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Abstract
Diverse biotic interactions between non- native plant species and other species from all taxonomic groups are 
crucial mediators of  the dynamics of  plant invasions. This chapter reviews the key hypotheses in invasion ecology 
that invoke biotic interactions to explain aspects of  plant invasion dynamics. We examine the historical context 
of  these hypotheses and assess the evidence for accepting or rejecting their predictions.

Most hypotheses invoke antagonistic interactions, mainly competition, predation, herbivory interactions 
and the role of  pathogens. Only in the last two decades have positive (facilitative/mutualistic) interactions 
been explicitly included in invasion biology theory (as in ecological theory in general). Much information has 
accumulated in testing hypotheses relating to biotic resistance and Enemy Release Theory, although many 
of  the emerging generalizations are still contentious. There is growing consensus that other drivers of  plant 
invasion success, such as propagule pressure and disturbance, mediate the outcome of  biotic interactions, 
thereby complicating our ability to make predictions, but these have rarely been assessed in both native and 
adventive ranges of  non- native invasive species. It is also widely acknowledged that biogeographic compari-
sons, more than common garden experiments, are needed to shed light on many of  the contradictory results. 
Contrasting findings have also emerged in exploring the roles of  positive interactions. Despite strong evidence 
that such interactions are crucial in many communities, more work is needed to elucidate the factors that 
influence the relative importance of  positive and negative interactions in different ecosystems. Different types 
of  evidence in support of  invasional meltdown have emerged for diverse habitats and across spatial scales. In 
light of  increasing evidence that biotic indirect effects are crucial determinants of  the structure, dynamics 
and evolution of  ecological communities, both direct and indirect interactions involving native and non- 
native species must be considered to determine how they shape plant invasion patterns and the ecological 
impacts of  non- native species on recipient communities.

Research that examines both biotic interactions and the factors that mediate their strength and alter inter-
action outcomes is needed to improve our ability to predict the effects of  novel interactions between native and 
non- native species, and to envisage how existing invaded communities will respond to changing environmental 
conditions. Many opportunities exist for manipulating biotic interactions as part of  integrated control strategies 
to reduce the extent, density and impacts of  non- native plant invasions. These include the introduction of  species 
from the native range of  the non- native plant for biological control, diverse manipulations of  plant—herbivore 
interactions and many types of  interaction to enhance biotic resistance and steer vegetation recovery following 
non- native plant control.
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1.1 The Role of Biotic Interactions in 
Ecology and Biogeography

1.1.1 Types of biotic interactions

Biotic interactions are those relationships that 
occur between at least two organisms of  one or 
more species. The outcome of  such relationships 
may result in the involved organisms benefiting, 
being harmed or being unaffected, depending on 

the environmental context in which the interac-
tion takes place. Most biotic interactions involve 
the uptake of  resources (nutrients, light, water, 
etc.) needed to survive, while others involve the 
exchange of  goods and services such as protec-
tion, shelter or transport. Biotic interactions have 
long been categorized based on their effects on the 
interacting species (Fig.  1.1). Thus, competition 
exists when individuals of  the interacting species 
are impaired due to resource or space limitation. 

Fig. 1.1. Interaction compass displaying the range of possible interspecific biotic interactions. Signs 
indicate individual fitness or population growth rate: (+) positive effect, (-) negative effect and (0) neutral 
or no effect. The magnitude of the net interaction effect increases away from the centre. Despite 
such an operational categorization of interactions, a continuum of interactions exists – extending 
from antagonism to mutualism – depending on (a) the context, e.g. nutrient availability and density- 
dependent population dynamics; (b) the costs and benefits that they represent; or (c) the stage of the 
life history of the interacting species (adapted from Fig. 2 in Richardson et al., 2000a and Fig. 1 in 
Pringle, 2016).
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Predation is another antagonistic interaction that 
takes place when one individual benefits from 
another species by consuming it, either totally or 
partially, potentially leading to death of  the prey. 
Variations of  this antagonistic interaction in-
clude parasitism and herbivory, in which the con-
sequences for the ‘attacked’ individual depend on 
the magnitude and duration of  the interaction. 
When only one interacting species is negatively 
affected, the interaction is termed amensalism. 
Mutualism, on the other hand, is a win—win in-
teraction involving two individuals of  different 
species both of  which benefit from the interaction. 
The most widespread examples of  this category of  
interaction in plant ecology are pollination, seed 
dispersal and symbiosis (the latter defined as mu-
tualism in which there is prolonged physical in-
timacy between partner species, e.g. mycorrhizal 
and endophytic fungi; Bronstein, 2015). When 
only one species benefits the interaction is called 
commensalism. Despite this operational categori-
zation, there is often a continuum of  interactions 
that extends from antagonism to mutualism de-
pending on the context, on the costs and benefits 
that they represent, or on the stage of  the life his-
tory of  the interacting species (e.g. Pringle, 2016; 
Fig. 1.1). For instance, one animal species may act 
as a herbivore (or nectar robber) at the flowering 
stage, but may be a legitimate seed disperser of  
the same plant species later in the plant’s life cy-
cle. In the case of  sexual deception, plants (mainly 
orchids) fool pollinators by producing structures 
that resemble female pollinators without provid-
ing them with any reward.

1.1.2  The influence of biotic interactions 
in ecological and evolutionary processes

All of  the biotic interactions mentioned above 
potentially affect different components of  indi-
vidual fitness (survival, growth, reproductive 
success), thereby influencing demographic, 
ecological (e.g. population growth rate, species 
abundance and distribution) and evolutionary 
processes (e.g. natural selection, gene flow, co-
evolution). We cannot understand the evolution 
of  species without considering such interac-
tions, and biotic interactions actually promote 
the evolution of  multiple adaptations. They are 
therefore among the most important drivers 

(if  not the most important one) of  the huge 
biodiversity on Earth. Mutualistic interactions 
between plants and fungal symbionts were cru-
cial for the colonization of  land and have driven 
the diversification of  life (Kiers et al., 2010). To 
comprehend patterns of  biodiversity at local, re-
gional or global scales, it is now widely acknowl-
edged that we must consider not only the species 
that live in particular areas but also interactions 
among them (see below). Several studies in the 
last two decades have highlighted the impor-
tance of  integrating biotic interactions into 
models to achieve more accurate predictions 
of  the spatial and temporal variation of  species 
distribution, and to understand community as-
sembly patterns (e.g. Guisan and Thuiller, 2005; 
Boulangeat et  al., 2012; Godsoe et  al., 2017; 
Pearson et al., 2018a). Using a novel integrated 
approach to interaction distribution modelling, 
Gravel et al. (2018) developed a quantitative the-
ory to explain turnover of  interactions in space 
and time. They propose that the ecological niche 
should encompass the effect of  the environment 
on both species distribution (the Grinnellian di-
mension of  the niche) and the ecological inter-
actions among species (the Eltonian dimension), 
and call for adopting the view that community 
structure is best represented as a network of  eco-
logical interactions.

Besides being fundamental drivers of  bio-
diversity and helping to explain the spatial and 
temporal distribution of  species, biotic interac-
tions also play fundamental roles in ecosystem 
functioning. They mediate most energy and 
nutrient assimilation and their flow through 
trophic chains and the decomposition of  or-
ganic matter. Many plants depend, for instance, 
on indirect interactions with bacteria to obtain 
the nitrogen they need to perform photosynthe-
sis; c. 80% of  legumes (with c. 20,000 species, 
including many important crops) have rhizo-
bial symbiosis. Nearly 95% of  the world’s plant 
species belong to families that are characteris-
tically mycorrhizal (Pringle et al., 2009). More 
than 90% of  flowering plants are pollinated 
by animals (Ollerton et  al., 2011), and many 
plants produce seeds that rely on dispersal by 
animals to sustain populations and to colonize 
new habitats (up to 90% of  plant species in the 
tropics require animals for dispersal; Farwig 
and Berens, 2012). Many plant—plant inter-
actions are also mediated by interactions with 



4 A. Traveset and D.M. Richardson

other organisms, notably herbivores and patho-
gens (see below).

