Isaac and Borden 2019). For exam-
ple, a plant can deplete resources in the area sur-
rounding its roots, which may discourage root
growth by a neighbouring plant root into that same
area. Furthermore, it should be noted that the place-
ment of the whole root system does not necessarily
indicate root activity; roots nearer the soil surface
might be more active in taking up nutrients, due to
soil resources being more concentrated in the top-
soil layer as a result of fertilisation, irrigation and
litter decomposition on the soil surface.

Resource differentiation

Although plants essentially use the same resources
(i.e. light, water, nutrients), the preferential use of
these resources between species can differ. Similarly
to spatial differentiation, resource differentiation is
more evident in intercrop systems with a high number
of non-conspecific neighbours (i.e. mixed intercrop-
ping), while in strip intercropping, these processes
only occur at the edges of the strips, where non-con-
specific neighbours can interact. Resource differentia-
tion occurs when crops use different portions of the
available resources. A good example of this is the
preference of certain plants for one chemical form
of available nitrogen (N) over another, e.g. nitrate
(NO;7), ammonium (NH,*), and atmospheric nitro-
gen (N,). Some plant species produce more biomass
or accumulate greater amounts of N when growing on
one N source compared with another, indicating pref-
erential uptake and use of different N forms (Britto
and Kronzucker 2013). Despite the importance of N
in agricultural systems, classification of crop prefer-
ences for NO;~ or NH,* is lacking. This is in part
because environmental variables and interactions
between plants can shift N preference (Boudsocq
et al. 2012).

There is evidence that plants can shift their prefer-
ence for one chemical N form to another when inter-
cropped. Liu et al. (2020a) investigated the effect of
intercropping on the N uptake of two grass species.
When monocropped, Avena sativa had only slightly
higher rates of NO;~ uptake than of NH,*, while
monocropped Agropyron cristatum showed consider-
ably higher uptake rates of NO;~ than NH," in both
upper and deeper soil layers. Intercropping altered
the NO;~ and NH," uptake of the two grasses. In
the upper soil layer, uptake of NO;~ by A. sativa
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was 50% less in the intercropped system than in the
monocropped system, whereas uptake of NO;™ by A.
cristatum was two-fold greater in the intercropped
system. In the deeper soil layer, intercropping did
not significantly change NH,* and NO;~ uptake by
A. sativa but NO;™ uptake by A. cristatum decreased.
The aboveground and total biomass of intercropped
A. sativa was 1.3 times greater than monocropped
A. sativa, but the biomass of A. cristatum did not
change between cropping systems; this might reflect
selection effects, where dominance of A. sativa leads
to increased yield, or it might result from comple-
mentarity effects on nitrogen availability and uptake.
Neither species showed a change in root biomass,
however, indicating that altered root N uptake by
the intercropped species was driven by direct effects
on root transporter activity to avoid competition for
N forms and/or due to changes in A. sativa shoot N
demand. Improving our understanding of the plastic-
ity of this preferential use of N forms, and which spe-
cies combinations complement each other to optimise
N use, could be beneficial for intercropping systems.

Atmospheric N, is another component of the N
resource pool for plants. When legumes, which have
the ability to fix atmospheric N,, are combined with
a strongly N competitive crop, such as cereals, the
dominant crop usually takes a larger proportion of
the soil N, thereby ‘forcing’ the legume to rely more
on N, fixation than when it is grown as a sole crop
(Fan et al. 2006; Stomph et al. 2020). It is well docu-
mented that, when intercropped, legumes increase
biological nitrogen fixation activity compared with
monocultures (Fan et al. 2006). For example, Chapa-
gain and Riseman (2014) found that the percentage
of N fixed by pea (Pisum sativum L.) increased when
intercropped with barley (Hordeum vulgare L.), while
Tsialtas et al. (2018) demonstrated similar findings
for certain pea-oat mixtures. As a result of the greater
reliance of the legume on atmospheric N,, more soil
N is available for the component non-legume.

Complementarity through facilitation

Facilitation is a process that occurs in many plant
communities (Valiente-Banuet et al. 2006) when
one species is positively affected by the presence
of another, usually through the improvement of
resource availability and other environmental growth



Plant Soil

conditions. In contrast to niche differentiation, facili-
tation is often a one-sided process, whereby at least
one species benefits (Montesinos-Navarro et al.
2012). The benefits of facilitative interactions can
be maintained over the whole co-growth period
(Valiente-Banuet and Verdd 2008). Belowground
facilitative interactions in intercropping systems can
result in enhanced nutrient and water acquisition,
often aided by mycorrhizal networks. Facilitative
interactions concerning the availability of nitrogen,
phosphorus and water resources in the soil are con-
sidered below.

Nitrogen

Root facilitative interactions in legume/non-legume
intercropping systems can result in belowground

A) Nitrogen facilitation

(no need for close proximity in time or space)

Legume Non-legume

Atmospheric

B

B) Phosphorus facilitation
(need for close proximity in time and space)

P-mobilizing
(N,-fixing species) species

transfer of symbiotically fixed N, from legumes to
intercropped non-legumes (Pirhofer-Walzl et al. 2012;
Frankow-Lindberg and Dahlin 2013). There are sev-
eral mechanisms involved in N transfer between inter-
cropped species (Fig. 2A). Nitrogen can be relocated
from plant to plant directly by root-root contacts via
root exudates or through mycorrhizal hyphal net-
works (Heijden and Horton 2009; Selosse et al. 2006).
Nitrogen can also be transferred indirectly through
rhizodeposition, the release of N from decomposed
belowground parts of legumes and root exudates (Tsi-
altas et al. 2018). The proximity of the intercropped
roots, and thus the intercrop sowing pattern, might be
less important regarding nitrogen facilitation: for N
transfer through mycorrhizal networks or rhizodepo-
sition, roots do not need to be close in space or time,
respectively (Fig. 2A).

C) Water facilitation

(need for close proximity in time but not space)

Non-P-mobilizing
species

DirectN transfer by

mycorrhizal networks

Root exudates

Decomposing
plant material

Fig. 2 Interspecific facilitation of nitrogen (N), phosphorus
(P) and water acquisition. Belowground transfer mechanisms
of N from legumes to non-legumes include direct transfer by
mycorrhizal fungi, root exudates, and indirectly through the
decomposition of plant material, such as dead roots and plant
litter (A) (adapted from Thilakarathna et al. 2016). Below-
ground mobilizing mechanisms of soil organic P and insoluble

=T §

Phosphatase

Acidification

%

Inorganic P

Soil organic P

Direct water transfer
by mycorrhizal
networks

Insoluble soil P
(AI-P, Fe-P, Ca-P)

