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ABSTRACT
Background: Plant communities are usually characterised by species composition and abun-
dance, but also underlie a multitude of complex interactions that we have only recently
started unveiling. Yet, we are still far from understanding ecological and evolutionary pro-
cesses shaping the network-level organisation of plant diversity, and to what extent these
processes are specific to certain spatial scales or environments.
Aims: Understanding the systemic mechanisms of plant–plant network assembly and their
consequences for diversity patterns.
Methods: We review recent methods and results of plant–plant networks.
Results: We synthetize how plant–plant networks can help us to: (a) assess how competition
and facilitation may balance each other through the network; (b) analyse the role of plant–
plant interactions beyond pairwise competition in structuring plant communities, and (c)
forecast the ecological implications of complex species dependencies. We discuss pros and
cons, assumptions and limitations of different approaches used for inferring plant–plant
networks.
Conclusions: We propose novel opportunities for advancing plant ecology by using ecolo-
gical networks that encompass different ecological levels and spatio-temporal scales, and
incorporate more biological information. Embracing networks of interactions among plants
can shed new light on mechanisms driving evolution and ecosystem functioning, helping us
to mitigate diversity loss.

ARTICLE HISTORY
Received 29 October 2018
Accepted 24 May 2019

KEYWORDS
Biodiversity; commensalism;
competition; ecological
networks; facilitation;
interaction chains;
parasitism; plant community

Introduction

‘No plant is an island’

Traditionally, it has been proposed that environ-
mental heterogeneity, competitive ability and niche
differences between species are the main drivers of
biodiversity in ecological communities (Grubb
1977; Chesson 2000; HilleRisLambers et al. 2012).
As highlighted by Grubb (1977), niche differentia-
tion includes diversifying life forms and functional
traits, phenology and particularly regeneration
strategies through space and time. These processes
also contribute to and result from differences in
species interactions in ecological and evolutionary
time scales, respectively. In addition, plant com-
munities harbour a very large variety of complex
interactions that we have only recently started to
unveil (Callaway 2007; Klein et al. 2016; Mescher
and Pearse 2016; Levine et al. 2017). Diversity
coupled with the complexity of biotic interactions
challenge our current understanding of plant
diversity and the organisation of plant commu-
nities. Recent applications of network theory to

the study of biotic interactions among plant species
is helping us to tackle such complexity, revealing
hitherto hidden aspects of organisation of plant
community diversity. However, network-level
mechanisms driving local scale diversity and the
role of plant interaction networks for shaping the
diversity of plant communities remain unclear,
overlooked aspects. A better understanding of
plant–plant interaction networks by means of
a unified framework is therefore key to improving
our knowledge of plant diversity.

But, why should one care about plant networks?
Plant diversity is more than a list of species,
a collection of herbarium specimens, a summary
index, a phylogenetic tree or a multidimensional
trait space. Rather, biotic interactions are founda-
tional to plant diversity at the local, community
scale (Grace and Tilman 1990; Callaway 2007;
Levine et al. 2017). That is, the type, intensity,
and diversity of interactions embedded in
a network-like structure are all contributing
mechanisms to the diversity and stability of plant
communities.
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Wedefine plant networks as systems of plants (such
as individuals, species ormeta-communities) linked by
ecological relationships (such as competition, facilita-
tion or concurrence). Plant networks can therefore
encapsulate emergent properties of plant communities
and provide further information beyond species rich-
ness or phylogenetic similarity about the potential
mechanisms of community assembly, community
dynamics and the resistance of plant diversity to envir-
onmental change (Grilli et al. 2017; Losapio and Schöb
2017; Saiz et al. 2017). In this sense, plant networks
extend ‘classic’ knowledge of systematic and functional
botany to explain ecological patterns of plant diversity
and improve our understanding of evolutionary pro-
cesses shaping plant communities (Verdú and
Valiente-Banuet 2008; Kefi et al. 2012). This improved
knowledge of plant community ecology can have
important implications to advance our forecasting
ability and can benefit practices for conserving single
populations and entire ecosystems simultaneously.

We reviewed the literature on plant–plant net-
works and identified three main challenges to be
tackled for a better understanding of how networks
of plant–plant interactions can influence biodiver-
sity. First, along with competition, simultaneously
considering other widespread interactions among
plants within this trophic level that shape the struc-
ture and dynamics of ecological communities, such
as facilitation, commensalism, and parasitism
(Callaway 2007; Burns and Zotz 2010). For exam-
ple, facilitation and competition can potentially
balance each other, resulting in a broad range of
possible context-dependent outcomes (Callaway
and Walker 1997; Levine 1999; Choler et al. 2001;
Schöb et al. 2014a).

Second, one major challenge is to describe and
quantify, in addition to pairwise interactions, direct
and indirect interaction effects among multiple
species. Although research to date in plant and
theoretical ecology has mainly focused on interac-
tions between pairs of species (Chesson 2000),
species pairs rarely interact in isolation from the
rest of other species and their interactions in the
community (Bascompte and Jordano 2014; Levine
et al. 2017). Pairwise interactions can be affected by
other species interactions (Mayfield and Stouffer
2017), as interactions between two species can
change depending on the presence of other com-
munity members and the interactions among them
(Losapio et al. 2019).

Third, plant interactions can have important
implications for ecological processes at different
levels of organisation as well as at different

temporal and spatial scales. These include effects
on plant eco-physiology (Schöb et al. 2014a;
Körner 2018), demography (Verdú and Valiente-
Banuet 2008), structure and diversity of commu-
nities (Butterfield et al. 2013; Kikvidze et al. 2015),
and potentially even contributing to evolutionary
diversity at the biome scale (Valiente-Banuet et al.
2006). An adequate characterisation of plant net-
works in each of the three cases will inform us
about the implications of biotic interactions in
different ecological processes. Notably, characteris-
ing plant–plant interactions is the main challenge
in most cases, a non-trivial, fundamental aspect for
constructing reliable plant networks which we will
discuss below.