Interactions among species have been 
included in ecological theory since the early 
20th century, especially after Lotka (1925) and 
Volterra (1926) developed their famous equa-
tions that described competition and predation 
between two or more species as a means to un-
derstand population growth and species coexist-
ence in a community. Subsequent decades saw 
vigorous debates over Gause’s (1934) ‘competi-
tive exclusion principle’ which posited that two 
species cannot coexist on one limiting resource 
(Hart et al., 2018). Another topic of  hot debate 
was whether populations were regulated by 
density- dependent or density- independent fac-
tors. Hutchinson’s (1957) formalization of  the 
niche concept invoked only antagonistic inter-
actions, leading to widespread acceptance that 
the ‘realized niche’ (parts of  the environment 
that a species occupies in the presence of  in-
teractors, e.g. competitors, predators) is always 
smaller than the ‘fundamental niche’ (parts of  
the environment that a species can occupy in 
the absence of  interactions with other species). 
Ecologists have for decades built theories of  com-
munity organization that drew, explicitly or im-
plicitly, on Hutchinson’s conceptualization of  the 
niche. MacArthur and Levins (1967) developed 
the concept of  ‘limiting similarity’, the minimal 
niche difference between two competing species 
that would allow them to coexist. Community 
ecology progressed over the ensuing half  cen-
tury thanks to the development of  this theoreti-
cal framework that, it was thought, provided a 
foundation for predicting the number and types 
of  species in natural communities based on a 
functional limit to the similarity of  compet-
ing species (May and McArthur, 1972; May, 
1977). However, predictions of  limiting similar-
ity were found to be model- dependent, and the 
comparison of  models including interspecific 
interactions gave similar results to models that 
excluded them (i.e. null models). Such findings 
challenged the overly simplistic idea that inter-
specific competition was the only or even the 
most important factor involved in structuring 
communities. It was not until early in the 21st 
century (Bruno et al., 2003) that positive inter-
actions such as mutualism or commensalism be-
gan being incorporated explicitly in theoretical 
models, although previous studies had already 

dragged facilitation into modern community 
ecology (e.g. Bertness and Callaway, 1994). 
Such work showed that the realized niche can in 
fact be larger than the fundamental niche, and 
that ‘incorporating facilitative interactions into 
ecological theory would lead to more accurate 
and inclusive understanding of  natural com-
munities’ (Mittelbach and McGill, 2019). Many 
subsequent studies have shown that positive in-
teractions are at least as important as negative 
ones in mediating the structure and functioning 
of  ecosystems (Kiers et al., 2010).

Contrary to classic models that consider mu-
tualisms to be destabilizing (May, 1981; Allesina 
and Tang, 2012), ecologists now recognize that 
these positive interactions are fundamental de-
terminants of  community- wide stability (Mougi 
and Kondoh, 2012; McIntire and Fajardo, 2014). 
The biological mechanisms that underlie the sta-
bilizing effects of  mutualisms are, however, still far 
from clear. Network studies have shed light on such 
mechanisms (Benadi et al., 2012; Minoarivelo and 
Hui, 2016; Hale et al., 2020). Benadi et al. (2012) 
were the first to consider the stability of  a pollina-
tion network in a broad context, by evaluating the 
variation in the pollination mutualism and the de-
gree of  resource competition among plant species. 
They found that the effects of  pollinators on the 
stability of  the plants they visit depend on the ex-
tent to which plant resource use overlaps, and on 
the degree of  pollinator specialization. Minoarivelo 
and Hui (2016) pointed out that it is necessary to 
distinguish ecological from evolutionary stability, 
and claimed that inferring network function from 
structure is problematic. More recently, Hale et al. 
(2020) suggested that mechanistic network the-
ory could synthesize different types of  ecological 
interactions, thereby elucidating how mutualism 
can enhance the diversity, stability and function of  
complex ecosystems.

The study of  biotic interactions involving 
invasive species has particularly contributed sub-
stantially to the advancement of  ecology and 
biogeography. In fact, non- native species provide 
natural ‘species- addition experiments’ in a wide 
range of  habitat types which allow us to assess 
whether and how their effects can drive commu-
nity structure not only at fine spatial scales, but 
also over much greater areas (from landscapes to 
regions and biomes). Invasion biology has provid-
ed much knowledge from different biogeographi-
cal areas and ecosystems that permit us to test the 
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full spectrum of  ecological and biogeographical 
hypotheses, and to formulate new ones (Sax et al., 
2007; also Chapter 16, this volume). Biological 
invasions also provide unique opportunities to 
study and understand processes directly, and to 
quantify changes in such processes over time. The 
geographical scale at which humans move species 
across the globe, enhancing biological invasions, 
indeed offers important insights into the complex 
nature of  ecological systems.

The consideration of  biotic interactions 
in invasion biology has also facilitated a better 
understanding of  the mechanisms that allow 
non- native species to integrate into receptive 
communities, and the effects that such interac-
tions have during the invasive process on the 
functioning of  invaded communities (Hui and 
Richardson, 2017). This chapter focuses on the 
emerging understanding of  the diverse roles of  
biotic interactions in invasions of  non- native 
plants, in so doing providing the context for the 
other chapters in this book.

1.2 How the Study of Biotic 
Interactions Has Influenced Our 

Understanding of Plant Invasions

By definition, invasions of  non- native plants 
have benefited from interactions with humans, 
at the very least through the human activities 
that, intentionally or accidentally, allow the 
species to cross major biogeographical barriers 
(Richardson et al., 2000a). Many, probably most, 
invasions also benefit from diverse interactions 
with humans at subsequent stages of  the intro-
duction—naturalization—invasion continuum. 
For example, many species benefit from human- 
mediated dispersal opportunities within the 
new region (Chapters 5 and 6, this volume) and 
through alleviation of  many potential barriers 
due to human disturbance of  biotic and abiotic 
features of  the environment. In what follows, we 
initially focus primarily on interactions among 
the non- native plant and other non- human or-
ganisms. There is a rich literature on the role of  
humans in triggering, mediating and sustaining 
plant invasions (Zimmermann et al., 2014). We 
return explicitly to the role of  humans as a biotic 
interactor affecting invasions when we address 
how insights on the role of  interactions affect 

decisions on managing plant invasions (see 
below).

Of  the many prominent hypotheses (c. 30) 
that have been proposed in invasion ecology 
(Catford et al., 2009; Jeschke and Heger, 2018), 
a large proportion invoke species interactions. 
In this section, we address each of  the main hy-
potheses, in the chronological order that they 
appeared in the literature (Fig.  1.2), and con-
sider how they have influenced the understand-
ing of  the role of  biotic interactions in plant 
invasions. Hui et al. (Chapter 2, this volume) 
also review theories and hypotheses on how bi-
otic interactions mediate the performance and 
impact of  non- native species on recipient com-
munities, but their approach is different to ours. 
They categorize biotic interactions, direct and 
indirect, that emerge from both ecological fitting 
and coevolution during the process of  invasion 
and community assembly. Due to the difficulty 
in detecting biotic interactions and measuring 
the dependency strength on sampling scales 
and population densities as well as the non- 
equilibrium transient dynamics of  ecological 
networks, they call for a general framework that 
allows rapidly mapping the entire interaction 
networks in recipient ecosystems.

1.2.1  Darwin’s Naturalization 
Hypothesis

Darwin (1859) was the first to suggest that 
non- native plant species would be more likely 
to establish and spread in areas that are poor 
in closely- related species than in those with 
many close relatives. The rationale behind this 
notion, first formalized as ‘Darwin’s theory’ 
by Rejmánek (1996) and later as Darwin’s 
Naturalization Hypothesis (DNH; Daehler, 
2001), is that non- native plant species must 
compete with their close native relatives, or are 
more likely to be attacked by native herbivores 
or pathogens. This hypothesis has stimulated 
many studies, some of  which found support for 
it and others that did not. For instance, consid-
ering the full list of  seed plants introduced to 
New Zealand, Duncan and Williams (2002) re-
ported that those with congeneric relatives are 
significantly more likely to naturalize, not the 
opposite. Their explanation was that non- native 
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species with native congeners in the receiv-
ing ecosystem are more likely to share features 
with them that allow them to survive there. In 
other words, the shared traits might pre- adapt 
the plants to the new environment enough 
to override the negative effects of  competi-
tion with close relatives. This has been termed 
the Adaptation Hypothesis (AH) (Alpert, 2006; 
Catford et  al., 2009; Chapter 2, this volume), 
and also the Preadaptation Hypothesis by other 
authors (Cadotte et al., 2018). The study by 
Thuiller et al. (2010) helped to resolve this co-
nundrum. They reviewed and summarized stud-
ies that had tested these hypotheses and found 
largely inconsistent outcomes that they attrib-
uted to the use of  different spatial and phyloge-
netic scales. To unravel the mechanisms driving 
biological invasions, they proposed a set of  met-
rics derived from the niche concept to measure 

invader relatedness to native communities and 
the use of  trait- based measurements of  species 
dissimilarity. DNH, thus, is more likely to be 
supported at fine spatial scales. At larger spatial 
scales, however, AH is more likely to be support-
ed (Strauss et al., 2006; Jiang et al., 2010). As 
different processes operate simultaneously, the 
relationship between invasion success and phy-
logenetic distance probably depends on the phy-
logenetic scale (Thuiller et al., 2010). Cadotte et 
al. (2018) suggest that many studies that claim 
to have found support for DNH have used inap-
propriate spatial and temporal scales, have not 
considered different stages of  invasion, and 
have used inappropriate metrics and analytical 
tests; they provide guidelines for collecting data 
appropriately to test contrasting hypotheses.