» Protons

Carboxylates J
Replacing P bound
to Al, FeorCa

soil P include secreting phosphatases, or exudation of carboxy-
lates or protons. The soluble inorganic P can then be utilized
by both P-mobilizing and non-P-mobilizing plant species (B)
(adapted from Li et al. 2014). Hydraulic lift and transfer of
water to component crops plays an important role in the facili-
tation of water acquisition (C). Mycorrhizal networks can also
contribute to the transfer of water between neighbouring plants
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It can be difficult to establish if facilitative root
interactions in a legume/non-legume intercropping
system enhance the growth of either or both spe-
cies, and that over-yielding is not just due to differ-
entiation in N source use. Quantification of both N,
fixation and N transfer from legumes to non-legumes,
whether through root exudates, nodule senescence or
mycyorrhizal connections, can be achieved using N
isotope labelling techniques, of which the '* N natu-
ral abundance method can be practiced reliably in the
field (Tsialtas et al. 2018). Large variability in pro-
portions of fixed N, transferred to non-legumes has
been observed. In a review of the literature, Thila-
karathna et al. (2016) found that values reported
for the proportion of N transferred from legumes to
companion grasses ranged from 0 to 73%, depending
on the legume species and cultivar. However, high
estimates should be viewed with caution, and values
between 0 and 15% of N transferred seem to be more
realistic (Peoples et al. 2015). Other factors influenc-
ing N transfer include abiotic factors, such as water
stress, soil N availability, application of N fertilizer,
and biotic factors like root contact, plant density,
growth stage, and defoliation (Islam and Adjesiwor
2018). Mycorrhizal networks can greatly stimulate
the transfer of fixed N, as has been observed from
faba bean (Vicia faba L.) to wheat (Triticum aestivum
L.) (Wahbi et al. 2016), and from alfalfa (Medicago
sativa L.) to maize (Zhang et al. 2020b), although in
the latter example labelled N was fed to leaves and
therefore this was not a direct measure of N fixed and
transferred by the legume.

Although increased nitrogen fixation by inter-
cropped legumes is regarded as a process of resource
differentiation (see above), increased N fixation
might also be facilitated by the non-legume partner.
Recent research into the mechanism(s) underpin-
ning improved yield and N capture by maize/faba
bean intercrops (Fan et al. 2006) has revealed that
maize roots play a facilitating role. Elevated N fixa-
tion rate of intercropped faba bean was associated
with increased root nodulation, even when N fertiliser
was added (Li et al. 2016b). Detailed analysis showed
that bean root hair deformation, in response to inoc-
ulation with Rhizobium leguminosarum, increased
in the presence of maize root exudates (but not bar-
ley or wheat root exudates) and this was associated
with greater nodule acetylene reductase activity and
increased expression in bean roots of genes involved
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in synthesis of flavonoid signalling compounds, reg-
ulation of root nodulation and N fixation (Li et al.
2016b). Further analysis revealed that greater bean N
fixation capacity was not only due to the direct facili-
tative effects of maize root exudates: these exudates
also increased the abundance of specific bacterial
groups in the bean rhizosphere that further enhanced
N fixation gene expression in bean roots (Hu et al.
2021).

Phosphorus

Phosphorus (P) is an important inorganic nutrient
for plant growth, and often limits primary produc-
tivity in natural systems as well as cropping systems
(Hinsinger 2001; Vance et al. 2003). Due to its highly
immobile nature in soil, many plant species have
developed strategies to acquire soil P, such as the
exudation of P-solubilizing compounds, like phos-
phatase and carboxylates, or by rhizosphere acidifica-
tion (Richardson et al. 2009; Li et al. 2014) (Fig. 2B),
which can also enhance (or reduce) the availability of
other immobile nutrients (Li et al. 2007; Zhang et al.
2010), and might lead to high and even toxic levels of
aluminium (AI’*) and manganese (Mn>") cations.
Plant species vary widely in their capacity to
mobilize inorganic P, and some P acquisition traits
are species-specific. Species that secrete phosphatases
or carboxylates, and thereby convert P into available
forms, are considered P-mobilizing species, whereas
species with a weak capacity to acquire bound soil P
are non-P-mobilizing species (Li et al. 2007; 2014).
Several studies have looked at the facilitative pro-
cesses between intercropped plants in their P acquisi-
tion (Li et al. 2007, 2014, 2016a, 2019; Zhang et al.
2016; Yu et al. 2020). When crops with different P
acquisition strategies are grown together, positive
interactions can be expected (Tang et al. 2020). For
example, faba bean facilitated P uptake when inter-
cropped with maize (Zea mays L.), through rhizos-
phere acidification by releasing organic acids and pro-
tons, which mobilized insoluble inorganic P (Li et al.
2007). This resulted in improved P uptake, which was
associated with over-yielding of intercropped maize,
compared with monocropped maize. Li et al. (2016a)
found similar results in a wheat/faba bean glasshouse
experiment, where faba bean facilitated P uptake by
wheat, through exudation of carboxylates including
malate and citrate, and increased acid phosphatase
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activity. Other legumes have also been observed to
facilitate P uptake: white lupin (Lupinus albus L.)
roots exude large amounts of citrate to mobilize soil
P, depleting citrate extractable P and making P avail-
able to neighbouring wheat plants (Cu et al. 2005).
Intercropped chickpea (Cicer arietinum L.) secretes
acid phosphatase into the rhizosphere, thereby min-
eralising organic P and increasing P acquisition by
neighbouring maize (Li et al. 2004).

Phosphorus mobilizing species benefit directly
from improved P availability and may create indirect
benefits for neighbouring non P-mobilizing plants
by facilitating P uptake provided that the roots are in
close proximity (Giles et al. 2018). The influence of
root exudates from one plant on soil nutrient avail-
ability to a neighbouring plant will be largely deter-
mined by the spatial proximity of their roots (Fig. 2B)
and by the ability of the neighbouring plant to
respond (e.g. through altered root placement: Yu et al.
2020). Intercrop systems with a greater degree of spa-
tial mixing would thus be more efficient at facilitating
P uptake, and sowing arrangements that influence the
intimacy of crops in an intercropping system should
be considered to maximise facilitative processes.

Another possible pathway of P transfer between
plants is though mycorrhizal networks. Although
mycorrhizae contribute significantly to the P nutrition
of their host plants, their role in plant-plant nutrient
transfer is unclear, and might even be too small to be
of importance for plant phosphorus nutrition (Selosse
et al. 2006). Differentiation of P-uptake has also been
hypothesised, when two intercropped species use dis-
tinct pools of soil P (Turner 2008; Hinsinger et al.
2011).

Water

The combination of deep-rooted and shallow-rooted
species can lead to spatial niche differentiation,
allowing each species to access water in different
parts of the soil profile, and facilitation whereby
deep-rooted species aid shallow-rooted species in
their water acquisition. Hydraulic lift is the process
where soil water is translocated by plant roots from
wet to dry areas, driven by a water potential gradi-
ent (Richards and Caldwell 1987). Hydraulic redis-
tribution of soil water by deep-rooted species usually
occurs during the night when plant transpiration is

low or negligible. Redistribution of soil water from
deeper soil layers to dry surface areas can be espe-
cially beneficial in dry regions where water sources
are scarce. Moreover, hydraulic redistribution may
also improve nutrient uptake because local increases
in soil moisture can increase the mobility of nutrients
which either move by mass flow or diffusion (Snyder
et al. 2008; Matimati et al. 2014).

Isotope studies show that deep water sources are
hydraulically lifted and transferred to neighbouring
plants (Dawson 1993; Hawkins et al. 2009). There
are two pathways by which neighbouring plants can
access water redistributed by a deep-rooted plant
through hydraulic lift: indirect transfer from one plant
to another when water is driven out of the roots into
the surface soil, or directly through mycorrhizal net-
works linking root systems of neighbouring plants
(Prieto et al. 2012; Singh et al. 2019) (Fig. 2C).
Interspecific transfer of modest amounts of water
via hydraulic redistribution in intercropping systems
has been documented between deep- and shallow-
rooted perennial forage legumes (Pang et al. 2013)
and between annual crops, e.g. deep-rooted pearl
millet (Pennisetum glaucum (L.) R.Br) and drought-
susceptible rice (Oryza sativa L.) (Izumi et al. 2018).
Mycorrhizal networks can facilitate water transfer
between two plants. For example, pigeon pea was
able to hydraulically lift water from deeper soil lay-
ers to the topsoil, but only intercropped finger millet
plants that were connected to pigeon pea via a com-
mon mycorrhizal network were able to utilize this
water (Singh et al. 2019).