The development of ecological network theory
(Bersier 2007; Fortuna and Bascompte 2008) has
provided valuable new analytical methods for
studying ecological communities that can be trans-
lated to plant community ecology. Originally, net-
work analysis was applied to study predation and
then mutualistic interactions (McCann 2011;
Bascompte and Jordano 2014). The study of food
webs and mutualistic networks has substantially
helped to understand the contribution of trophic
interactions to ecological and evolutionary pro-
cesses such as the factors driving biodiversity.
Despite the historical interest in biotic interactions
in plant ecology (Grace and Tilman 1990; Callaway
2007; Levine et al. 2017), particularly of competi-
tion, plant networks have rarely been considered.
Only with the development of network analysis
based on both graph theory and statistical
mechanics (Jordán and Scheuring 2004), along
with advances in user-friendly, open-source soft-
ware (e.g. Csardi and Nepusz 2006; Dormann et al.
2008), plant ecologists have begun to use ‘modern’
network theory. Indeed, plant networks are now
receiving increasing attention as models and case
studies are rapidly growing in number.

In this review, we synthesise the recent contri-
bution of the network approach to address species
interactions and diversity patterns in plant com-
munities. In particular, we highlight how studying
the organisation and dynamics of plant–plant
interactions from the network perspective can
help to (a) assess the balance between facilitation
and competition that may result in a wide range of
potential outcomes; (b) model the role of plant–
plant interactions beyond pairwise competition in
structuring plant communities, and (c) forecast the
broader ecological implications of plant–plant
interactions.
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First, we present the different types of plant
networks. Second, we revise indirect interactions
among plant species (i.e. interactions between two
species mediated by a third species) and propose net-
work framework to address them. Third, we discuss
the assumptions, advantages and weaknesses of differ-
ent methods and models, and their implications for
our understanding of ecological processes. We con-
clude with highlighting main gaps and unsolved pro-
blems, and we propose avenues for future research.

Plant networks

Ecological networks are composed of ‘nodes’ (e.g.
species) connected by ‘links’ (e.g. biotic interactions)

(Figure 1). Nodes and links are then projected into
a matrix, where nodes form rows and columns, and
links form matrix entries (Figure 1). Two types of
ecological networks have been mainly used: unipar-
tite and bipartite (Figure 1). In unipartite networks,
there is one set of nodes and links can connect any
node within the network (e.g. predation in food
webs). In bipartite networks, there are two distinct
sets of nodes, and links can only connect nodes
between sets (e.g. pollinators by plants in pollination
networks). A third type of network is the multi-layer
network, in which nodes are connected across dif-
ferent networks (i.e. layers) which can represent
multiple types of interactions, time or space
(Figure 1).

Figure 1. Elements of plant networks. Plant networks are composed by nodes (e.g. species, individuals, genotypes, phenotypes,
functional groups, vegetation patches) connected by links (e.g. competition, facilitation, commensalism, parasitism, co-
occurrence). Nodes and links are represented in matrices and therefore network objects. A matrix can be either square for
unipartite networks or rectangular for bipartite networks. Several matrices can be further combined in plant multilayer
networks.
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Plant–plant interactions maybe considered as
unipartite, bipartite or multi-layer networks. In uni-
partite networks, plants belong to a single set, while
in bipartite networks there are two different sets. In
the former case, plants are ecologically equivalent,
while in the latter case, structural and functional
differences between plants are identified a priori.
For instance, two different sets of plants can be
arranged on the basis of growth form (e.g. tree and
liana), functional role (e.g. competitor and subordi-
nate species) or life-history stage (e.g. seedling and
adult). These groups represent the two distinct sets
of nodes in a bipartite plant–plant network. This
type of bipartite network model assumes no direct
interactions among members of each set of nodes
(e.g. among trees in tree–liana networks).

Links in plant networks can be established either
by directly measuring a selected type of interaction
or by measuring species associations and then
inferring interactions on the basis of patterns of
spatial distribution. In the first case, the strength
and sign of plant interactions is determined by any
proxy for fitness (i.e. survival, reproductive success
or growth rate) and quantified in the presence and
absence of other plant species (Connell 1961;
Verdú and Valiente-Banuet 2008, 2011; Alcantara
and Rey 2012; Delalandre and Montesinos-Navarro
2018). Experimental manipulation of plant neigh-
bours has been used to estimate the strength of
competition or facilitation to quantify links in
plant networks. Common practices have included
the removal of single individual/species, manipula-
tion of neighbour identity/density around a target
plant or sowing at different density (Grace and
Tilman 1990; Callaway 2007).

When looking at spatial patterns of species distri-
bution within communities, positive or negative spe-
cies associations are based on spatial co-occurrence
data that are used as a proxy for inferring positive or
negative interactions among species, respectively
(Burns and Zotz 2010; Saiz and Alados 2011a;
Montesinos-Navarro et al. 2018; Losapio et al.
2018a). Contrary to plant networks based on fitness
measurements, networks based on co-occurrence are
representative of the spatial organisation of commu-
nities and can be expressed with different spatial reso-
lution. It is important to keep in mind that the spatial
distribution of species is potentially affected by biotic
interactions together with other ecological processes
such as colonisation, dispersion, habitat filtering and
species turnover (Connell 1961; Kikvidze et al. 2015),
so the information that can be derived from these
spatial networks is different from that derived from

manipulative experiments. Therefore, the interpreta-
tion of networks constructed from spatial patterns is
not as straightforward as direct interactions since spe-
cies distribution may result from different factors, in
addition to interactions. Using statistical tools (e.g.
Bayesian Networks) at community scale, including
covariates that bear additional ecological information
(such as abiotic conditions) and focusing on fine spa-
tial resolution (i.e. centimetres) can help building
informative plant interaction networks (Saiz et al.
2017; Staniczenko et al. 2017; Montesinos-Navarro
et al. 2018; Losapio et al. 2018a).