Biotic Resistance Hypothesis 

Limiting Similarity Hypothesis 

Darwin Naturalization Hypothesis 

New Association Principle

Evolution of Increased Competitive Ability

Invasion Meltdown Hypothesis 

Mutualism / Facilitation Hypothesis

Novel Weapons Hypothesis

Enemy Inversion Hypothesis

Enemy Release Hypothesis

Enemy of my Enemy Hypothesis

Shifting Defence Hypothesis

Specialist-Generalist Hypothesis

Missed Mutualisms Hypothesis 

Global Competition Hypothesis
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Fig. 1.2. Main hypotheses that have been advanced to explain invasion success and that have invoked 
biotic interactions – either antagonistic (left) or mutualistic (right). Among the antagonistic interactions, 
some hypotheses invoke mostly competition (blue) whereas others invoke enemies (herbivores or 
pathogens) (light brown). Two of the hypotheses consider both antagonistic and mutualistic interactions 
and are bicoloured.
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1.2.2  Biotic Resistance Hypothesis 
(BRH)

In his book On the Origin of  Species, Darwin, 1859 
also remarked that a ‘prodigious number of  
plants ... never become naturalized for they can-
not compete with our native plants nor resist de-
struction by our native animals’. A century later, 
Elton (1958) predicted that ecosystems with high 
biodiversity should be more resistant to inva-
sion than ecosystems with low diversity. This has 
been termed the Biotic Resistance Hypothesis (also 
Diversity—Invasibility Hypothesis) and is based on 
the assumption that invading species are neither 
adapted to deal with native competitors nor de-
fended against herbivores or pathogens in their 
new ranges; the recipient community thus exerts 
a resistance against non- native species, limit-
ing colonization, naturalization and persistence 
of  invaders. The role of  evolutionary history in 
biological invasions, much emphasized in the lit-
erature on biotic resistance, was thus already ac-
knowledged by Darwin and Elton (Chapter 9, this 
volume).

A milestone study that provided support 
for this hypothesis was the meta- analysis by 
Levine et al. (2004) which found that competi-
tion and herbivory often limit the spread of  non- 
native species, despite rarely preventing their 
establishment. Shortly after this study, Parker 
and Hay (2005) tested BRH for 57 native and 
15 non- native plants across the south- eastern 
USA; they found that native herbivores, in both 
aquatic and terrestrial systems, provide resist-
ance to plant invasions. The effect was found to 
be stronger for generalist vertebrate herbivores 
than for invertebrate herbivores (Chapter 9, this 
volume). In another key review paper, Alpert 
(2006) predicted that altering selection pres-
sures of  native species could reduce such resist-
ance and promote invasion.

Although much support exists for the BRH, 
more work is needed to clarify how biotic re-
sistance interacts with other drivers such as 
propagule pressure, facilitative interactions, dis-
turbance levels and climate change, and whether 
biotic resistance is a strong force in repelling plant 
invasions relative to such other drivers, whether 
the strength of  such resistance varies geographi-
cally, and whether biotic resistance can be manip-
ulated to manage plant invasions – see the review 

by Parker et al. (Chapter 9, this volume). Catford 
et al. (2020) examined the relative roles of  native 
community diversity and climate warming on in-
vasions, and found that the former overwhelms 
the latter. Zhang and van Kleunen (2019) ana-
lysed the interactions among 48 pairs of  native 
and non- native annuals in Germany; their study 
revealed that interactions were generally nega-
tive (competitive) rather than facilitative, and that 
non- native plants outcompeted rare but not com-
mon native plants. Such findings suggest that 
common native competitors exert stronger biotic 
resistance and are thus important in determining 
plant invasion dynamics (Chapter 9, this volume), 
but more research is needed on more species and 
in more habitats to determine the generality of  
this view. Also, an important source of  biotic re-
sistance explaining invasion outcomes that is 
increasingly receiving attention and being incor-
porated into plant community theory is the effect 
of  generalist seed predators (reviewed in Larios 
et al., 2017).

Although it appeared much later, a key ref-
erence relating to the BRH, and predicting the 
opposite, is the paper by Stohlgren et al. (2003) 
which proposed ‘The Rich Get Richer’ Hypothesis 
(later termed the Biotic Acceptance Hypothesis 
(BAH); Stohlgren et  al., 2006). This hypothesis 
posits that habitats with high levels of  species 
diversity are more vulnerable to plant invasions. 
Stohlgren et  al. (2006) found that hotspots of  
native plant diversity in most parts of  the USA 
supported the largest number of  non- native 
plant species when considered at large spatial 
scales. These authors, however, did not explicitly 
invoke species interactions but rather resource 
availability (in general terms) and habitat het-
erogeneity. Both resource availability and habi-
tat heterogeneity increase as we move from fine 
scales (at which species interactions are likely 
to be important) to broader scales (landscape 
or larger) in larger areas; this provides a simple 
explanation for this relationship which invokes 
no role for biotic interactions. One of  the first 
attempts to experimentally disentangle distur-
bance from diversity and productivity in inva-
sions was the study by Pearson et al. (2018b).

Although different studies supported the 
prediction of  a negative relationship between na-
tive and non- native species richness (Davies et al., 
2005, Davies et al., 2011), there is a clear effect of  
scale on the direction and magnitude of  diversity 



8 A. Traveset and D.M. Richardson

effects on invasion. While negative relationships 
were often found at fine spatial scales, relation-
ships became positive at larger scales, resulting 
in what Fridley et al. (2007) termed ‘the invasion 
paradox’. This paradox still puzzles researchers 
(Chapter 9, this volume), but recent work has 
shed light on the conundrum by demonstrating 
that biotic resistance imposed by native species is 
universally common, especially when controlling 
for other factors such as habitat quality, distance 
to human activities and climate. Beaury et  al. 
(2020) conclude that preserving native biodiver-
sity should contribute to reducing the incidence 
and extent of  invasions. Nonetheless, for biotic 
resistance to be useful in controlling plant inva-
sions, it must overcome the counteracting effects 
of  stochastic disturbance in the short term and 
propagule pressure in the longer term (Chapter 
9, this volume). Finally, the long- standing notion 
that tropical areas are less invaded than temperate 
ones due to stronger species interactions, and thus 
stronger biotic resistance in the former, is tenuous 
once confounding factors (e.g. site area, produc-
tivity, propagule pressure) are removed (Chapter 
9, this volume).

1.2.3 Limiting Similarity Hypothesis 
(LSH)

The Limiting Similarity Hypothesis (LSH) emerged 
from the ‘limiting similarity’ concept developed 
by MacArthur and Levins (1967); it predicts that 
successful invaders are functionally distinct from 
species in the recipient community, so encounter 
minimal competition and can fill an empty niche. 
LSH is supported by results from a number of  
studies. Here we highlight those by van Kleunen 
et al. (2010) and Ordonez et al. (2010) which both 
show that invasive species generally possess traits 
associated with higher performance (e.g. faster 
growth rates, higher seed production) compared 
to non- native species that are not invasive. Other 
important studies (e.g. Davies et al., 2005, Davies 
et al., 2011; MacDougall et al., 2009; Wang et al., 
2013; Hulvey and Teller, 2018) have also suggest-
ed that a higher phenotypic (or phylogenetic) dis-
similarity, and thus a lower niche overlap, between 
native and non- native species favours greater in-
vasion success of  the latter. When traits are not 
phylogenetically conserved, however, results can 
be mixed. Also, environmental—biotic filtering 

may select for phenotypically similar species ir-
respective of  their origin (references in Chapter 9, 
this volume) and thus invasive and common na-
tive plants can often have similar trait values.

1.2.4  Evolution of Increased 
Competitive Ability (EICA) hypothesis and 

Enemy Release Hypothesis (ERH)

The Evolution of  Increased Competitive Ability 
(EICA) hypothesis was first formulated by 
Blossey and Nötzgold (1995) (Chapter 10, this 
volume for details). It states that the release or 
reduction of  negative effects induced by special-
ist enemies that limit populations in their home 
ranges enables the species to allocate freed re-
sources (i.e. energy) to adapting and enhancing 
its competitive ability (by growing and reproduc-
ing at higher rates) when it arrives in an envi-
ronment where specialist enemies are absent. 
It is closely related to the later- named Enemy 
Release Hypothesis (Keane and Crawley, 2002), 
and both are included in Enemy Release Theory 
(Colautti et al., 2004), which also embraces the 
Shifting Defence Hypothesis (SDH) (Chapter 10, 
this volume) and other hypotheses that invoke 
enemies (see below). ERH has two main predic-
tions: i) invasive species benefit from a loss of  
natural enemies, particularly those that special-
ize on their host (this often occurs when the in-
vasion extends over large spatial scales); and ii) 
new enemies acquired in the non- native range 
are more likely to be generalists which also ham-
per native competitors. A non- native plant may 
thus benefit from a reduction in the number of  
enemies either directly – by increasing survival 
and reproduction – or indirectly, if  generalist 
enemies damage the native competitors more 
than the invader. Many studies over the last two 
decades have tested such predictions, and many 
have found support for them. However, the ERH 
still remains contentious, and recent meta- 
analyses show contradictory results (Chapter 
10, this volume). Field studies comparing native 
and non- native populations of  the same spe-
cies, i.e. biogeographical comparisons, provide 
more consistent support for the ERH than com-
mon garden experiments (Colautti et al., 2004). 
Due to the lack of  long- term demographical 
field data, it is still unclear, however, whether 
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the biogeographic release from natural enemies 
results in a larger population growth or abun-
dance in the non- native range (Chapter 10, this 
volume).