Other essential resources

Intercropping can also contribute to increased iron
(Fe) and zinc (Zn) uptake, and thereby increased
nutritional quality of harvested grain (Zuo and Zhang
2009; Xue et al. 2016). For example, Fe and Zn con-
centrations in the shoots of peanut plants grown with
barley, oats or wheat were significantly greater than
those in monocrops (Zuo and Zhang 2008). Grami-
naceous plant species exude phytosiderophores in
response to Fe deficiency to increase Fe and Zn avail-
ability and transport these nutrients from the rhizos-
phere to the root surface for uptake (Zuo and Zhang
2009). Intercropping non-phytosiderophore produc-
ing plants with graminaceaous plants could thus lead
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to enhanced Fe and Zn availability, assuming plant
roots are in close proximity. Furthermore, alleviat-
ing Fe deficiency has been suggested as an explana-
tion for increased N, fixation in legumes (Tang et al.
1990), which could in turn lead to enhanced N uptake
in cereal-legume mixtures.

Root traits contributing to suppression
of soil-borne diseases and pests in intercrops

The soil contains pathogens, which can be detrimen-
tal to crop yield especially when they accumulate in
cultivated soils, and effective methods to control soil-
borne diseases are often lacking (Gao et al. 2014).
Intercropping can suppress soil-borne pathogens in
three ways: (i) by reducing host plant density, (ii)
direct inhibition of pathogens by root exudates from
intercropped plants and (iii) by plant-induced changes
to the soil matrix that promote soil microbes antago-
nistic to pathogens (Fig. 3).

Reduced host plant density

It has been hypothesised that the dilution of host plants
in more diverse systems disrupts the ability of pests to
find and attack their intended host efficiently (Ratnadass
et al. 2012), a theory that is supported by aboveground
studies. Increased plant diversity also affects the
prevalence of soil microbial pathogens (Mommer et al.
2018), possibly due to increased distance between host
plant roots, which can reduce the severity of disease
and pest infestations (Ehrmann and Ritz 2014).

Intercrops can also directly interfere with the onset
of plant disease by reducing the dispersal of pathogen
spores and by modifying environmental conditions to
become less favourable for pathogens (Lithourgidis
et al. 2011; Boudreau 2013). Roots of the non-sus-
ceptible partner crop can create a physical barrier that
slows down the spread of the pathogen to infect sus-
ceptible neighbouring host plants (Ehrmann and Ritz
2014; Zhu and Morel 2018). Intercropping tomato
(Solanum lycopersicum L.) with a forage grass, for
example, reduced the incidence of tomato stem rot by
40 to 50% (Zhou et al. 2019) in this way. To reduce
distance between conspecific roots and thus dispersal
of pathogens, row or strip intercropping appears to be
the most suitable intercrop pattern.
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Direct inhibition by plants

Plants can release chemicals into the microenviron-
ment that directly affect pathogen and pest survival
(Meiners et al. 2012). Although these chemicals can
be produced and released in all parts of the plant,
when released through the roots, they can suppress
harmful soil organisms, as they are toxic, deterrent or
anti-feedant for one or various groups of soil-borne
pathogens/parasites (i.e. fungi, nematodes or bacte-
ria) or root-feeding herbivores. In intercrop systems,
plants with the ability to produce and release these
defensive compounds can act as a type of biological
control: the release of chemicals by one plant root
can suppress the pathogen or pest of another plant
(Ehrmann and Ritz 2014). Suppressing harmful soil
organisms through root exudates requires plants to be
in close proximity, since root exudates do not travel
far through the soil. Intercrop patterns whereby roots
of non-conspecific neighbours can mingle with each
other are most suitable for this direct way of sup-
pressing pathogens.

For fungal soil-borne pathogens, chemicals
released by intercropped species can protect neigh-
bouring crop plants by inhibiting spore germination
and mycelial growth, thereby reducing pathogen
abundance in the soil (Zhu and Morel 2018). For
example, intercropping watermelon (Citrullus lanatus
(Trunb.) Matsum and Nakai) with rice can alleviate
and control Fusarium wilt in the watermelon (Ren
et al. 2008), as root exudates released by rice were
shown to inhibit fungal spore germination by approxi-
mately 10% (Hao et al. 2010). Intercropping tomato
with forage grass significantly reduced the incidence
of tomato stem rot, although in vitro assays suggested
that root exudates of intercropped tall fescue had only
a small impact on the mycelium growth of the fungus
Rhizoctonia solani (c. 10-15% reduction in colony
diameter across a range of concentrations and expo-
sure times: Zhou et al. 2019). In citrus orchards in
South China and Vietnam, the herb Ageratum cony-
zoides is often grown as an understory plant as its
root exudates effectively inhibit spore germination
of soil-borne pathogenic fungi (Rioba and Steven-
son 2017). Kong et al. (2004) found reduced popula-
tions of pathogenic fungi (by up to 50%) in soils col-
lected from citrus orchard trees intercropped with A.
conyzoides compared with non-intercropped citrus
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Physical
barrier

Soil-born pests
and pathogens

Suppression

Microbes antagonistic to
plant pathogens

Fig. 3 Different pathways through which intercropping can
supress soil-borne pathogens and pests. The root system of an
intercrop species can create a physical barrier that slows down
the spread of pathogens or pests to neighbouring host plants.
Direct inhibition of pathogens can also occur via chemicals in

orchards, although the ability to supress the growth of
individual pathogens was not investigated.
Plant-parasitic nematodes can also be inhibited by
chemicals released by the roots of non-host plants.
Several Asteraceae species have been shown to affect
plant-parasitic nematodes negatively and can thus
benefit neighbouring plants in an intercropping sys-
tem (Tsay et al. 2004): marigold (Tagetes spp.) has
been widely studied due to its protective potential

Microbial
community

Root
exudates

Toxic or deterrent
chemicals

Different composition of
exudates in intercrop

compared to sole cropped
will attract more types of
microorgansims

root exudates from intercropped plants. Lastly, the roots of com-
ponent crops release different exudates into the soil, attracting
different types of microorganisms, changing the soil microbial
community composition, with increased chances that some
microbes will be antagonistic to plant pathogens

against plant-parasitic nematodes (Hooks et al. 2010).
Root galling on soybean (Glycine max L.) was sig-
nificantly reduced when intercropped with marigold
compared with monoculture soybean (El-Hamawi
et al. 2004). Similar results have been found in
tomato, mulberry (Morus alba L.), and water spinach
(Ipomoea reptans Poir.), all of which showed reduced
root-knot galling when intercropped with marigold
(Hooks et al. 2010).
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The use of toxic or deterrent root exudates in inter-
cropping for suppression of root-feeding insects has
not been widely addressed (Johnson et al. 2016).
However, Bjorkman et al. (2008) studied how the glu-
cosinolate content of cabbage (Brassica oleracea L.)
is affected by intercropping with clover, and how this
in turn influenced damage caused by turnip root fly
(Delia floralis). The study showed that tissue concen-
trations of glucosinolates, which are important defen-
sive compounds in Brassicaceae, typically decreased
in response to intercropping, potentially due to plant-
plant competition. Although this might suggest that
clover reduces the suppressive effects of cabbage
root exudates on damage by turnip root fly larvae,
intercropping studies using these two plant species
showed reduced oviposition by D. floralis adults
(Bjorkman et al. 2007), and smaller pupal weight of
larvae (Bjorkman et al. 2009) on intercropped cab-
bage, suggesting intercropping influenced insect per-
formance through multiple mechanisms.