Links in plant networks usually represent inter-
specific interactions, in terms of qualitative or
quantitative net effects of biotic interactions on
the fitness or spatial distribution of species (Kefi
et al. 2012). Links are often depicted as categorical
variables including ‘-1ʹ or ‘-‘ for negative effects
and ‘1ʹ or ‘+’ for positive effects, which can repre-
sent the outcome of interactions as well as recipro-
cal effects between species (Figure 1).

Advantages and disadvantages of the
network approach

The application of network approaches to charac-
terise plant communities presents several features
that make this methodology convenient for addres-
sing classic questions in plant ecology. Networks
can be created to explore any system of interacting
components at different levels, from individuals to
species, or groups of species, or the community as
a whole, across multiple spatial and temporal scales
(Olesen et al. 2010; Baskerville et al. 2011). In addi-
tion, ecological networks can unveil patterns that
methods traditionally used in community ecology
cannot, such as indirect biotic interactions or emer-
gent properties of ecological communities (e.g.
extinction cascades, Bascompte and Jordano 2014).
However, the use of networks is not exempt of
problems, particularly because measuring or infer-
ring plant interactions is not always an easy task.

Measuring biotic interactions at the community
level can be challenging as the potential number of
interactions increases exponentially with species
richness (Scutari and Denis 2014), so that the quan-
tification of these interactions in the field or using
experimental designs is often unfeasible. Fine-scale
spatial distribution patterns can help to overcome
this limitation in combination with measures of
environmental heterogeneity plus independent
proxies for growth rate and fitness. However, spatial
patterns alone may sometimes be insufficient to
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estimate biotic interactions even at the appropriate
spatial scale (Connell 1961; Delalandre and
Montesinos-Navarro 2018; Freilich et al. 2018). In
addition, studies on ecological networks have
demonstrated that ecological drivers behind net-
work structure can be obscured by neutral factors
such as abundance distribution or the number of
interactions observed (Dormann 2007).

In the use of interaction networks in plant ecology
it is implicitly assumed that the network reasonably
reflects the ecological process. Building networks
using experiments where biotic interactions are expli-
citly measured can establish a clear connection
between network links and biotic interactions.
However, the challenge of building realistic networks
is dealing with context dependence, as it is not rea-
sonable to assume that competitive effects inferred
from pairwise experiments would hold the same in
a diverse community (Levine et al. 2017). For this
reason, pairwise interactions do not necessarily scale
in multispecific context as interactions between two
species change in the presence of other species
(Losapio et al. 2019). On the other hand, limitations
associated with co-occurrence networks can be par-
tially overcome by accounting for environmental
heterogeneity, plant dispersal patterns and survey
scale (Saiz et al. 2018; Losapio et al. 2018a). This
can be done by modelling plant distribution first as
a function of environmental factors and second in
response to neighbours. Null models to estimate the
significance of observed patterns must be included in
any analysis (Bascompte and Jordano 2014), and the
use of networks should be encouraged to study emer-
gent properties that cannot be addressed otherwise.
This way, networks will become a promising tool to
better understand the role of direct and indirect
biotic interactions in plant communities.

Plant–plant interactions in ecological
networks

Competitive networks

Competitive networks represent competition
among plants (Figure 2). Competitive interactions
are often represented as direct links, constructed
of the net outcome of negative interactions. The
context dependence of interactions may be further
investigated by simulations. For example, Laird
and Schamp (2006) have proposed a theoretical
model of competitive networks based on species
dominance, in which species are hierarchically
ranked according to their direct net effects on
other species, and organised in intransitive ways,
like in a ‘rock-paper-scissors game’ where species
A outcompetes B, B outcompetes C and
C outcompetes A. These competitive outcomes
are then organised in square matrices with vary-
ing levels of species richness. Results have indi-
cated that intransitivity promoted species
coexistence.

The competitive network model of Allesina and
Levine (2011) has considered different competi-
tive abilities of species in relation to limiting
environmental factors. This model assumed that
species competed in numerous patches, each of
which was limited by a combination of up to five
factors. Results showed that coexistence via
intransitive competition was a stabilising niche
mechanism, and that heterogeneous environmen-
tal conditions together with network structure
may favour diversity. Since then, accumulated
evidence has shown that intransitivity might play
an important role in maintaining biodiversity.
Along the same line, the theoretical model pro-
posed by Grilli et al. (2017) has built on the role of

Figure 2. Types of plant networks. Competition-facilitation networks are composed by both competitive (blue) and facilitative
(red) interactions. Competitive or parasitic networks are composed only by negative interactions, while facilitation and
commensalistic networks are composed only by positive interactions.
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intransitive competition for gap colonisation in
forest ecosystems. Using random matrix theory,
the authors showed that intransitive competition
may maintain plant diversity by increasing the
stability of the community owing to lowering
competitive exclusion.

In a pairwise competition experiment, Godoy
et al. (2017) have tested the contribution of intran-
sitive competition to explaining stability in annual
plant communities. They found that intransitive
competition was not common, and coexistence
was driven by pairwise niche differences when
species richness was relatively low. These empirical
results seem to contradict the foregoing theoretical
expectation. Similarly, Nakagawa et al. (2015) have
explored whether intraspecific competition was
evenly distributed in the community. Building
a competitive network between trees in a fir
(Abies sachalinensis) plantation, where links were
the effect of neighbours on tree size, they showed
that competition was stronger between trees of
similar age and that this effect might have driven
the spatial distribution of age classes.

Conversely, using co-occurrence data,
Soliveres et al. (2015) have found a positive cor-
relation between the degree of intransitivity of
competitive networks and species richness, sug-
gesting a positive effect of intransitive competi-
tion on plant diversity. In summary, theoretical
models point toward a major role of network-
level intransitive competition for supporting spe-
cies coexistence, whereas empirical evidence is
still sparse to deduce a conclusion. Notably,
whether plant intransitive networks are common
or infrequent in nature and their importance for
species diversity across real-world ecosystems
remain unknown.