Besides demographic changes, enemy release 
involves a series of  evolutionary changes for the 
invasive plant. In other words, the reduction of  
specialist enemies and a shift to a higher propor-
tion of  generalists may prompt changes in the type 
and amount of  plant defences, implying genetic 
changes. This evolutionary shift seems to depend 
on the balance between the abundance of  natu-
ral enemies in the native and introduced ranges 
and their effects on plant fitness (Chapter 10, this 
volume). This relaxed selection for costly defences 
in the absence of  specialist enemies should lead to 
the evolution of  genotypes that are less defended 
but more competitive. This idea is encapsulated in 
the EICA Hypothesis and its variant SDH, which 
predict shifts in the type of  defence rather than a 
reduction of  defences per se (Müller- Schärer et al., 
2004). The EICA Hypothesis has inspired much 
experimental research and has thus provided 
rich datasets amenable to meta- analysis; Honor 
and Colautti (Chapter 10, this volume) explore 
some of  the reasons for the discrepancies found 
in different studies. Using a modelling approach 
grounded in eco- evolutionary theory, they also 
revisit some of  the assumptions and predictions 
of  enemy release theory by breaking it down into 
its main constituents: i) reduction in natural en-
emies; ii) relaxation of  selection for costly defenc-
es; iii) favouring genetic variants with weaker or 
different defences; and d) increase in growth and 
reproduction. Their enemy release theory can be 
tested with a common- garden approach through 
experimental manipulation of  enemy abundance. 
These authors call for characterizing fitness reac-
tion norms of  multiple genotypes across a range 
of  enemy abundance to infer the historic rate of  
adaptive evolution or predict it into the future 
(Chapter 10, this volume).

1.2.5 Invasional Meltdown Hypothesis 
(IMH)

Simberloff  and von Holle (1999) proposed the 
Invasional Meltdown Hypothesis (IMH) which 
states that direct or indirect symbiotic or fa-
cilitative relationships among non- native spe-
cies cause an ‘invasion domino effect’ (Catford 

et al., 2009). Invasional meltdown often occurs 
over several trophic levels, where one species 
makes a habitat or community more favourable 
for the other. The term and concept have been 
widely embraced by invasion biologists despite 
criticism from some quarters (Chapter 8, this 
volume). Against the standing paradigm on the 
importance of  antagonistic interactions among 
species, including invasives, the IMH raised the 
idea that facilitative interactions among non- 
native species could reciprocally increase their 
invasion rate as well as the ecological impacts 
in the invaded community. As with the other 
previous hypotheses, many studies have found 
support for IMH but many others have not, re-
flecting different types of  evidence for diverse 
habitats across a multitude of  scales (reviewed 
in Braga et al., 2018). Although it has been two 
decades since the IMH was proposed, and despite 
the frequent occurrence of  multiple dominant 
non- native species in invaded communities, the 
study of  interactions among non- native species 
and the resulting impacts is still uncommon in 
the invasion literature compared to the large 
amount of  information on interactions between 
native and non- native species or on the impact 
of  single invasive species. Moreover, most stud-
ies focus on direct, pairwise interactions among 
non- native species; only a few have been carried 
out at the community or ecosystem levels. We 
therefore have limited empirical data on how in-
direct interactions affect patterns of  invasion in 
communities comprised of  multiple native and 
non- native species (Chapter 8, this volume). 
Consequently, we still do not know whether fa-
cilitative interactions are more prevalent and 
important than those that hinder invasions 
(Simberloff, 2006). Although the term ‘inva-
sional meltdown’ is often used loosely to refer to 
any form of  facilitation among non- native spe-
cies, Simberloff  and von Holle (1999) defined 
the term with reference to community- level 
phenomena that may arise from facilitative 
population- level processes (Chapter 8, this 
volume). Moreover, to adequately assess the 
prevalence of  the phenomenon of  invasional 
meltdown, we need to consider direct and indi-
rect interactions across non- native and native 
species in many communities, and determine 
how they shape invasion patterns and the eco-
logical impacts of  non- native species.
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1.2.6  Enemy Inversion Hypothesis (EIH) 
and Enemy of My Enemy Hypothesis 

(EEH)

In 2004, a new variant of  the ERH appeared – 
the Enemy Inversion Hypothesis (Colautti et  al., 
2004). Its premise was that when natural en-
emies of  non- native species are also introduced 
into new range they can be less effective, or may 
even have an opposite effect, due to changed 
abiotic conditions and/or other novel biotic in-
teractions (Pearson and Callaway, 2003). These 
authors found that the negative effects of  the 
non- native invasive C. maculosa on native plants 
became even stronger after gallflies (whose lar-
vae inhabit Centaurea flowerheads) were intro-
duced to control the invasive plant and became 
a favoured meal for deer mice. This interaction 
arose because the gallflies provided food subsi-
dies that doubled or tripled deer mouse popu-
lations (Pearson and Fletcher, 2008), which 
dramatically increased the impacts of  seed pre-
dation by deer mouse on native plant recruit-
ment (Pearson and Callaway, 2008) and elevated 
the prevalence of  hantavirus (a zoonotic disease 
lethal to humans) in deer mouse populations 
(Pearson and Callaway, 2006). How prevalent 
such restructuring of  multispecies interactions 
is within communities remains unexplored, 
probably because of  the challenges inherent in 
studying multiple interactions in communities 
(Colautti et  al., 2004). Yet another Hypothesis 
associated with the ERH – and considered a spe-
cial case of  the EIH – is the Enemy of  My Enemy 
Hypothesis (Colautti et al., 2004; Eppinga et al., 
2006). Based on plant—soil feedback models, it 
argues that non- native species accumulate local 
pathogens that limit the invader’s abundance, 
but are more detrimental to native species, re-
sulting in apparent competition. Most reported 
cases supporting the EEH deal with invasive 
animal species, and empirical evidence for the 
relative importance of  the EEH is still very poor 
(Colautti et  al., 2004), though there is accu-
mulating evidence in plant—herbivore—plant 
systems (Chapter 17, this volume). The EIH and 
EEH are associated with the New Associations 
Hypothesis (NAH), previously termed the 
‘new associations principle’ by Hokkanen and 
Pimentel (1989). These hypotheses predict that 
non- native species represent naïve hosts (with 

few or no defences) to native enemies, and that 
they establish new relationships with species 
in recipient ecosystems that may enhance or 
impede invasion success. Another hypothesis 
related to enemies in the recipient community 
is the Specialist—Generalist Hypothesis (S- GH) 
formulated by Callaway and Ridenour (2004) 
and later formalized by Sax et  al. (2007). This 
hypothesis predicts that invasion success is 
greatest when enemies in recipient community 
are specialists (unable to prey on non- native 
species) and when native mutualists (or facili-
tators of  invasions) are generalists. Subsequent 
studies, however, have found that the frequency 
of  specialists vs generalists of  both antagonists 
(predators/pathogens) and mutualists vary no-
tably across different types of  communities. This 
hypothesis remains contentious and has found 
only partial support (Parker et al., 2006).

1.2.7  Mutualist / Facilitation Hypothesis

In 2000, the first clear conceptualization of  the 
role of  mutualisms as mediators of  plant inva-
sions was published (Richardson et al., 2000b). 
This study supported the view that many non- 
native plants rely on mutualisms (pollination, 
seed dispersal, plant—fungal and bacterial in-
teractions) in their new environments to over-
come barriers to establishment and become 
naturalized and potentially invasive. The paper 
reviewed many studies that revealed that the 
spread of  many non- native plants, particularly 
woody species, are well served by generalist pol-
linators and that pollinator limitation is not a 
significant barrier to establishment or spread. 
It also showed that the seeds of  the most notori-
ous invasive plants are largely dispersed by ani-
mals, especially birds and mammals (Chapters 
5 and 6, this volume). Microbe—plant interac-
tions, despite prevalent low specificity, can be 
important in mediating invasions of  some plant 
species (Chapters 3 and 19, this volume). The 
Mutualist Facilitation Hypothesis offers an expla-
nation for invasional meltdown through linked 
feedbacks (non- natives alter habitats and non- 
natives benefit mutualists; Fig. 1 in Richardson 
et  al., 2000b). This framing stimulated many 
studies to determine the roles of  different types 
of  mutualistic interactions on non- native plants 
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in a wide range of  ecosystems (Traveset and 
Richardson, 2014).