Microbial abundance, diversity and activity

The diversity of organisms living in soils and espe-
cially those in the rhizosphere is largely influenced by
plant species composition and diversity (Kowalchuk
et al. 2002). Plants have species-specific effects on
rhizosphere microbial communities, due to differ-
ences in the amount and composition of root exudates
(Song et al. 2007b). Intercropping might affect the
composition of root exudates released by the com-
ponent crops, and therefore support microorganism
communities differing in composition and function
compared with sole cropping (Song et al. 2007a).
For example, intercropping cucumber with garlic
increased the abundance of soil bacteria and actino-
mycetes and decreased the abundance of fungi, com-
pared with monocultures, and this was associated with
increased soil alkaline phosphatase activity (Xiao
et al. 2012). Soils cultivated with sugarcane inter-
cropped with either peanut or soybean had greater
microbial activity and abundance than soils of mono-
culture sugarcane (Solanki et al. 2019). In tree-based
intercrop systems, greater soil microbial diversity has
been observed compared with conventional mono-
cropping systems (Lacombe et al. 2009). Greater
microbial diversity and/or activity will increase the
chances that some microbes will be antagonistic to
plant pathogens (Ratnadass et al. 2012), increasing
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the capacity of intercropped soils to reduce disease
severity (Dai et al. 2013; Medeiros et al. 2019). It is
worth noting that intercropping could affect beneficial
soil organisms, such as mycorrhizal fungi, through
mechanisms highlighted here, and investigating these
potential negative effects should not be neglected.

Root plasticity in intercropping systems

Plants are capable of modifying their root behaviour
in response to both biotic and abiotic signals (Rabbi
et al. 2017). As a result, a given plant genotype can
produce alternative morphological or physiological
phenotypes in response to different environmental
conditions (Pigliucci 2001). This ability to change
and adapt in response to variations in the below-
ground environment, termed plasticity, is important
for plant adaptation to spatial and temporal variations
in soil resources, but it is also expected to minimize
competition between neighbouring plants. Morpho-
logical root plasticity, i.e. changing of root architec-
tural traits, could minimise competitive root-root
interactions between plants by decreasing the size
of rooting zone overlap with neighbours, increasing
spatial niche differentiation (Schiffers et al. 2011).
In addition, physiological alterations in root nutri-
ent uptake and the exudation of organic and inor-
ganic compounds to increase nutrient uptake might
facilitate the growth of component crop neighbours.
Although in theory root plasticity would seem to be
a beneficial characteristic, allowing plants to adapt to
their changing environment, plasticity of certain root
traits might not always be advantageous. For instance,
the ability to ‘overproduce’ roots when competing
with neighbouring individuals may be essential for
plant survival in nature. However the plasticity of this
trait may be disadvantageous in agricultural systems
if it leads to plants allocating more biomass to their
root system instead of harvestable plant parts, which
may reduce crop yields (Weiner 2004).

The mechanisms and consequences of plastic-
ity in root growth for interactions among plants are
relatively unclear. The factors which can influence
root behaviour when intercropped (e.g. identity of
intercrop components, planting densities and spatial
arrangements, water and nutrient availability, timing
of planting/harvesting, and interactions with microbes
and other belowground organisms), makes the quest
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to understand root plasticity difficult. Here, we pre-
sent evidence for plasticity of several root traits in
intercrops.

Spatial root distribution

Plants have highly variable responses to the pres-
ence of neighbours in how they distribute their roots;
some species demonstrate avoidance (i.e. roots grow-
ing away from the neighbour), and some species tend
to grow roots towards neighbours (root aggregation)
(Zhang et al. 2020a). Even within the same species,
genotypes can respond differentially to neighbour-
ing roots. When sole cropped, eight winter faba bean
genotypes did not differ in their horizontal and ver-
tical root distribution. However, when intercropped
with wheat, some faba bean genotypes increased the
root horizontal spread, whereas other genotypes dis-
played minimal horizontal spread and instead grew
more roots in deeper soil layers beneath those of the
neighbouring wheat plants (Streit et al. 2019). Simi-
larly, wheat roots grew deeper in the soil profile when
intercropped with maize, and had c. 1.5 to twofold
greater root length density (RLD) at all soil depths
than when sole cropped (Li et al. 2006). The roots
of intercropped maize also showed increased RLD,
particularly in upper soil layers (up to two-fold), but
were limited in their lateral spread. These changes
in root traits were associated with 1.5-fold greater
N uptake and yield in wheat when intercropped, but
no change in P uptake, while maize nutrient uptake
and yield was unaffected. This indicates that root
plasticity benefited wheat growth more than maize,
indicating facilitative mechanisms were operating.
In a maize/faba bean intercrop, both crops showed
reduced RLD compared with sole crops, and a larger
proportion of faba bean roots were found in the upper
soil layers while intercropped maize allocated more
mass to roots growing in deeper layers, reaching soil
layers below the depth of faba bean roots (Li et al.
2006). In this intercrop combination, faba bean and
maize showed greater biomass (faba bean) or yield
(maize), and faba bean had 1.6-fold greater P uptake
when intercropped with maize than in sole cropping,
suggesting that niche differentiation led to each crop
partner benefiting from different aspects of plasticity
in terms of root placement and capacity for nutrient
acquisition.

In another study, maize demonstrated root
avoidance when grown with another maize plant,
with reduced root growth in ‘shared’ soil (Zhang
et al. 2020a). Conversely, maize roots proliferated
and showed greater root overlap when grown with
neighbouring faba bean plants (Zhang et al. 2020a).
Maize shoot biomass was c. 30% larger and P content
was c. 25% greater in the maize/faba bean combina-
tion than in the maize/maize system, which suggested
that maize benefited from capturing the P mobilized
by faba bean (from root citrate and acid phosphatase
exudation) (Zhang et al. 2020a).

When maize and alfalfa were grown together, both
crops showed more root proliferation in the topsoil
than the monoculture crops, and roots proliferated
laterally towards associated species and intermingled
with each other (Sun et al. 2019). The intercropped
species showed improved overall yield and P accumu-
lation, but this was driven by alfalfa, which showed
improved root growth (up to 60% increase in root
dry mass), P uptake (by 1.5-fold) and yield (by two-
fold) in the intercrop compared to the monoculture.
By contrast intercropped maize showed reduced root
growth (30% reduction in dry mass), phosphorus
uptake (by 24%), and yield (c. 10% reduction) (Sun
et al. 2019). This might indicate that, for this inter-
crop pair, plasticity in root distribution was not suf-
ficient to combat competition, and that overyielding
was driven by selection effects favouring the domi-
nant alfalfa.