Facilitation networks

The pioneering study of Verdú and Valiente-
Banuet (2008) has described facilitation patterns
using seedling recruitment, seed-set and co-
occurrence patterns of plants associated with
foundation plant species, which are plants with
important structural and functional roles in the
ecosystem (Ellison 2019). Their results showed
that facilitation networks across desert ecosystems
exhibited a nested structure which was similar to
other mutualistic networks (Bascompte and
Jordano 2014). This nested pattern implies that
the establishment and survival of facilitated spe-
cialist species was enhanced by generalist

foundation species that interact with a broad
range of other species. The arrangement of facil-
itative interactions in a nested way resulted in
plant communities less vulnerable to loss of spe-
cies (Verdú and Valiente-Banuet 2008).

Several subsequent studies have explored factors
that could explain nestedness in plant facilitation
networks. Nestedness has been explained by
a combination of species abundance and their phy-
logenetic relationships (Verdú and Valiente-Banuet
2011; Marcilio-Silva et al. 2015). This pattern was
consistent across different habitats such as drylands
and forest–grassland ecotones. Phylogenetic rela-
tionships have been used as a proxy for functional
dissimilarity, as closely related species are assumed
to be more ecologically similar (Verdú and
Valiente-Banuet 2011). Verdú et al. (2010) have
found different phylogenetic patterns when consid-
ering facilitation networks based on seedling or
adult facilitated plants, suggesting that an ontoge-
netic shift from facilitation to competition across
species occurred and highlighting potential conse-
quences for the organisation and evolution of the
whole community.

Ecological networks can also help to under-
stand dynamic properties of plant communities,
such as the process of ecological succession.
Recruitment networks have been used for this
purpose, in which plant–plant interactions (i.e.
who recruits beneath whom) were modelled as
a flow of resources (Alcantara and Rey 2012). In
food webs, resources are nutrients that flow across
species. In recruitment networks, available space
and gaps within vegetation can be modelled as
resources. In these gaps, plant species recruit
and facilitate the establishment of other species,
and these facilitated species can eventually replace
the facilitators over time. This approach allows
identifying species associated in connected sets
(i.e. tight groups of species that facilitate each
other), where species are likely to persist over
time, or other network subsets in which species
are more likely to disappear (Alcantara and Rey
2012). In addition, it has been shown that recruit-
ment networks can project realistic ecological suc-
cession using forest communities as a case of
study (Alcantara et al. 2015).

Finally, plant networks can explain variation
in facilitation patterns across successional gradi-
ents. Losapio et al. (2018b) have considered
a multi-layer network with facilitation by foun-
dation plant species of different ages and asso-
ciated species in seed and adult stages. Their
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results showed that life history stages and onto-
geny drive the organisation of plant networks,
suggesting that different processes are operating
within the same community across the succes-
sion. For example, seed bank development was
mainly due to random events while the establish-
ment of adult plants increased with the succes-
sional age of plants. Understanding plant
networks over the course of the lifetime of an
organism is therefore necessary for predicting
the dynamics of communities across spatial and
temporal scales.

Combined competition-facilitation networks

Competition and facilitation usually co-occur
within the same plant community (Callaway and
Walker 1997; Brooker et al. 2008), although they
have often been treated separately (Maestre et al.
2009). Thus, competitive networks neglect facilita-
tive effects such as recruitment and reduced phy-
siological stress, while facilitation networks
overlook competitive interactions among subordi-
nate species (Schöb et al. 2013) or negative feed-
backs on foundation species (Schöb et al. 2014a;
2014b). Combined competition-facilitation net-
works have the advantage of considering both
competitive and facilitative interactions within the
same community or ecosystem (Figure 2(a)).

The first reference to what can be considered as
a plant network in literature (De Vries et al. 1954)
included both putative competition and facilita-
tion. Based on rank correlation between species
abundances, it depicted a network – so called ‘con-
stellation of plants’ – of both positive and negative
co-occurrence links among 45 grassland species.
Further studies have used transplant experiments
(Turkington and Harper 1979) and applied com-
munity matrix theory (Roxburg and Wilson 2000;
Dormann 2007) – a matrix that includes the direct
effects between species in a dynamic population
model. These studies have substantially contribu-
ted to understanding the consequences of species
interactions, mainly competition, for the diversity
and stability of plant communities. Nevertheless,
ecological networks that comprise both competi-
tion and facilitation are still rare and poorly
understood.

Recent work on inferring plant–plant interac-
tions, based on spatial patterns, has considered
both competition and facilitation simultaneously.

Here, positive spatial association has been taken to
indicate putative facilitation, while negative asso-
ciation to indicate putative competition (Callaway
2007). Using this approach, several authors have
explored different factors that affect the spatial
structure of plant communities. For instance,
Fuller et al. (2008) have shown that tree size was
related to the spatial organization of tropical-forest
networks, and Losapio et al. (2018a) have found
that a small number of stress-tolerant species were
important for the structure an alpine-tundra net-
work. However, the consideration of both positive
and negative links simultaneously remains an over-
looked aspect of plant networks which can be
important for species coexistence given that
a balance between positive and negative associa-
tions can have stabilising effects for the network
structure (Saiz et al. 2017).

Analytical proposals to combine facilitation and
competition within a given network have resulted
in the seminal theoretical framework of Kefi et al.
(2012), in which the authors organised interactions
among functional types and provided pathways to
incorporate non-trophic interactions into ecologi-
cal networks. They considered both direct and
indirect effects of foundation species on the popu-
lation density of associated species, showing that
including facilitation in the network can increase
species persistence and consequently diversity.
Overall, including both competition and facilita-
tion within the same plant network is a more rea-
listic approach that naturally has consequences for
modelling plant communities (Box 1).

Box 1. Effects of livestock grazing on a spatial plant network.
Sustaining livestock grazing is one of the most important services
provided by plants. In turn, grazing has important effects on plant
communities, such as reducing biomass, altering regeneration
niches and modulating interspecies competition (Olff and Ritchie
1998). Here, we present a case study of how grazing influences
the structure of spatial networks in Mediterranean plant
communities (South East Spain, data from Saiz and Alados 2012).