Another hypothesis proposed within the 
larger framework established by Richardson 
et al. (2000b) was termed the Missed Mutualisms 
Hypothesis (MMH) by Alpert (2006) and also by 
Mitchell et al. (2006); it posited that upon arrival 
in a new range, non- native species lose the ben-
eficial mutualistic relationships that they experi-
enced in their home range, and that this impedes 
invasion. There are indeed reported cases of  in-
vasive plants that have not been able to estab-
lish and become invasive until their mutualistic 
partner has also been introduced; such cases 
involve mostly plant—soil microbe mutualisms 
(e.g. Casuarina sp. or Morella faya which need 
Frankia bacteria strains). Pines (genus Pinus) are 
an example of  an invasive group of  trees that 
need ectomycorrhizas to establish. Dickie et  al. 
(2010) found that most mycorrhizal species as-
sociated with the invasive Pinus contorta in New 
Zealand were also non- native, thus providing 
support for co- invasion with mutualists rather 
than for novel associations with native mycor-
rhizas. A recent study by Moyano et al. (2020), 
also focusing on the genus Pinus, found that 
those species that depend more on mutualistic 
ectomycorrhizal fungi are more invasive (more 
likely to establish), a finding that defies predic-
tions of  the MMH.

The number of  studies examining how 
mutualistic interactions contribute to plant 
invasions has grown exponentially in recent 
years. Five chapters in this volume – those by 
Montero- Castaño and Traveset (Chapter 4), Díaz 
et al. (Chapter 5), Baltzinger et al. (Chapter 6), 
Cavieres (Chapter 7) and Callaway and Lucero 
(Chapter 3) – review this literature. They all em-
phasize the importance of  considering positive 
interactions when seeking a mechanistic un-
derstanding of  plant invasions. The only study 
that we know of  that assesses the role of  biotic 
interactions in structuring the invasive biota of  
a whole region is that by Le Roux et al. (2020) 
for South Africa. Such insights are important 
for elucidating how ecological factors via biotic 
interactions scale up to shape biogeographical 
patterns (Richardson and Pyšek, 2012).

The ‘other side of  the coin’ – how non- 
native species influence the mutualistic interac-
tions prevailing in the receptive communities 
– was thoroughly reviewed by Traveset and 

Richardson (2006) (and updated in Traveset 
and Richardson, 2011, 2014), who described 
the different mechanisms whereby biotic inter-
actions established with the non- native species 
in the new environment can disrupt native mu-
tualistic interactions with potential consequenc-
es for community structure and function. The 
pattern emerging so far is that high interaction 
generalization is the norm in most ecosystems, 
and that this allows non- native species to infil-
trate the new environments with few barriers. 
On the other hand, mutualistic disruptions due 
to invasions are known to be pervasive, and sub-
sequent cascading effects are increasingly being 
reported (Traveset and Richardson, 2014). The 
impacts of  non- native plants on plant—pollina-
tor interactions are dealt with in this volume 
in the chapters by Aizen and Morales (Chapter 
13). Impacts of  plant invasions on plant—seed 
dispersal interactions are reviewed by Heleno 
(Chapter 14), while impacts on plant—microbe 
interactions are covered by Callaway and Lucero 
(Chapter 3).

1.2.8  Novel Weapons Hypothesis (NWH)

The Novel Weapons Hypothesis (NWH), first pro-
posed by Callaway and Aschehoug (2000), and 
later named by Callaway and Ridenour (2004), 
was an important step towards elucidating in-
vasive success and the evolution of  increased 
competitive ability. It posits that non- native spe-
cies release allelopathic chemicals that inhibit 
and repress potential competitors in their new 
ranges. Native species are not adapted to the 
novel biochemical weapons, and this enhances 
the competitive ability and success of  the non- 
native species. These authors found that root 
exudates – that are ineffective against resident 
neighbours because of  adaptation – might have 
an inhibitory effect on native plants in the re-
cipient communities. They also predicted that 
the selective advantage of  possessing a novel 
weapon could result in rapid evolution of  that 
weapon. This hypothesis provided an alternative 
explanation to the ‘growth vs defence’ trade- off  
assumed in the evolution of  competitive ability 
in invasive plants; it predicts that selection acts 
directly on those traits, providing a competitive 
advantage in their new habitats. While the role 
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of  allelopathy via direct phytotoxicity has been 
hotly debated in recent decades, many studies 
suggest that allelopathy mediated by indirect 
biotic interactions, particularly via fungal mu-
tualists, is an important driver of  some plant in-
vasions (Chapter 15, this volume). This has been 
clearly demonstrated for Centaurea maculosa in 
North America. The novel weapons influence 
not only native plants but also other organisms 
(Cappuccino and Arnason, 2006); they can re-
duce herbivory or suppress mycorrhizal fungi 
that are beneficial to native competitors but not 
necessarily to the invasive plant (Callaway et al., 
2008). Native species can adapt to the novel 
compounds with time (Lankau et  al., 2009). 
The possibility that chemical compounds pro-
duced by native plants may contribute to resist-
ance against the invasion of  non- native plants 
has received very little attention (van Kleunen 
et  al., 2018). Smith- Ramesh (Chapter 15, this 
volume) reviews the growing body of  evidence 
and discusses future avenues of  research on al-
lelopathy and plant invasions, emphasizing the 
mechanisms by which allelopathic invaders 
disrupt biotic interactions and how this can al-
ter the structure of  interaction networks in the 
invaded habitat.

1.2.9  Global Competition Hypothesis 
(GCH)

Alpert (2006) introduced the Global Competition 
Hypothesis (GCH) which suggests that the likeli-
hood that the non- native species pool will include 
a species with traits enabling it to outcompete na-
tive species increases with the number of  species 
introduced. This notion, analogous to the sam-
pling effect that is sometimes used to explain the 
positive relationship between biodiversity and eco-
system functioning, assumes that particular life- 
history strategies and traits of  the invasive species, 
combined with the ability to avoid enemies, make 
a species a better competitor for a shared resource 
(Blumenthal, 2006). The GCH has been invoked 
to explain the high degree of  invasion on oceanic 
islands by dominant species from the mainland 
which would have had the opportunity to sam-
pling more variation than the island biota (Pyšek 
and Richardson, 2006). Wandrag and Catford 
(Chapter 16, this volume) revise this and other 

hypotheses that invoke competitive interactions 
in plant invasions, providing the mechanisms as 
well as the predicted outcome for each one. These 
authors call for a predictive framework for identi-
fying and managing plant invasions that includes 
a better understanding of  the influence that indi-
viduals have on each other’s performance.

1.2.10  Biotic Indirect Effects Hypothesis 
(BIEH)

Also in 2006, White and colleagues introduced 
a new hypothesis – the Biotic Indirect Effects 
Hypothesis (BIEH) – which invoked facilitation of  
invasion mediated by indirect community inter-
actions, i.e. how ‘a’ alters the effect that ‘b’ has 
on ‘c’. Such complex interactions have long been 
overlooked in ecology although there has been 
increased interest in recent years, partly because 
of  the increased computational power available 
for network modelling, in determining their role 
in the structure, dynamics and evolution of  eco-
logical communities (Chapter 17, this volume). 
The four most commonly documented indirect 
effects are: i) apparent competition; ii) indirect 
mutualism/commensalism; iii) exploitative 
competition for a biotic resource; and iv) trophic 
cascades (White et al., 2006). Indirect biotic in-
teractions, which can be mediated by both biotic 
and abiotic factors, are defined as impacts of  one 
species on the growth, fitness or population dy-
namics of  another species through changes in 
the population or behaviour of  a third species. 
Chapter 17, this volume, focuses on the biotic 
factors that mediate impacts of  invasive plants 
via indirect biotic interactions, and proposes 
several potential future research directions and 
questions that remain to be answered to under-
stand the relevance of  indirect interactions in 
mediating success and impacts of  invasive spe-
cies. The indirect effects that herbivores have on 
plant invasions, together with the direct ones, 
are dealt with by Kotanen (Chapter 12, this vol-
ume). His review concludes that herbivore dam-
age to plant invaders is pervasive, though not 
universal or uniform. The type and significance 
of  herbivore damage, and the implications for in-
vasion dynamics, depend on many factors; these 
include the residence time of  the non- native 
plant species, its evolutionary history, and its 
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receptive community. It remains unclear how of-
ten herbivory in the invaded range can strongly 
affect populations of  both non- native plants and 
their native competitors (see also the review by 
Maron and Crone, 2006). Further research on 
the influence of  herbivores on the demography 
of  non- native plants is needed to assess when 
and how often damage has consequences at the 
population level.