The location of the different root systems in an
intercrop seems to depend on the physical interac-
tions between the component crops, but this might be
modified by changing resource availability. Liu et al.
(2015) found that the lateral spread of intercropped
wheat roots decreased with increasing N application,
while the maize component showed less morphologi-
cal plasticity in spatial root distribution across differ-
ent N application levels when intercropped; this plas-
ticity correlated with crop differences in N uptake and
biomass, which were increased in wheat and reduced
in maize when intercropped, leading to overyield-
ing compared with crop monocultures that might
have resulted from selection effects (Liu et al. 2015).
Moreover, Ma et al. (2019) showed that roots of
wheat intercropped with maize spread further later-
ally under rainfed conditions than under supplemen-
tary irrigation, whereas the opposite was observed for
maize.
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Root length density (RLD)

Increased root length in a soil volume is linked to
improved soil exploration and resource capture.
A study of root traits associated with enhanced
P capture in diverse Steppe species mixtures on
P-deficient soils showed the importance of root
plasticity in realising facilitation benefits: although
P-mobilising species such as Melissilus ruthenicus,
Potentilla tanacetifolia and Filifolium sibiricum
improved the availability of organic and inorganic
phosphate in the soil, the non-mobilising species that
showed improved biomass (Cleistogenes squarrosa
and Bromus inermis) were those exhibiting plasticity
in root length and, to a lesser extent, in the proportion
of fine roots and root acid phosphatase activity (Yu
et al. 2020). Different responses in RLD have been
observed when plants are intercropped compared
with monocultures. In a study of intercropped wheat
and maize where root interactions were manipulated
using a plastic film barrier, wheat roots that could
interact with maize showed up to 70% increase in
root length density down the soil profile compared
with treatments where roots could not interact (Wang
et al. 2018), although it varied between years. By
contrast, intercropped maize exhibited reduced RLD
at shallow depths and increased RLD deeper in the
soil profile when roots were allowed to interact with
neighbouring wheat plants. After wheat harvest, the
intercropped maize showed accelerated root growth
with highest root density achieved in the treatment
where belowground root interaction had occurred,
and this was thought to be responsible for 20% of
the overall increase in grain yield resulting from
intercropping (Wang et al. 2018).

By contrast, in a proso millet (Panicum miliaceum
L.)/mung bean (Vigna radiata L.) intercrop system,
both crops had a higher RLD in the upper (0-50 cm)
soil layer and greater lateral spread when inter-
cropped compared with the respective monoculture
(Gong et al. 2020). This was linked with improved
water uptake by intercropped proso millet, which ben-
efited in terms of greater biomass and yield, whereas
intercropped mung bean showed less productivity
than monocropped plants, suggesting that the higher
land use efficiency of the intercrop resulted from
selection effects favouring proso millet dominance. A
similar pattern was observed for intercropped maize
and soybean, both of which displayed enhanced RLD
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compared with the corresponding monocrop (Ren
et al. 2017), and this was associated with improved
grain yield of maize but reduced soybean grain yield
compared with their respective sole crops. Results
from these two studies indicate that enhanced RLD
by both intercropped partners might only lead to ben-
efits through selection effects if one of the crops is
dominant.

Furthermore, interspecific competition might
even lead to reduced RLD of both crops, for exam-
ple in tree-based alley cropping systems. The roots
of intercropped walnut (Juglans regia) and wheat
had smaller RLDs at all soil depths than those of sole
walnut trees and wheat, and aboveground yield of
each crop was reduced, although total yield showed
that land use efficiency was improved in the intercrop
(Zhang et al. 2015; Duan et al. 2019). Similarly, the
roots of both intercropped cotton (Gossypium hir-
sutum) and jujube (Zizyphus jujuba) (Zhang et al.
2019b), and intercropped jujube and wheat (Zhang
et al. 2013), had smaller RLDs compared with the
respective monocultures. In these tree-based systems,
yields of all component species were reduced when
intercropped, but to a relatively small extent as land
equivalent ratios were found to be greater than one,
indicating more efficient overall use of resources
under intercropping.

Rooting depth

Intercropping has been hypothesised to increase the
rooting depth of crops and thus the soil volume and
soil resources explored (Thorup-Kristensen et al.
2020). Plasticity in rooting depth could be ben-
eficial in intercrop systems if it reduces direct root
competition, allowing one plant species to access
soil resources at depths that are inaccessible to the
companion species. In a walnut/wheat agroforestry
system, roots of the walnut trees grew significantly
deeper compared with pure stands of walnut trees
(Cardinael et al. 2015). There were twice as many
fine walnut roots in the top 50 cm of soil in the tree
monocrop than when intercropped, but intercropped
trees grew fine roots to much greater depths com-
pared to the monocrop (i.e. below the depth reached
by the annual crop roots). This plasticity reduced
direct root competition with the wheat crop, ena-
bling trees to access deeper water tables not available
to wheat roots. By contrast, Neykova et al. (2011)
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found no consistent differences in the rooting depth
down to 1.4 m between single-crop and intercropping
systems of maize and legumes. However, more even
vertical distribution of fine roots down the soil profile
was observed in the intercropping systems compared
to the monocrops. These studies did not, however,
examine how these rooting depth changes affected
water or nutrient uptake and yield.

Average root diameter

A root system is composed of a heterogeneous assem-
bly of roots of different diameters. Roots with a rela-
tively large diameter are involved in storage of plant
resources and the transport of water and nutrients,
whereas fine roots are responsible for the absorp-
tion of soil resources (Zadworny et al. 2016). A shift
in the average diameter of the root system could
indicate a change in the root system’s overall nutri-
ent uptake capacity; a smaller average root diameter
might signify a larger fraction of absorptive roots.
In a walnut/wheat intercrop system, the root diam-
eter of both component species was smaller than that
of sole walnut trees and wheat (Zhang et al. 2015).
Despite a smaller average root diameter, root com-
petition belowground in the intercrop system led to
decreases in yield and biomass of both crops. Simi-
larly, the roots of intercropped cotton and jujube both
had smaller root diameters at all soil depths compared
with those of sole-cropped cotton and jujube trees
(Zhang et al. 2019b) and cotton and the jujube fruit
yields were reduced, although land use efficiency was
improved.

By contrast, intercropping poplar (Populus alba
L.) with alfalfa reduced the average root diameter
(and yield) of alfalfa and increased the average root
diameter of poplar in the top soil layers, but with no
effect on stem wood volume (Yang et al. 2019). Inter-
cropping millet with peanut (Arachis hypogaea) was
associated with smaller average millet root diameter,
but no significant change in peanut root diameter,
when roots were allowed to interact belowground
(Zou et al. 2019). There was, however, a 50-60%
increase in root volume of both species and more than
two-fold increase in biomass yield (of each crop and
the intercrop) compared with an intercrop treatment
where root interaction was prevented with a solid bar-
rier, accompanied by similar increases in N, P and K
acquisition (Zou et al. 2019).

Fine roots and root hairs

Despite their small size, fine roots (diameter <2 mm)
are considered the most active in taking up soil
resources. Fine roots can grow into smaller soil pores,
increasing root contact with the soil solution, and root
surface area for water and nutrient uptake (Volder and
van lersel 2019). Root hairs, which are extensions of
root epidermal cells, further increase the absorptive
surface area of the root (Zhu et al. 2010).