We selected two communities: one natural (i.e. absence of livestock
grazing) and another overgrazed (i.e. livestock grazing intensity
higher than sustainable levels). For each community, we created
a network with positive and negative links based on the spatial
aggregation and segregation between each species pair,
respectively. These were assessed on the basis of abundance data
correlation. Then, for each network, we calculated the proportion
of non-connected species (NC = species with no links divided by
total number of species), link density (D = I/SR, where I is the total
number of links over total number of species), link ratio (R = (I+ –
I−)/I, where I+ and I− are the total number of positive and
negative links, respectively), and the occurrence of highly
connected modules (M ¼

PNM
S¼1

IS
I "

kS
2I

! "2# $
, where NM is the

number of modules in the network, IS is the number of links
within module S, and kS is the sum of links of all species in S).
Observed network properties were then compared with null
models (Figure B1, Table B1).
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Parasitic and commensalistic networks

Apart from competition and facilitation, interac-
tions among plants can also be obligate parasitic
and commensalistic (i.e. when species need their
partners to grow and reproduce). However, para-
sitism and commensalism at plant community level
have been largely overlooked. Parasitic and com-
mensalistic plant networks describe host–parasite
interactions and host–guest interactions between
plants. Given the asymmetrical nature of these
interactions and the clear functional differences
between the two distinct sets of partners, both
parasitic and commensalistic interactions are better
represented by bipartite networks. Studies have
mainly focused on epiphyte–tree interactions in
tropical forests and often measured interactions
by integrating the ecological knowledge of the spe-
cies and spatial patterns, but less often using fitness
components.

The pioneering study by Burns (2007) in New
Zealand forests has found that interactions

between epiphytes and host trees were organised
in a nested way, in which generalist epiphytes were
the first to colonise host trees while specialist epi-
phytes grew only in a subset of trees. A similar
result was obtained for forest networks in
Amazonian (Sfair et al. 2010) and Chile (Taylor
et al. 2016). Nestedness in commensalistic net-
works suggested that facilitation by soil accumula-
tion on host trees may be the mechanism
responsible for epiphyte succession (Burns 2007).
According to this model, early-generalist colonists
ameliorate environmental conditions within host
trees for later recruiting species that are more
specialised and less stress tolerant. The distribution
of epiphytes was clustered at both fine and large
spatial scales (Burns and Zotz 2010), indicating
that positive feedbacks may operate to drive the
establishment of epiphyte communities over trees.

Strikingly, all these plant–epiphyte networks
were structurally similar to those of facilitation
networks in desert ecosystems discussed above
(Verdú and Valiente-Banuet 2008) and to pollina-
tion networks (Bascompte and Jordano 2014), as
they all showed a nested structure of species inter-
actions. These patterns suggest that common pro-
cesses may underlie the formation of ecological
networks regardless of study systems, whether
plant commensalism in forests or facilitation in
deserts. Indeed, both facilitation and commensalis-
tic networks tend to show a nested pattern, so that

Figure B1. Plant spatial networks for the natural (left) and overgrazed (right) communities in Mediterranean ecosystems (South
East Spain). Nodes (dots) represent plant species, blue links represent positive links (aggregation) and red links represent
negative links (segregation).
Overgrazing had a strong impact on the structure of plant networks (Table B1, Figure B1). Overgrazing substantially simplified the community and
caused the loss of many positive associations between species, mainly as a result of reduced richness, as can be seen from the increase in the values of
NC and contemporary decrease in D and R (Table B1). In particular, overgrazing breaks the patchy structure of the vegetation, precluding the persistence
of species that require the presence of plant patches to survive. Interestingly, both communities show a modular organization, indicating the resistance
of plant networks to overgrazing. However, the modular network structure relies only on one single species in overgrazed communities, the unpalatable
species at the center of the network (Figure B1), thus making the network more vulnerable. These results shed new light on the profound consequences
of overgrazing on the structure and functioning of plant communities.

Table B1. Structure of spatial networks in two communities
with different livestock grazing intensity. NC is the proportion
of non-connected species; D is the link density; R is the link
ratio; M is the modularity. ** and *** indicate that modularity
is significantly higher than expected by 1000 random
networks.

NC D R M
natural 0.18 3.18 0.38 0.49***
Overgrazed 0.42 1.44 0.12 0.49**
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specialist species tend to avoid interacting with
small sets of specialist partners, in this way max-
imising the interaction overlap between generalist
and specialist species (Bascompte and Jordano
2014). A unified network framework can therefore
help unveiling common underlying organising
principles across ecological systems.

Nestedness in commensalistic plant networks has
further been explored using phylogeny and traits tools.
It appeared to be independent of the phylogeny of
epiphytes and trees (Silva et al. 2010) in a tropical
forest, possibly owing to the blurring of the signal of
phylogenetic filtering in the vast taxonomic and phy-
logenetic diversity present. On the other hand, pheno-
typic traits have shown stronger predictive power.
Analysing bromeliad communities in tropical forests,
Sáyago et al. (2013) have found that tree size, wood
density and bark texture were important factors con-
tributing to the nested assembly of commensalistic
networks.

Overall, commensalistic networks change with for-
est age as the distribution of commensalistic interac-
tions was more nested in old than young forests
(Piazzon et al. 2011). The importance ofmature forests
as well as of tree abundance, tree size and bark texture
was further confirmed by a later study in montane
forests. As for previously mentioned plant facilitation
networks (Losapio et al. 2018b), these results suggest
that ecological networks can change over the lifetime
of organisms, related to ontogenetic stage and plant
size.