1.3  The Effect of Multiple Stressors 
on Biotic Interactions Influencing 

Plant Invasions

The introduction and invasion success of  non- 
native plant species is typically associated with 
environmental change and human activities 
(Pyšek et al., 2010). These factors can influence 
the biotic interactions among species in the re-
cipient community, for instance by affecting the 
strength and direction of  competition (Chapter 
16, this volume), by mediating the direct and 
indirect effect of  enemies on non- native and na-
tive plants (Chapters 11 and 17, this volume), 
and through the many facilitative/mutualistic 
interactions that take place in the community. 
There is evidence that changes in resource sup-
ply and disturbance, both of  which are associ-
ated with human activities, affect competitive 
outcomes between native and non- native plants. 
Non- natives tend to outcompete natives when 
resource supply is high (Seabloom et al., 2015). 
Disturbance (including complete biomass re-
moval through soil tilling, herbicide use, fire 
or partial biomass removal through grazing) is 
known to provide windows of  opportunity for 
the invasion of  non- native plant species that can 
rapidly exploit available resources, such as light 
or water (Seabloom et al., 2006). In turn, some 
non- native plants have caused changes in vegeta-
tion structure to such an extent that fire regimes 
are altered, leading to massive ecosystem- level 
impacts (Brooks et al., 2004), including regime 
shifts (Gaertner et  al., 2014). Impacts include 
disruptions of  many biotic interactions, mak-
ing restoration to preinvasion conditions much 
more difficult, if  not impossible.

The type and strength of  biotic interac-
tions that influence plant invasions depends, 
to a large extent, on human activities. Humans 

influence the locations to which species are 
introduced, including through climate match-
ing of  non- native plant species with target 
sites of  introduction. Moreover, humans tend 
to introduce propagules of  non- native species 
repeatedly, and often in very large numbers. 
The type and frequency of  human- mediated 
disturbance can also determine the benefits 
that non- native plants derive from the loss 
of  native ones. The likelihood of  non- native 
plants outcompeting native plants increases 
if  disturbance: i) directly removes native com-
petitors or hinders their vigour; or ii) increases 
resource availability due to decreased resource 
uptake by the native species. Often, these two 
disturbance effects are difficult to tease apart 
(Chapter 16, this volume).

Global change drivers such as climate 
change and agricultural intensification are con-
tinuously creating new species combinations, 
simultaneously modifying the conditions under 
which such species interact, and the outcomes 
of  such interactions (Ricciardi et  al., 2017). 
Understanding the processes that influence 
where non- native plants establish and how they 
interact with other species in recipient communi-
ties is crucial for effective management of  inva-
sions and their impacts. There are cases where 
non- native species themselves act as drivers of  
change; there are many examples of  non- native 
plant species that drive regime shifts in invaded 
ecosystems (Gaertner et  al., 2014; Shackleton 
et al., 2018). Human- mediated land use, together 
with species- intrinsic traits (e.g. their competitive 
ability, high fruit production), might interactively 
influence the dominance of  non- native species in 
some situations, thereby exacerbating the effects 
of  global change. Invasive plants can alter ani-
mal communities, trophic interactions, primary 
productivity, nutrient cycling and disturbance 
regimes (e.g. Mack et al., 2000), and such effects 
may in turn be mediated by the other species that 
are interacting with invasive plants (Chapter 11, 
this volume). For instance, pathogens interacting 
with invasive plants can: i) influence soil forma-
tion and water regulation; ii) lead to tree mor-
tality which can increase the intensity of  forest 
fires; or iii) alter nutrient cycling through food 
webs. Moreover, invasive species and pathogens 
can both affect the composition of  soil microbial 
communities, but their combined effects are un-
clear (Chapter 11, this volume).
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Understanding when and how species re-
spond to changing abiotic conditions and biotic 
interactions is essential to allow us to predict the 
outcomes of  novel interactions between natives 
and non- natives, and to envisage how existing 
invaded communities will respond to changing 
environmental conditions. Research, like that 
of  Catford et al. (2020) that simultaneously ex-
amines how shifts in both biotic (i.e. commu-
nity composition) and abiotic conditions alter 

interaction outcomes is much needed, although 
challenging. Fig. 1.3 provides a conceptual mod-
el showing the different drivers of  global change 
that can influence plant invasion success medi-
ated through biotic interactions. Some of  these 
biotic interactions may in turn influence each 
other (e.g. plant—plant competition may be 
mediated by herbivores), and a plant invasion 
may feed back to enhance or disrupt the effect of  
some global change drivers.
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Fig. 1.3. Conceptual model showing the different drivers of global change that influence plant invasion 
success through their direct or indirect effects on biotic interactions. The drivers are not completely 
independent; some can have an effect on others (see text for examples), and plant invasion success can 
in turn further enhance biological invasions, land use change and nutrient enrichment. Likewise, some 
biotic interactions are linked (directly or indirectly) to others. The sign of the effects of biotic interaction 
type on plant invasion success indicates whether the interaction is positive (mutualism/facilitation) or 
negative (antagonistic interaction). The outcome of plant—plant competition may be positive or negative 
depending on whether the non- native or the native plant is outcompeted. The different hypotheses 
associated with each prediction that invoke biotic interactions in explaining plant invasion success are 
shown in the diamonds. Hypothesis acronyms: BIEH: Biotic Indirect Effects Hypothesis; BRH: Biotic 
Resistance Hypothesis; EICA: Evolution of Increased Competitive Ability Hypothesis; ERT: Enemy 
Release Theory, which embraces other hypotheses regarding enemy release (see text); GCH: Global 
Competition Hypothesis; IMH: Invasional Meltdown Hypothesis; LSH: Limiting Similarity Hypothesis; 
MMH: Missed Mutualisms Hypothesis; NAH: New Associations Hypothesis; and NWH: Novel Weapons 
Hypothesis.
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1.4 Experimental Approaches in the 
Study of Biotic Interactions and Plant 

Invasions

Many approaches have been used in the study 
of  plant invasions (van Kleunen et  al., 2018). 
Although most studies focus on individual in-
vasive species, comparative approaches are es-
sential to uncover and understand the factors 
that determine invasion success. Developing ex-
perimental and modelling approaches to examine 
competition between natives and non- natives, for 
instance, has received considerable effort and has 
proved useful in advancing the understanding 
the role of  competition in shaping species distri-
butions (Chapter 16, this volume). On the other 
hand, understanding how biotic interactions have 
affected and will continue to affect plant invasions 
requires us to consider both the evolutionary his-
tory and current eco- evolutionary dynamics of  
such interactions, as they may change over the 
course of  an invasion as a result of  ecological 
and evolutionary processes. The type, strength 
and outcome of  biotic interactions depend on the 
traits and evolutionary history of  both the non- 
native plant and its potential interactors in the 
introduced range. The context- dependency of  the 
outcomes of  biotic interactions presents a chal-
lenge in the quest to predict the invasion success 
and impact of  particular plant invaders on a given 
recipient community. Teasing apart the direct 
and indirect drivers of  plant invasions and their 
impacts is particularly challenging. Structural 
equation modelling may help in isolating differ-
ent drivers of  plant invasions and testing their 
relative effects. A good example of  the potential of  
this method was provided by Linders et al. (2019). 
Establishing research networks that replicate ex-
periments globally (Borer et al., 2014) also has the 
potential to contribute significantly to unveiling 
patterns and mechanisms driving plant invasions.

Heger and Jeschke (2018) proposed a new 
hierarchy- of- hypotheses (HoH) approach for 
synthesizing the large amount of  published data 
and for testing specific hypotheses to increase 
our ability to explain and predict biological inva-
sions. They suggest adding this HoH approach to 
the ecological toolbox as an additional method to 
approach complexity and context dependence. 
However, complex phenomena like biological 
invasions are unlikely to be strictly hierarchical 

because invasion success is determined by multi-
ple factors that operate idiosyncratically in time 
and space. For this reason, we suggest that ma-
jor advances in the field are more likely to come 
from the application of  networks of  models rath-
er than a hierarchy of  hypotheses (Scheiner and 
Fox, 2018).

Frost et  al. (2019) proposed a holistic ap-
proach, using network theory, that simultane-
ously considers all relevant ‘effects and effectors’ 
to understand aspects of  invasion from prop-
agule pressure through to invader establish-
ment, spread and eventual ecological impacts. 
They argued that network theory can inform us 
which species are most likely to become invasive, 
which ecosystems are most invasible and what 
impacts an invader will have on the recipient 
community. Some species- level network charac-
teristics can tell us, for instance, how vulnerable 
a species is to enemy- release or how likely it is 
that a new species will become invasive.