In tree-based alley cropping systems, the fine roots
of the intercropped trees seem to extend into deeper
soil layers, while the fine roots of the intercropped
annual crops remain in shallower soil compared with
the respective monocultures: this was the case for
apple (Malus pumila M.) intercropped with either
soybean or peanut (Sun et al. 2018). Apple—annual
crop intercropping inhibited growth of the fine roots
of apple trees in the 0—60 cm soil depth, reducing fine
root density by 25-35%, while fine root density in the
60-100 cm soil layer was unchanged compared to
the monoculture; by contrast, fine root density of the
intercropped soybean or peanut was reduced through-
out the soil profile (Sun et al. 2018). In a study of
annual crops, the fine roots of maize intercropped
with several legumes were found to be more homo-
geneously distributed down the soil profile than in the
maize monoculture, with 50% of fine roots located
in the 0-36 cm soil layer in the intercrop and in the
15-21 cm soil depth in monocultures (Neykova et al.
2011). Furthermore, artichoke (Cynara cardunculus
L.) grown with living mulch showed proliferation
of root hairs, which was not observed in artichoke
grown alone (Trinchera et al. 2017). Additionally,
living mulch promoted root mycorrhizal colonisa-
tion (up to three-fold depending on artichoke culti-
var) which improved P depletion of the rhizosphere.
However, living mulch had no effect on the yield of
intercropped artichoke, when compared with the sole
crop.

Root nutrient uptake capacity and nutrient transport
ability

One of the most important physiological functions
of roots is the uptake of water and nutrients, which
can vary along the length of the root and with root
anatomy. Intercropped plants might increase nutri-
ent uptake capacity by increasing the number of
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absorptive roots or density of root hairs, or through
the physiological adjustment of resource uptake kinet-
ics. A common observation in intercropped systems is
when one component crop increases nutrient uptake,
while the other crop shows no change or reduced
uptake. During the co-growth period of wheat inter-
cropped with maize, wheat showed two-to-fourfold
higher N uptake rates per unit root length compared
with the sole crop, while that of intercropped maize
was reduced by c. 25-50% relative to the sole crop
(Liu et al. 2015). After wheat harvest, intercropped
maize can ‘recover’ as shown in a further study where
the N uptake per unit root length was two-fold greater
than for sole cropped maize (Liu et al. 2020b). In
parallel, the intercropped wheat in these two studies
accumulated 25-30% more aboveground biomass
and grain yield than sole cropped wheat, while maize
yield was not affected by intercropping, resulting in
higher yield from the intercrop (Liu et al. 2020a, b).
Similar results were observed by Li et al. (2001b) in
a wheat/soybean and wheat/maize system: compared
with sole crops, the N and P accumulation rates of
intercropped soybean and intercropped maize were
impaired at the early growth stage, but then recov-
ered after wheat harvest to reach higher levels than
sole crop stands which led to up to two-fold higher
biomass accumulation compared with soybean and
maize sole crops (Li et al. 2001b).

The mechanisms underpinning improved nutri-
ent uptake, such as changes in membrane transporter
activity, have been investigated in only a few cases.
In a millet/peanut intercrop system, N and P acqui-
sition by millet increased as a result of upregulated
expression of proteins involved in N and P transport,
such as urease (which releases inorganic N from urea:
de Souza et al. 2020) and the transmembrane inor-
ganic phosphate transporter 1-4, while peanut roots
showed elevated expression of malate dehydrogenase
(Zou et al. 2019). Expression of P transporter genes
in maize can be induced by phosphate-starvation
(Nagy et al. 2006): when intercropped with faba bean,
the expression levels of these transporter genes was
downregulated by 30-70% in maize roots, indicating
that intercropping had enhanced soil P availability
and thus improved the P status of maize, as shown by
the parallel increase in maize shoot P content (Yan
et al. 2014). However, increases in membrane trans-
port activity might have little effect on the ability of
roots to acquire immobile nutrients if these are not
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present in the soil surrounding the roots. For instance,
genes encoding P transporters might be induced, but,
unless phosphate is available for uptake from the soil
solution, the increased transporter activity will have
little consequence.

Root exudation of phosphatases or carboxylates

In intercropped peanut/maize, the activity of acid
phosphatases in the rhizosphere and bulk soil, and
in root secretions, was 30-90% higher relative to
monoculture peanut and maize (Inal et al. 2007).
This led to 2-2.5-fold higher tissue concentrations
of Fe and Zn in peanut and 0.2-to-twofold higher
tissue P and K concentrations in peanut and maize;
tissue N concentrations were unchanged by inter-
cropping. Despite higher tissue nutrient concentra-
tions of the intercropped plants, shoot dry weights of
both peanut and maize were significantly smaller (by
20-30%) when intercropped compared with those in
the corresponding monocultures, suggesting that total
nutrient uptake was reduced, and that increased acid
phosphatase activity did not directly benefit either
species when intercropped. Similarly, maize inter-
cropped with faba bean showed no change in shoot
or root biomass or plant P content despite a 12-fold
increase in rhizosphere concentrations of malate
in the intercrop compared with maize monoculture
(Li et al. 2013). Faba bean, however, benefited from
being intercropped with maize, showing 10-15%
increases in shoot biomass and P content compared
with monocropped faba bean (Li et al. 2013), pos-
sibly due to reduced within-species competition (i.e.
through niche differentiation) for soil P released by
exuded malate.

Root interactions between rapeseed (Brassica
napus) and Chinese milk vetch (Astragalus sinicus)
facilitated P uptake (c. 30% increase) and root growth
(c. 25% increase) in rapeseed grown with three plants
of Chinese milk vetch (Zhang et al. 2019a). Citrate
and phosphatase exudation in the rhizosphere of Chi-
nese milk vetch increased 0.5-to-sixfold when grown
with rapeseed compared with the monocrop, with
highest values achieved when vetch planting densities
were reduced from 15 to 6 plants per rapeseed plant
(Zhang et al. 2019a). However, even with these posi-
tive rhizosphere interactions the intercropping sys-
tems still produced similar or less biomass compared
with the monoculture.
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Mycorrhizal fungi

Various studies have reported that intercropping sys-
tems inoculated with arbuscular mycorrhizal fungi
performed better (increased biomass) than corre-
sponding monocultures and non-mycorrhizal inter-
crops due to increased nutrient and water uptake (Ren
et al. 2013; Wahbi et al. 2016; Singh et al. 2019) and
alleviated disease (Ren et al. 2008). Mycorrhizae
seem to benefit from the increased plant diversity
under intercropping, due to a larger number of pos-
sible host-fungal pairings and increased amount of
plant roots available for colonization (Burrows and
Pfleger 2002). In a mixed cropping system of two cut-
flower species, mixed cropped plants had significantly
higher (20-70%) mycorrhizal colonization than the
corresponding monocropped plants (Riaz and Javaid
2017), although there was no overall effect on flower
and bulb yields. Introduction of trees into agricultural
crops to create alley crops has been shown to pro-
motes the diversity of mycorrhizal fungi and abun-
dance of fungal spores compared with forest mono-
crops (Chifflot et al. 2009; Lacombe et al. 2009).
These effects, however, are not consistent between
sites and tree species (Lacombe et al. 2009; Bainard
et al. 2011a), with some studies showing neutral or
negative effects, and the functional consequences
of these changes remains to be established (Bainard
et al. 2011b).