In a similar way to plant commensalistic net-
works, there has been little consideration of parasitic
interactions in plant–plant networks. Plant parasitic
networks seem to be composed by species-specific
interactions organised in a modular way. For
instance, generalist mistletoes do not share host
trees but colonise distinct groups of specific hosts
(Genini et al. 2012). Studies on the structure of
interactions between epiphytes, mistletoes and lia-
nas with their host trees have found that coevolu-
tionary dynamics can shape the spatial distribution
of parasitic interactions (Blick and Burns 2009).
These authors found evidence for competition
among lianas for access to host trees, while host
specificity limited species associations (Blick and
Burns 2011). A functional perspective has been
also considered in plant parasitic networks, how-
ever, no clear pattern has emerged so far.

Blick et al. (2012) have related the structure of
plant parasitic networks to plant traits. Their results
showed that phenotypic similarity between mistle-
toes and host trees did not result in a particular

network structure. This result contradicts results in
plant–insect mutualistic networks, where interaction
intimacy – i.e. the degree of symbiotic relationship
between two partners – leads to differences in pat-
terns of specialisation and might affect network
organisation (Bascompte and Jordano 2014).
However, the intensity of interaction intimacy in
plant communities can substantially vary among
individuals and communities, depending on life
history traits and interaction types. We propose
that in mistletoe–tree parasitic networks as well as
in plant facilitation networks interaction intimacy
can be an important factor of coevolution, which, in
turn, can further drive interaction intimacy. On the
other hand, in transient or unstable plant competi-
tion networks in disturbed environments we predict
lower interaction intimacy than in other plant
networks.

Beyond the perspective of direct and pair-
wise plant interactions

Individual plants in nature are confronted with
a variety of neighbours of the same and of various
numbers of different species. Nevertheless, interspecific
biotic interactions are often described at the pairwise
level, considering direct net effects between species
pairs (e.g. Turkington and Harper 1979; Grace and
Tilman 1990; Roxburg and Wilson 2000; Godoy et al.
2017). However, it is increasingly recognised that inter-
actions between two species change depending on the
presence of other species in the community (Levine
et al. 2017; Mayfield and Stouffer 2017; Losapio et al.
2019; Aschehoug and Callaway 2015). In other words,
a third species can change the effects of one species on
another one. Yet, it remains largely unexplored how
pairwise interactions scale at the community level.

In the following paragraphs, we review the main
classes of non-pairwise effects among plants: diffuse
interactions, indirect interactions and intransitive
interactions (Figure 3). During the last few years,
excellent reviews on indirect interactions have been
published (Sotomayor and Lortie 2015; Levine et al.
2017; Godoy et al. 2018). Thus, our next paragraph
focuses on how plant networks have helped to assess
the relevance of the different non-pairwise and
indirect effects among plants for plant diversity.

Diffuse interactions

Diffuse interactions take place when several species
interact – compete with or facilitate more than one
species within the community (Pianka 1974; Moen
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1989; Vandermeer 1990; Callaway and Pennings
2000) (Figure 3(a–b)). Theory proposes that com-
petitive inhibition by many species in diffuse com-
petition can be equivalent to strong competitive
inhibition by fewer competing species (Pianka
1974). Diffuse competition among three plant spe-
cies has been reported in field experiments in salt
marshes (Callaway and Pennings 2000), indicating
that diffuse interactions can cancel direct competi-
tive effects between plant species. There is also
evidence that a single species may facilitate many
other subordinate species at the same time, leading
to diffuse facilitation (Chacòn-Labella et al. 2016;
Losapio et al. 2018a). The outcome of diffuse inter-
actions at the community level can therefore be
modelled as a single network to highlight the net
effects of biotic interactions on plant diversity.

Indirect interactions

Indirect interactions occur whenmultiple interaction
pathways can take place between the same two spe-
cies, so that the effects of one plant on another can be
mediated by a third species (Grace and Tilman 1990;
Callaway 2007) (Figure 3(c–j)). While the intermedi-
ary species can be other organism than plants, such as
pollinators, mycorrhizal fungi or herbivores, here we
focus only on interactions among plants, avoiding for
instance insect-mediated indirect interactions which
deserves a separate discussion (Sauve et al. 2014).

Indirect interactions can buffer net effects, rever-
sing the outcome of direct interactions (Levine
1999), and have the potential to impact community
dynamics (Levine 1976). Indirect interactions can
occur through interaction chains and higher-order
interactions (Wootton 1994). Interaction chains are
sequences of direct species interactions resulting in
indirect effects that are mediated by changes in
population size, density or growth rate of intermedi-
ary species (Sotomayor and Lortie 2015; Levine et al.
2017). On the other hand, for higher-order interac-
tions the effects of interactions between two species
on a third species are mediated by changes in phe-
notypes or functional traits (Vandermeer 1990;
Ohgushi and Hambäk 2015; Levine et al. 2017).

Examples of indirect interactions are depicted in
Figure 3(c–j). One species can indirectly decrease
the abundance of a second species by directly
increasing the abundance of its competitor
(Figure 3(c)), a case of apparent competition.
Negative indirect effects can also arise when
a species suppresses a facilitator of another species,
a case of exploitation competition (Figure 3(d)).
For instance, LLambi et al. (2018) reported that
an invasive plant suppressed a native plant by out-
competing its facilitator. A species can also indir-
ectly increase the abundance of another species by
facilitating its facilitator, as in the case of facilita-
tion cascade (Altieri et al. 2007) (Figure 3(e)).
Conversely, one species can indirectly increase the
abundance of a second species by suppressing its
competitor, as in apparent facilitation (Levine
1999) (Figure 3(f)).