Assessing how network characteristics of  
invaders vary through time (as they are becom-
ing more abundant in the community) can also 
give insights on the mechanisms that allow them 
to invade. Likewise, understanding how network 
structure relates to the niche space available for in-
vasion allows us to assess how resistant or vulner-
able communities are to invasion (Minoarivelo and 
Hui, 2016; Chapter 2, this volume). For instance, 
highly nested antagonistic networks appear to be 
more susceptible to invasion due to high interac-
tion asymmetry. However, the opposite pattern oc-
curs in mutualistic networks. Modularity, another 
important network metric, can also be informa-
tive regarding the susceptibility of  a community 
to invasion, although findings are still contentious 
(Frost et  al., 2019). Nestedness and modular-
ity seem to have opposing effects on the stability 
of  antagonistic and mutualistic networks; thus, 
higher modularity stabilizes antagonistic net-
works but destabilizes mutualistic ones, whereas 
the opposite occurs for nestedness (Thébault and 
Fontaine, 2010). On the other hand, the impact 
of  invasive plants on network structure has also 
yielded different results; some studies have found 
that they either increase or decrease network 
structural properties whereas most studies report-
ed no significant effect (Chapter 18, this volume). 
Due to the high degree of  context- dependency ap-
parent among these studies, Hui and Richardson 
(2019) proposed a theoretical framework based 
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on community stability theory to shift from static 
and dynamic networks to complex adaptive net-
works when investigating invasibility and biotic 
resistance of  recipient communities. This theo-
retical framework provides specific hypotheses to 
test regarding invasions in ecological networks. 
However, empirical tests of  emerging theory are 
still very rare, especially in terms of  manipulative 
experiments (Frost et al., 2019). Likewise, an ap-
proach of  gradients of  invasion by plant species 
can help to clarify the inconsistent results that 
have emerged to date for the effect of  plant inva-
sions on networks, the existence of  thresholds 
from which network effects are detectable, and 
how species- level metrics and species roles change 
as networks become more invaded (Chapter 18, 
this volume).

Research on the functional role of  invasive 
species in ecological networks or on their impact 
on ecosystem functioning is still in its infancy, 
but a network framework looks promising for 
advancing our understanding of  plant invasions 
(Chapter 18, this volume). For instance, a net-
work approach can be useful to predict which 
functional changes will follow an invasion based 
on how invader effects on other species’ abun-
dances will spread throughout the network and 
– by means of  coextinction modelling – what 
the consequences of  the removal of  a keystone 
species will be for network function or stability 
(e.g. Traveset et  al., 2015). The findings so far 
indicate that although invasive species do not 
necessarily impact network structure or stabil-
ity in the recipient community, they can take 
up central positions (acting as a hub or as an 
important connector) and thus play a relevant 
role in the network (e.g. Traveset et  al., 2015). 
Moreover, invaders are also involved in indirect 
effects (e.g. apparent competition) that can be 
unveiled by means of  a network approach (Frost 
et al., 2019). Lastly, networks are also useful for 
studying the effectiveness of  biological control 
methods as well as other forms of  invasive spe-
cies management (Chapters 21 and 22, this vol-
ume). The increased use of  multilayer networks 
– which include more than a single ecological 
process at a time) – is also promising, although 
there are challenges because of  the difficulty of  
accounting simultaneously for different types of  
interactions. Such an approach has the poten-
tial to provide insights into community assembly 
and disassembly, and that may also allow us to 

design effective restoration strategies in invaded 
communities (Chapters 18 and 23, this volume).

Rapid advances are being made in molec-
ular approaches in the study of  biological inva-
sions, and exciting opportunities are emerging 
for addressing important questions. In Chapter 
19 (this volume), Le Roux summarizes the use 
of  such approaches to improve our under-
standing of  plant—microbial interactions, the 
structure and dynamics of  the networks they 
underlie, and how these respond to perturba-
tion by non- native species. Specifically, new 
developments in next- generation sequenc-
ing (NGS) techniques are overcoming the 
limitations relating to the identification and 
quantification of  microbes. They also provide 
access to cost- effective sequencing platforms 
and high- quality big data. It is now possible 
to better understand microbial diversity and 
function and to build more precise ecological 
networks (Toju, 2015). Using molecular ap-
proaches, numerous interactions can be easily 
sampled over short periods and large spatial 
scales compared to traditional observational 
studies. Nevertheless, the frequent non- linear 
relationship between biomass and barcode 
abundance, together with contamination and 
sequencing errors, remain big challenges that 
need to be overcome (Chapter 19, this volume).

1.5  Considering Biotic Interactions 
to Improve Our Ability to Manage 

Plant Invasions

The preceding sections show that non- native 
plants readily forge many types of  associations 
and engage in diverse interactions with resident 
species, both native and non- native. Such associ-
ations and interactions mediate the invasiveness 
of  non- native species, invasibility of  ecosystems 
and the impact that non- natives have in ecosys-
tems that have been invaded. How can we use 
the rapidly improving knowledge of  the diverse 
roles of  biotic interactions in plant invasions to 
manage plant invasions more effectively?

As discussed earlier in the chapter, by far the 
most important biotic actor influencing plant in-
vasions is Homo sapiens. All invasions are caused 
by humans and perceived by humans, almost all 
are influenced in diverse ways at different stages 
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by different human- mediated actions, and hu-
mans decide whether to manage invasions and, 
if  so, how. There is a vast literature on ‘invasion 
science’ – ‘the full spectrum of  fields of  enquiry 
that address issues pertaining to alien species 
and biological invasions … [This discipline] 
embraces invasion ecology but increasingly in-
volves non- biological lines of  enquiry, including 
economics, ethics, sociology and interdiscipli-
nary studies’ (Hui and Richardson, 2017). It 
is beyond the scope of  this chapter and book to 
review all aspects of  the human dimensions of  
plant invasions. Rather, we focus on non- human 
actors implicated in influential biotic interac-
tions affecting plant invasions, and the direct 
role that humans can play in changing the tra-
jectory of  plant invasions by influencing such 
interactions.

First, emerging insights on the role of  
interactions have some, albeit limited, value 
for improving our ability to screen species for 
their capacity to establish and spread in new 
environments. Elucidation of  the roles of  mu-
tualisms conceptualized by Richardson et  al. 
(2000b) – animal- mediated pollination and 
seed dispersal, and symbioses between plant 
roots and microbiota – has greatly improved 
our understanding of  plant invasion dy-
namics. However, research over the past two 
decades has confirmed the key findings and 
predictions of  that study – that specialized as-
sociations very rarely thwart invasions and 
that the potential for the absence of  specialized 
symbionts to hinder establishment or spread 
of  non- native species is decreasing rapidly as 
levels of  homogenization of  regional biotas in-
creases. For example, whereas the absence of  
mycorrhizal symbionts was a potent barrier to 
the establishment of  non- native pines in the 
southern hemisphere until the 17th century, 
widespread plantings and intentional or acci-
dental inoculation of  soils with microbiota has 
all but eliminated this barrier to establishment 
and spread. Also, many studies have shown 
the capacity for species pairs that evolved in 
isolation to form novel associations that assist 
non- natives to negotiate various barriers to be-
coming naturalized or invasive (e.g. cockatoos 
dispersing pines in Australia; Richardson et al., 
2000b). The main message to emerge from 
many studies is that the absence of  specialist 
symbionts very seldom limits the capacity of  

non- native plants to naturalize or become in-
vasive. One finding that is useful for screening 
new introductions is that plants with fleshy 
fruits containing small seeds must always be 
considered high- risk introductions because 
they are readily assimilated into seed- dispersal 
networks.

Various options exist for manipulating 
biotic interactions between non- native plants 
and the resident biota in invaded ecosystems, 
some of  which have potential for reducing 
the abundance of  the non- natives. The most 
obvious intervention is to introduce natural 
enemies of  the non- native species from their 
native range, the aim being to eliminate or 
reduce the benefits that the non- natives have 
enjoyed by being freed from the negative effects 
of  co- evolved antagonists. This is the domain 
of  classical biological control which involves 
locating host- specific natural enemies in the 
native range, evaluating their safety through 
host- specificity testing, releasing them in the 
invaded range and monitoring the outcome 
(Pitcairn, 2011). Biological control agents are 
themselves non- native species and are subject 
to the same types of  barriers as any other alien 
species. Many species that are introduced as 
biological control agents fail to establish, and 
many of  those that do establish have very limit-
ed, if  any, effect on the abundance, distribution 
or impact of  the target invasive plant species, 
and some become invasive species themselves 
(Chapter 20, this volume). Some biological 
control agents have, however, had profound 
effects on the target invasive species, causing 
dramatic declines in abundance, density and 
impacts (Van Driesche et  al., 2010). The text-
book example of  such effects was the biological 
control of  Opuntia species in Australia using 
several introduced insect species (Dodd, 1940). 
Biological control will never eradicate a non- 
native plant, but aims to reduce its extent, den-
sity and abundance to below a ‘nuisance level’. 
In many cases, careful integration of  biologi-
cal control with other types of  management 
has yielded major social and economic benefits 
(van Wilgen et al., 2020). Nonetheless, biologi-
cal control of  invasive non- native plants re-
mains contentious (e.g. Havens et al., 2019).