Selecting root traits to improve intercrop
performance

A major challenge when supporting the development
of intercropping systems remains the design of suit-
able mixtures of species or cultivars. Choice of crop
species combinations and intercrop sowing patterns
can be altered to optimise complementarity effects
and reduce selection effects (Li et al. 2020b). Modern
crop varieties are not necessarily the most suitable for
optimising complementarity effects in intercrop sys-
tems, as they have been bred for monocultures, typi-
cally with high input levels, and plant traits consid-
ered beneficial in these conditions may not be ideal
for intercropping (Lithourgidis et al. 2011). However,
crop breeding programs for intercrops are rare and a
clear definition of which root ideotypes plant breed-
ers should consider for positive interactions, such as

niche differentiation and facilitation, is lacking. Here
we propose a set of root traits that could optimise
these beneficial plant-plant interactions and improve
intercrop performance.

Complementarity in root traits

A first step involves identifying the intended outcome
of plant team cropping, whether to optimise yield or
grain quality, resource use efficiency, or pest suppres-
sion, and characterising the complementary traits in
the plant team partners likely to underpin these out-
comes (Table 1). Desirable traits need to be selected
in concert for the component crops (Table 1) to focus
on characteristics that promote facilitation, comple-
ment each other in terms of resource requirements in
space and time, and minimise crop-crop competition
(Louarn et al. 2020). As discussed in the previous sec-
tion, plasticity in belowground traits is likely to play a
key role in improving intercrop performance relative
to monocultures. Morphological root plasticity can
enhance niche differentiation (Table 1), for example
through vertical separation, whereby one crop grows
its roots in upper layers and the other crops grows its
root in deeper soil layers below its neighbour, thereby
reducing competition for resources in the same soil
stratum (Li et al. 2006; Streit et al. 2019). Moreover,
this plasticity can also favour facilitation (Table 1),
when plants grow towards neighbouring plants, lead-
ing to root intermingling, thereby facilitating nutrient
uptake (Sun et al. 2019; Zhang et al. 2020a). Despite
being a potentially beneficial trait for intercrops, there
are challenges in determining if morphological root
plasticity is heritable and whether this trait could be
implemented to provide consistent benefits in terms
of overyielding (Table 1).

Another interesting root trait target for breed-
ing for niche differentiation could be the ability to
shift preference for nitrate (NO;~) to ammonium
(NH,*) or vice versa (Table 1). Adjusting N uptake
strategy could be beneficial for differentiating the
uptake of chemical N forms by intercropped plants.
As described above, Liu et al. (2020a) studied the N
uptake pattern of two grasses growing together and
found that one of the two grasses was more capable of
changing its N uptake strategy. Furthermore, Ashton
et al. (2010) studied four alpine species, and showed
that they shifted their N uptake strategy when grown
with a neighbour, compared with being grown alone.
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They also found that the dominant species increased
uptake of the main N form (NH,*) by 3-to-eightfold
when interacting with other species, but the com-
petitively inferior species showed no adjustment in N
uptake strategy. Similarly, different plants can regu-
late P uptake through expression of phosphate trans-
porters and therefore expression of these transporters
at different times and locations on the root system
could lead to complementarity between crops.

Table 1 Root trait ideotypes for mixed cropping that could
lead to niche differentiation and/or facilitation and might ben-
efit intercrop plant functions. References highlighted in green
represent studies where there was clear overyielding of the
intercropped system, while text in red shows where inter-
cropped systems underyielded compared to sole crops. Stud-

In the case of facilitation, the root traits of the
‘facilitator’ seem to be of most importance. Plants
exuding particular root exudate compounds could
improve phosphorus uptake or the suppression
of soil borne pathogens in the partner crop with-
out apparent direct benefit to the facilitator spe-
cies (Table 1). Facilitation can also occur between
plants that are linked by mycorrhizal hyphal net-
works, which may allow transfer of resources from

ies with amber text either showed no effect of intercropping
on yield or had mixed effects when comparing either different
partner crops or times within the growing season. Where text
is black there was no evidence provided in the study of impact
on yield

Intercrop

Root trait Niche differentiation Example Facilitation Example References
patterns
(Zhang et al.
Crop 1: Root growth into  Root proliferation Mixed 2P,
o ) ) P SO0t Blow Prof ) Growth towards P- (Streit et al. 2019)
Plasticity in | Vertical separation of deeper soil layer under towards neighbouring . . Row .
. . mobilizing species (Li et al. 2006)
root roots to access discrete component crop species and root .
L . . . . Lo roots, to capture Relay (Cardinael et al.
distribution | soil resources Crop 2: Root proliferation  intermingling .
in the upper soil layers imebilzec Agroforestry A0
PP Y (Sun et al. 2019)
Yu et al. (2020)
(Sun et al. 2018)
Crop 1: Fi ts of Neyk tal.
~rop {neroots o Increased fine root Increased absorptive (Neykovacta
. intercropped trees extend R . . 2011)
Fine roots X . . . density and proliferation  surface area of the ixed
Vertical separation of fine  into deeper soil layers . Mixe
and root root placement Crop 2: Fine roots of of root hairs to capture root system could
hairs P . p = resources when enhance water and Agroforestry
intercropped annual crops . . (Wang et al. 2018)
L X intercropped nutrient uptake
remain in shallower soil
Crop 1: Improved nutrient
“p‘f‘kde f‘:rt'l‘:g °°'g“’Wthf (Liu et al. 2015)
. .. riod (a Xpen: .
Nutrient Upregulated activity of perio © expense o Mixed (Liu et al. 2020a)
. . component crop) .
uptake transporters involved in N (Liu et al. 2020b)
. . Crop 2: Enhanced Relay .
capacity and P transportation ! . (Li et al. 2001b)
nutrient uptake per unit
root length, after harvest
of component crop
Crop 1: Increased uptake
S f thei in N f .
Plasticity in | Increased uptake of one (ONOeil)r main i torm Mixed (Liu et al. 2020a)
nutrient form of N over another ’ (Ashton et al.
uptake form | (NOs™ vs. NHy") Crop 2: Reduced NOy Row 2010)
P 3 4 uptake, enhanced NH,* -
uptake
. Mobilise soil organic (Inal et al. 2007)
. R Increased acid
Exudation of | Utilisation of more Crop 1: Increased use of hosphatase activity or phosphorus and ) (Zou et al. 2019)
phosphatases | recalcitrant forms of P organic P p 1 X Y increase soluble Mixed (Zhang et al.
. . increased citrate or . .
or leaving available P for co-  Crop 2: Greater access to .o inorganic phosphorus ~ Row 2019a)
. . malate secretion in o .
carboxylates | crop soil available P - availability for one or (Lietal. 2013)
P Y both crops (Yu et al. (2020)
Toxic or Exudation of Suppression of soil ) (Zhou et al. 2019)
X antimicrobial 1pp . Mixed (Hao et al. 2010)
deterrent borne pathogens of
root exudates compounds neighbouring crops Row (Gao etal. 2014)
g € crop (Kong et al. 2004)
Increased mycorrhizal Mixed (Riaz and Javaid
Crop 1: Increased use of . . .
X . . fungal diversity, Transfer of soil Row 2017)

. . . nutrients in small soil .
Mycorrhizal | Utilisation of physically ores abundance and root resources between Stri (Bainard et al.
fungi discrete resources p colonisation in intercrop  plants through P 2011a)

Crop 2: Greater access to . Rel A
. . systems mycorrhizal networks clay (Ren et al. 2013)
root available nutrients .
Agroforestry (Singh et al. 2019)
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one plant to another. The ability to use distinct pools
of nutrients in soil either through exudates which
give access to a specific form of P (e.g. phosphatase
and organic P) or through access to physically
occluded sources of nutrients (e.g. through associa-
tion with mycorrhizae that increase the volume of
soil explored) can also allow the partner plants to
be complementary to one another allowing access to
discrete resources from the same soil volume. Nev-
ertheless, many of these traits are unlikely to work
in isolation: for example, intercropping a P-mobiliz-
ing species with a partner plant that can respond by
increasing P uptake transporter activity or altering
its root distribution to be in closer proximity to its
neighbour would be most beneficial. This makes for
a complex genetic improvement programme, where
multiple traits need to be targeted in multiple crop
species to give the optimal combination of root traits
in the resultant intercrop.