A separate case is facilitation-induced competi-
tion (Figure 3(g)), in which one species is facilitat-
ing two other species that are therefore indirectly
competing against each other. This can particularly
be the case in facilitation-driven systems (e.g. arid
environments), where it has been found that foun-
dation species (Retama sphaerocarpa) had positive
effects on annual plant species that thereby

Apparent competition Exploitation competition

Facilitation cascade Apparent facilitation

Facilitation-induced
         competition

Competition-mediated
              facilitation

Intransitive competition Intransitive facilitation

Diffuse competition Diffuse facilitationa) b)

c) d)

e) f )

g) h)

i) j)

Figure 3. Indirect effects among plants. Diffuse interactions
(a-b), interaction chains and higher-order interactions (c-h),
intransitive interactions (i-j).
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competed with each other (Schöb et al. 2013).
Conversely, two species can indirectly facilitate
each other by outcompeting a common competitor
in competition-mediated facilitation (Figure 3(h)).
Evidence for this type of interaction has been
found among animals rather than among plants,
where several species of parrotfish (genera
Sparisoma and Scarus) and corals (Montastraea)
are mutually facilitating each other by competi-
tively excluding macroalgae (Dictyota) in coral
reefs (Bozec et al. 2013). We hypothesise that indir-
ect interactions with positive outcomes would
increase network nestedness as a result of lower
competition among facilitated species that occur
only within subsets of abundant, generalist facilita-
tors, ultimately leading to higher stability of the
community.

Both diffuse and indirect interactions may be
explored using Bayesian network inference. By
examining all potential direct and indirect relation-
ships among species in a community to assess the
conditional dependencies among species abun-
dances, it might be possible to identify interactions
that significantly affect a given focal species
(Scutari and Denis 2014; Staniczenko et al. 2017).
This technique overcomes the challenge of estimat-
ing an unfeasible number of parameters by apply-
ing a heuristic search for optimal solutions.
A network is proposed by different algorithms
and sequentially compared to co-occurrence rela-
tionships observed through goodness-of-fit statis-
tics. Then, the network is modified and the process
iterated until maximum fitness is reached, and the
network that best matches the data can be selected.
This tool has been widely used to study interaction
patterns in disciplines such as molecular biology
and medical bioinformatics (Chai et al. 2014), but
its application to study ecological interactions has
been much less explored (but see Staniczenko et al.
2017; Delalandre and Montesinos-Navarro 2018;
Montesinos-Navarro et al. 2018).

Intransitive interactions

When interactions between species are non-
hierarchical and net direct effects cannot be linearly
ranked, intransitive loops can emerge leading to even
competitive dominance (Figure 3(i–j)). Despite plant
communities being often envisioned as characterised
by hierarchical, competitive dominance (Grace and
Tilman 1990; Keddy 2017), the list of studies report-
ing intransitivity has rapidly grown recently as we
discussed above, although not to unanimous

acceptance (Levine et al. 2017). The swap from inter-
action hierarchies to intransitive loops is likely to
emerge in spatially or temporally heterogeneous sys-
tems when there is more than one limiting resource
or where the growth rates of species and their
resource acquisition are highly context-dependent
(Allesina and Levine 2011). Intransitivity may also
occur in facilitative interactions (Figure 3(j)), due to
indirect reciprocity (Boyd et al. 2003), but its fre-
quency and relevance is yet to be identified in natural
communities. Although intransitive facilitation is
a well-established concept in evolutionary biology,
the ecological implications of this type of interaction
network are still unexplored also under a theoretical
point of view.

Theory has proposed that intransitive competi-
tion in complex ecological networks can enhance
community persistence (Laird and Schamp 2006;
Allesina and Levine 2011, Grilli et al. 2017).
Network properties such as connectance (Alcantara
et al. 2015; Saiz et al. 2018), relationships between
the subnetworks within the network (Alcantara and
Rey 2012) and the competitive ranking among spe-
cies (Laird and Schamp 2006) can significantly
influence the persistence of species within commu-
nities. Moreover, compartmentalisation and a high
number of species participating in these intransitive
loops can mitigate species loss (Alcantara and Rey
2012). Despite these modelling studies indicating
how intransitive interactions can support plant
diversity by enhancing community stability, the
empirical evidence for the importance of intransitive
interactions is controversial as intransitive competi-
tion alone might not be strong enough to determine
species persistence within a community (Godoy
et al. 2017).

Taken together, these studies suggest that non-
pairwise interactions occur at the whole-network
level and thus can be relevant for community
dynamics. These diffuse, indirect and intransitive
interactions ‘spread’ across the networks and
have the potential to reverse negative effects of
direct pairwise interactions, with fundamental
consequences for species persistence and species
diversity maintenance. However, we still do not
know enough to draw causal relationships
between these interactions and the diversity of
species in plant communities that we observe in
nature. Indirect interactions in plant networks
may be hard to identify, however, it appears to
be an important step in order to better under-
stand the stability and functioning of ecological
systems.
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Ecological implications of plant interactions
across organisational levels

A combination of the accumulated knowledge on
network theory and plant ecology is tackling the
three challenges mentioned above. Network theory
improves models of plant community structure
and dynamics (Kefi et al. 2012; Grilli et al. 2017),
particularly by combining different interaction
types within and across trophic levels (Sauve et al.
2014; Losapio et al. 2019). Ecological networks
have been used to answer relevant questions in
plant ecology at different scales, from populations
to ecosystems (Box 1).

Plant network structure has been linked to com-
munity robustness and stability. Some properties of
plant facilitation networks such as nestedness or
scale-free degree distributions can maximise the
number of species occurring in the community
(Verdú and Valiente-Banuet 2008; Saiz and
Alados 2011a; Kefi et al. 2012). On the other
hand, recruitment networks have been shown to
be structured in discrete subsets (Alcantara and
Rey 2012). Saiz and Alados (2014) have found
that grazing simplifies the structure of the plant
community, with livestock disturbance reducing
the number of species and interactions within the
community. Meanwhile, in the same environment,
the tussock grass Stipa tenacissima increased the
spatial aggregation of subordinate species (Saiz and
Alados 2011a).

Functional traits, spatio-temporal dynamics and
conservation

Plant networks can contribute to conservation by
gaining a better understanding of how network
structure can be altered by extrinsic factors (e.g.
environmental change) and can buffer local popu-
lation extinction. These areas constitute a potential
framework to assess how plant interactions contri-
bute to species persistence and community robust-
ness against species loss, with important
implication for conservation strategies. Using
a modelling approach, Losapio and Schöb (2017)
have proposed a framework for assessing the
response of plant networks to environmental
change. Their model integrated facilitation net-
works with functional traits as criteria of species
sensitivities to environmental change, showing that
the resistance of plant communities and inherent
diversity was supported by stress-tolerant founda-
tion species.