Most control operations that target non- 
native plant species involve a combination of  
measures, including mechanical, chemical and 
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biological methods, and what is often termed 
‘cultural control’ (Clout and Williams, 2009). 
In the first three, the aim is to introduce levels 
of  human- mediated ‘predation’ to reduce the 
capacity of  the non- native plants to establish, 
reproduce, spread and persist. Such interven-
tions focus on various phases of  the life cycle 
of  the non- native plant, depending on the biol-
ogy of  the species and limitations imposed by 
the availability of  resources, features of  the in-
vaded ecosystems, and other factors. Cultural 
control involves a wide range of  interventions 
that modify biotic or abiotic features of  the en-
vironment with the aim of  killing, harming or 
limiting the opportunities of  non- native species 
to establish, reproduce, spread or to have nega-
tive impact. For non- native plant invasions, the 
most commonly applied interventions involve 
manipulating patterns, levels and regimes of  
grazing or browsing by native animals or (usual-
ly non- native) livestock, modifying fire, nutrient 
or irrigation regimes, and various approaches 
aimed at maintaining, improving or restoring 
the vigour of  native (or other, less problematic, 
non- native) species, thereby enhancing biotic 
resistance (Chapter 9, this volume).

Given that non- native plants are readily as-
similated into pollination and seed- dispersal net-
works, is it realistic to think that human actions 
can exert sufficient influence on these networks 
over large enough spatial scales to eliminate or 
disadvantage non- native plant species enough 
to have a meaningful effect on their capacity to 
progress along the introduction—naturaliza-
tion—invasion continuum? Although it is theo-
retically possible to manage the dispersal vectors 
directly, for example by modifying the behaviour 
of  frugivores by manipulating the landscape, 
canopy and availability of  fruits (Gosper et  al., 
2005; Buckley et  al., 2006), we could find no 
evidence of  such interventions being pursued 
effectively over large scales. A key reason for 
this is the conflict of  interest that arises when 
interventions aimed at managing the non- 
native plants have a high risk of  negatively af-
fecting features of  the invaded ecosystems. For 
example, where invasive non- native plants form 
part of  the diet of  native frugivores, interven-
tions directed to interfere with this interaction 
are very likely to impact populations of  the na-
tive frugivores, with potentially detrimental im-
pacts to aspects of  ecosystem functioning (Díaz 

Vélez et al., 2018). Such conflicts are frequently 
amplified when other aspects of  global change, 
such as habitat modification, have reduced na-
tive frugivore populations (Elise Müller de Lima 
et  al., 2015). The feasibility of  proposed inter-
ventions, such as providing alternative sources 
of  food for frugivores by boosting the availabil-
ity of  native plants that fruit at the same time as 
the non- natives (Wotton and McAlpine, 2015) 
remains to be tested. Such measures are unlikely 
to contribute substantially to control efforts, 
except possibly over very small spatial scales. 
Knowledge of  the dynamics of  interactions be-
tween frugivores and fleshy- fruited species in an 
invaded ecosystem can, however, be useful for 
predicting likely trajectories of  spread for non- 
native fleshy- fruited species that are assimilated 
in frugivore—plant networks (Chapter 22, this 
volume). This may be useful for directing man-
agement interventions, for example to identify 
sites for surveillance or priority action in spe-
cial habitats. Although Dickie et al. (2017) state 
that ‘understanding plant—fungal interactions 
can improve all stages of  management of  linked 
plant—fungal invasions, ranging from risk as-
sessment to ecosystem restoration’ we could find 
no examples in the literature to show the appli-
cation of  such knowledge to prevent or reduce 
invasions.

Climate change has the potential to radical-
ly alter the dynamics of  biotic interactions influ-
encing invasions of  non- native plants (Traveset 
and Richardson, 2014). Complex synergistic 
interactions between climate and many other 
factors have been shown to affect plant invasion 
dynamics in many ways (e.g. Richardson and 
Bond, 1991). Such complexities must be con-
sidered when forecasting invasion trajectories 
and when developing management strategies. 
Reeves (2017) provides a useful summary of  
the challenges in this regard when considering 
potential effects of  climate change on biological 
control of  invasive plants.

1.6  Profitable Avenues for Future 
Research

As in other facets of  invasion science, the 
study of  interactions has contributed to the 
emergence of  a plethora of  hypotheses and 



19Plant invasions: the role of biotic interactions – An overview

theories. We have reviewed the key ones in this 
chapter. Much attention is being given to the 
critical evaluation of  these hypotheses with a 
view to arriving at a more manageable set to 
guide progress in the field (Catford et al., 2009; 
Jeschke and Heger, 2018). Much work remains 
to be done to fine- tune our understanding of  
the many types of  biotic interactions that are 
pivotal components of  many of  the most prom-
inent theories and hypotheses. In this regard, 
it would be useful to convene ‘global networks’ 
(sensu Packer et al., 2017) to focus on pivotal 
areas pertaining to the biotic interactions re-
viewed in this chapter and elsewhere in the 
book. Several taxa and systems have emerged 
as ‘model systems’ (sensu Kueffer et al., 2013) 
for the study of  key aspects of  biotic interac-
tions that mediate plant invasions. Prominent 
examples include Lythrum salicaria for issues 
pertaining to enemy release (Chapter 10, this 
volume), Centaurea species for elucidation of  
the Novel Weapons Hypothesis (Chapter 3, 
this volume), and Alliaria petiolata for under-
standing how allelopathy mediates invasion 
(Chapter 15, this volume). There is much scope 
for identifying additional model taxa, as well 
as ‘invasion syndromes’ (sensu Novoa et  al., 
2020) to serve as foci for research to shed more 
light on key unknowns, such as the relative 
importance of  certain interactions compared 
to disturbance, propagule pressure and other 
factors.

As discussed in this chapter and elsewhere 
in the book (notably in Chapters 2, 18 and 22), 
network theory has much potential to improve 
our understanding of  the role of  biotic inter-
actions in plant invasions. There is, however, 
an urgent need for more experimental studies 
that incorporate both positive and negative bi-
otic interactions simultaneously for a range of  
non- native plants across all major categories of  
ecosystems.

Given the increasing extent and impacts 
of  plant invasions, there is an urgent need to 
find more effective and sustainable manage-
ment approaches. Giving more consideration 
to biotic interactions is crucial for improving 
management. Biological control is well estab-
lished as a cost- effective element of  integrated 
management for many invasive plant species 
in many types of  ecosystems (Chapter 20, 
this volume). More attention must be directed 

at rolling out such programmes, especially to 
parts of  the world with limited resources to 
allocate to more expensive types of  interven-
tions. There are biological control success sto-
ries for many of  the world’s most widespread 
and damaging plant invasions, and there are 
many opportunities to replicate such successes 
in new areas. Hill and Coetzee (Chapter 20, 
this volume) stress the need for ‘… better un-
derstanding and integration of  the top- down 
and bottom- up biotic interactions in the bio-
logical control context ... if  the final goal of  
habitat restoration is to be realized’.

Many opportunities exist to increase the 
resistance of  ecosystems to invasion by main-
taining or restoring key processes and by limit-
ing disturbance. Biotic interactions are crucial 
mediators of  ecosystem recovery following 
management directed at removal invasive non- 
native plants (Chapters 21 and 23, this volume). 
Restoration of  ecosystems after control of  inva-
sive species can be fast- tracked by manipulating 
biotic interactions, for example through facilita-
tion of  recovery of  native species and the allevia-
tion of  problems associated with legacy effects 
and secondary invasions. Developing innovative 
and effective interventions requires considera-
tion of  multiple trophic levels. Preventing inva-
sional meltdowns and regime shifts should be a 
key management priority, especially in the face 
of  continuing high rates of  non- native species 
introductions (Seebens et al., 2017).

This volume presents 22 chapters (besides 
this one) that explore the current understanding 
of  the roles of  biotic interactions in invasions of  
non- native plants. We have structured the book 
in seven parts: background; positive and nega-
tive interactions in the soil; mutualistic interac-
tions that promote plant invasions; antagonistic 
interactions that hinder plant invasions; conse-
quences of  plant invasions for biotic interactions 
among native species; novel techniques and 
experimental approaches in the study of  plant 
invasions; and biotic interactions and the man-
agement of  ecosystems invaded by non- native 
plants. Fifty- two authors from 14 countries (as 
determined by their current institutional af-
filiations) contributed to the chapters. Although 
the geographical spread of  authors mirrors the 
well- documented geographical bias in the study 
of  plant invasions (Pyšek et  al., 2008), many 
authors have experience in numerous regions 



20 A. Traveset and D.M. Richardson

of  the world. Every effort was made to provide a 
comprehensive global coverage of  research that 
has addressed biotic interactions affecting plant 
invasion. This introductory chapter has identi-
fied some key information gaps, but each of  the 
other chapters provides its own list of  priorities 

for further research. We hope that this book will 
stimulate many more studies on biotic interac-
tions that will improve our understanding of  the 
processes that mediate plant invasions and will 
help us to develop more effective measures to 
manage these invasions.
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