Root traits and selection effects

High yields in intercrops, in some cases, might simply
result from the mixture being dominated by a high-
yielding species (i.e. positive selection effects), par-
ticularly when productivity is promoted by large fer-
tiliser inputs. A study of maize-legume intercrops in
China showed that the net biodiversity effect on inter-
crop yield was explained largely by complementarity
effects in the absence of nitrogen fertiliser but shifted
towards selection effects when nitrogen fertiliser was
applied (Zhang et al. 2021). Positive selection effects
mean that species mixtures will outperform the aver-
age monoculture, but not the best monoculture,
whereas complementarity effects promote the over-
all performance of species in mixtures and lead to
greater net resource use (Schob et al. 2015). Although
complementarity effects are likely to be more desira-
ble for intercrop improvement, not least because they
have the potential to reduce fertiliser use, it is useful
to consider the plant traits that might underpin selec-
tion effects.

Amongst arable weed species, positive selection
effects were associated with rapid growth and large
biomass (Schob et al. 2015). By analogy, it can be
speculated that root traits contributing to positive
selection effects in intercrops are also likely to be
those associated with greater crop productivity — often
a key target for modern crop breeding— suggesting

that root traits selected during the process of develop-
ing modern cultivars for monoculture cropping might
also underpin positive selection effects in intercrops.
Crop breeding and selection over many decades and
centuries have successfully created domesticated crop
varieties with larger biomass and harvest index, and
these characteristics are associated with increased
root biomass compared with wild progenitor species
(Martin-Robles et al. 2019). The root traits underpin-
ning greater root biomass in domesticated crops vary
in importance, however, and can be achieved through
individual or combined traits including larger root
density, thickness, and length (Martin-Robles et al.
2019). Crop improvement in wheat over> 100 years,
for example, has increased yield and harvest index,
and simplified the root system, with modern varie-
ties exhibiting fewer longer seminal roots exhibiting
smaller lateral spread than older cultivars (Zhu et al.
2019).

The possibility that root traits leading to greater
productivity are also those that underpin positive
selection effects is borne out by some studies high-
lighted in this review. For example, high yields in
intercrops of maize-alfalfa (Sun et al. 2019) and mil-
let-mung bean (Gong et al. 2020) were driven by bet-
ter performance of one component (alfalfa and mil-
let, respectively) and these dominant species showed
larger root mass, increased root proliferation in the
topsoil and greater lateral root spread. If root trait
choice for positive selection effects can be guided
by the breeding targets of faster biomass accumula-
tion and rapid resource capture (i.e. root vigour),
then rapid root emergence and a genetic predisposi-
tion for rooting depth that matches local soil water
and nutrient availabilities are proposed as traits of
focus for future ‘designer crops’, along with the abil-
ity for plastic root growth in response to resource
deficiencies (Voss-Fels et al. 2018). Indeed, a study
of wheat-maize intercrops highlighted in this review
lends support to these suggestions, revealing that
wheat showed greater plasticity in lateral root spread
than maize (in response to increasing N availability),
and wheat intercropped with maize achieved higher
yields compared to wheat monocultures while inter-
cropped maize yields were reduced (Liu et al. 2015).
Future targets for crop improvement could be guided
by existing knowledge of root traits correlated with
early vigour, such as root length (in cotton: Liu et al.
2019; and in wheat: Vijaya Bhaskar et al. 2019).
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Agronomy to maximise intercrop root trait effects

Alongside identifying root traits that could be used
in designing crop combinations suited to intercrop-
ping, the sowing ratio of component crops, and their
spatio-temporal arrangement in the field, are impor-
tant considerations. Intercropping outcomes can dif-
fer greatly between crop combinations and might be
influenced further by agronomic choices that alter
the behaviour of roots, meaning that even dramatic
changes in expression of complementary root traits
might not always translate into benefits for intercrop
performance. For instance, the distance between
the intercropped plants influences the extent of root
intermingling, which is essential for facilitating P
uptake between plants with different P uptake strat-
egies (Giles et al. 2018). Moreover, in two years of
field experiments, maize/soybean intercropping sup-
pressed the occurrence of soybean red crown rot by
30 to 50%, and this reduction was much greater with
decreasing distance between plants (Gao et al. 2014).
With only a handful of examples for each root trait
and a range of external factors influencing the behav-
iour of roots, further research is necessary to charac-
terise optimal sowing patterns, plant combinations
and densities for different crop mixtures and root trait
combinations.

The different mechanisms at play between inter-
cropped roots are also likely to vary between types
of intercropping systems. For instance, in relay inter-
cropping, the ability of the late planted crop to rap-
idly increase root growth (e.g. root length density)
and nutrient uptake after the dominant crop has been
harvested seems to underpin the success of these
types of intercrop systems. These temporal changes
in root traits are probably less important for inter-
cropping systems where plants are grown simultane-
ously throughout their growing period. Plasticity in
rooting depth might be less important in tree-based
intercrop systems, as trees usually grow their roots
in deeper soil layers than the intercropped annual
crops. However, more information is needed regard-
ing how intercrop management, such as sowing pat-
terns, planting densities and ratios, timing of planting
and harvesting, and preceding crops in the rotation,
influence root behaviour in intercrops. Furthermore,
understanding root behaviour in response to environ-
mental factors, such as variation in water and nutrient
availability, soil type, soil microbiome composition
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and the presence of other belowground organisms,
remains fragmented. It is hoped that this synthesis of
current knowledge will stimulate further research to
fill these knowledge gaps and address important ques-
tions surrounding the nature of root-root interactions
in intercrop systems and the root traits that influence
their outcomes.

Conclusion

Intercropping has been used as a viable agricul-
tural practice for thousands of years and is wide-
spread in many parts of the world, but there are still
major knowledge gaps in understanding the mecha-
nisms of interactions between intercropped roots,
the root traits that influence those mechanisms and
the importance of trait plasticity. Synthesis of the
existing literature has highlighted root trait combi-
nations or intercrop ‘ideotypes’ that might promote
complementarity between species, and indicates
that spatial and temporal trait plasticity could vary
in importance for mixed, relay and agroforestry
intercrops. Better understanding of intercropping
systems could help increase the implementation
of these systems in modern agriculture. We need
to assess belowground interactions as critically as
aboveground processes and consider both spatial
distribution of roots and mechanisms in the rhizo-
sphere that aid complementarity and reduce compe-
tition. If it is soundly practiced, intercrops use soil
resources more efficiently and require fewer ferti-
lizer and pesticide inputs. Intercropping can there-
fore be a sustainable, low-input method of farming
with potential to provide resilience in a future with
uncertain climatic conditions. Filling the existing
knowledge gaps regarding important traits for inter-
cropped species and varieties, and enabling farmers
to adopt intercropping practices, are essential next
steps for a fruitful future for intercropping.
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