Other applications of plant networks have been
oriented to studies of spatio-temporal dynamics. In
particular, processes involved in ecological succes-
sions have been examined by both focusing on
foundation-species effects and other components
such as replacement and turnover. Overall, the
role of foundation species in plant communities is
comparable to that of keystone species in food
webs (Jordán 2009; Ellison 2019). Foundation spe-
cies play a key role for structuring plant facilitation
networks, especially in stressful environments such
as arid (Verdú and Valiente-Banuet 2008, 2011;
Saiz and Alados 2011b; Losapio et al. 2018b) and
alpine ecosystems (Losapio et al. 2018a). These
plant networks show a scale-free degree distribu-
tion (Jordán and Scheuring 2004), meaning that
the majority of plant species is loosely associated
to other species while only few species have a large
number of neighbours (Saiz and Alados 2011b).

Nestedness of plant facilitation networks has been
proposed to be also responsible for driving ecological
succession as networks become more nested with
increasing successional age (Losapio et al. 2018a).
This suggests that the stability of ecological networks
against species loss increases throughout ecological
successions, as also evidenced by plant–insect net-
work dynamics (Losapio et al. 2015). Results from
tropical forests (Marcilio-Silva et al. 2015) also high-
light the importance of species turnover over the
influence of some species traits related to dispersal
and canopy size.

The concept of strongly connected components
can be useful for predicting dynamical properties
of networks based on network topology (Alcantara
and Rey 2012). These network subsets are groups
of nodes where ‘resources’ flow either directly or
indirectly, from one to the other and in both direc-
tions, and they can represent successional
dynamics among species that can persistent over
time. Future studies aimed at forecasting interac-
tion-mediated community response to environ-
mental change will need to include different
layers of plant fitness information as well as
addressing direct and indirect antagonistic and
mutualistic interactions (Sauve et al. 2016). In
sum, plant networks seem a promising tool to
improve management strategies by considering
how the whole organisation of plant communities
can be affected by changes driven by both extrinsic
and intrinsic factors.

Ecological network theory has been also suc-
cinctly used to model species distribution at differ-
ent spatial scales, but its application to study plant
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interactions and plant communities has been much
less extended. From a biogeographical perspective,
species distribution models have usually consid-
ered macroecological abiotic factors to predict spe-
cies distribution. However, interest in including
plant interaction networks into species distribution
models has increased recently (Staniczenko et al.
2017). Results of Bayesian Networks of annual
plant communities showed that considering plant
interactions substantially altered assessments of
species range changes under future environmental
change (Staniczenko et al. 2017). Indeed, Bayesian
Network inference improves the prediction of
plant species distribution models and provides
a feasible way of including information about the
co-occurrence patterns among all the species in the
community (Montesinos-Navarro et al. 2018).

At the local scale, it has been also tested whether
this technique can precisely infer plant–plant inter-
actions, showing that networks could reflect differ-
ent processes at different spatial scales, and its
sensitivity to the sampling spatial scale requires
caution in the interpretation of the inferred links
(Delalandre and Montesinos-Navarro 2018).
Potential future applications include integrating
models of individual-based networks (Olesen
et al. 2010) with species distribution models, then
testing these predictions in the field. Particularly
relevant to future directions is understanding how
current network structure may drive local adapta-
tion to microhabitat conditions as well as to novel
interacting partners and extinct partners.

Conclusions

The application of network theory to plant ecology
has provided new avenues to study the role of biotic
interactions for the structure and dynamics of plant
communities. Measuring plant–plant interactions
and scaling them at the community level to build
meaningful ecological networks are not straightfor-
ward and easy tasks. Caution should be taken when
interpreting networks resulting from co-occurrence
only or pairwise experiments as species interactions
are context dependent and vary in the presence of
other members of the communities. Statistical tools,
simulations and experimental manipulation in the
field can help to overcome the problems associated
with inferring plant interactions at the network level.

Research along this theoretical line has indi-
cated how the hierarchy of plant competition can
influence species persistence and community sta-
bility. By highlighting how species are connected,

what makes some species more connected than
others, and how they influence each other’s per-
sistence through the community network resulted
in a deeper understanding of the effects of plant–
plant interactions on the maintenance of plant
species diversity at the community level.
Overall, plant networks reveal properties that
are consistent over many different communities
and environments, from tropical forests to alpine
tundra, and are also common to other classes of
ecological and complex networks. Yet, our under-
standing of processes shaping plant networks as
well as their mechanisms underlying the mainte-
nance of plant species diversity is limited.
Questions such as how robust are specialised
and generalised plant interactions, the combined
effects of facilitation and competitive networks on
community stability, or the role of interaction
diversity for biodiversity maintenance are still
largely unanswered under both theoretical and
empirical points of view.

Future directions where research on plant net-
works may move forward can include multi-layer
plant networks that encompass different interac-
tion types and trophic levels responsible for plant
fitness, such as mutualistic and antagonistic organ-
isms (Sauve et al. 2016). Plant network modelling
in a context of ecological succession and environ-
mental gradients can reveal mechanisms linking
biotic interactions, community dynamics and eco-
system processes. Finally, we still have a very lim-
ited knowledge of the role of plant interactions and
their networks for eco-evolutionary dynamics
(Schöb et al. 2018), how plant networks evolve
and the consequences of plant network structure
for ecosystem functioning. In these areas, relevant
questions such as how plant network structure
contributes to micro-evolutionary processes, local
adaptation or productivity of plant communities
are still unanswered. To do so, it seems important
moving from the description of local plant net-
works to formalise mathematical models associated
with experimental assessment as well as including
other biotic components of ecosystems. Plant net-
work studies that embrace the peculiarity of the
plant kingdom across different organisation levels
and processes have a great potential for advancing
plant ecology and biodiversity science.
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