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Abstract. Community and invasion ecology have mostly grown independently. There is substantial
overlap in the processes captured by different models in the two ﬁelds, and various frameworks have been
developed to reduce this redundancy and synthesize information content. Despite broad recognition that
community and invasion ecology are interconnected, a process-based framework synthesizing models
across these two ﬁelds is lacking. Here we review 65 representative community and invasion models and
propose a common framework articulated around six processes (dispersal, drift, abiotic interactions,
within-guild interactions, cross-guild interactions, and genetic changes). The framework is designed to
synthesize the content of the two ﬁelds, provide a general perspective on their development, and enable
their comparison. The application of this framework and of a novel method based on network theory
reveals some lack of coherence between the two ﬁelds, despite some historical similarities. Community
ecology models are characterized by combinations of multiple processes, likely reﬂecting the search for an
overarching theory to explain community assembly and structure, drawing predominantly on interaction
processes, but also accounting largely for the other processes. In contrast, most models in invasion ecology
invoke fewer processes and focus more on interactions between introduced species and their novel biotic
and abiotic environment. The historical dominance of interaction processes and their independent developments in the two ﬁelds is also reﬂected in the lower level of coherence for models involving interactions,
compared to models involving dispersal, drift, and genetic changes. It appears that community ecology,
with a longer history than invasion ecology, has transitioned from the search for single explanations for
patterns observed in nature to investigate how processes may interact mechanistically, thereby generating
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and testing hypotheses. Our framework paves the way for a similar transition in invasion ecology, to better
capture the dynamics of multiple alien species introduced in complex communities. Reciprocally, applying
insights from invasion to community ecology will help us understand and predict the future of ecological
communities in the Anthropocene, in which human activities are weakening species’ natural boundaries.
Ultimately, the successful integration of the two ﬁelds could advance a predictive ecology that is urgently
required in a rapidly changing world.
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INTRODUCTION

traditional perspective of single alien species
interacting only with speciﬁc native species, or
with the abiotic environment, clearly does not
capture the complexity of multiple alien species
interacting with each other, with multiple native
species, and with abiotic factors in a spatially
heterogeneous environment. Consequently, community ecology has repeatedly been proposed as
a crucial framework for invasion ecology (Shea
and Chesson 2002, MacDougall et al. 2009, Pearson et al. 2018). Correlative studies and metaanalyses bridging both perspectives (e.g., Gaertner et al. 2009, Gallien and Carboni 2017) have
shown that invasion ecology can beneﬁt from
insights that have accrued in community ecology
regarding the coexistence of multiple species
competing for limited resources and space, and
the effects of disturbance and stochasticity on
species persistence and coexistence. We will
show here how merging insights from the two
ﬁelds, through a mechanistic framework, creates
a much-needed integrative perspective in ecology, which will ultimately allow us to achieve
accrued predictive power about the success or
failure of biological invasions, but also to forecast
changes in the structure of communities invaded
by multiple alien species.
Reciprocally, biological invasions can be seen
as a kind of perturbation to native communities.
Invasions have been framed as biogeographical
assays, providing unique opportunities to
uncover the mechanisms that structure communities (Cadotte et al. 2006, Rouget et al. 2015).
Biological invasions have also been shown to
trigger regime shifts, altering multiple facets of
ecological communities such that their new

The ﬁelds of community and invasion ecology
have traditionally had different, but interrelated
scopes. Community ecology aims primarily to
explain how multiple species can coexist. Its
scope encompasses the origin, evolution, maintenance, and dynamics of biodiversity within communities in diverse environments (Vellend 2016,
Leibold and Chase 2017). Invasion ecology, on
the other hand, focuses on species introduced to
novel environments by humans (termed alien
species) and asks questions relating to how populations of alien species spread and interact with
other species in these environments. Invasion
ecology has a strong applied focus and has
grown largely from concepts in population ecology; most early studies of invasions focused on
understanding and controlling particular invasive species with major impacts. Except for studies of enemies or mutualists of alien species,
invasion ecology has largely progressed independently from community ecology, at least until the
last decade or two (Hui and Richardson 2017).
Despite their largely separate historical trajectories, it is now accepted that community and
invasion ecology are not independent from each
other: Once a species is introduced to a novel
environment, it interacts with the local community and forms part of the network of interacting
species (Hui and Richardson 2019a). In addition,
communities are often invaded by multiple alien
species which, once established, can become
impossible to control and, in some cases, become
permanent members of the landscape, creating
novel ecosystems (Hobbs et al. 2014). The
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Catford et al. 2009, Jeschke and Heger 2018).
Many of the models and hypotheses that have
emerged in recent decades are nonetheless interrelated, and understanding how they relate to
each other is not straightforward (Enders et al.
2018). Frameworks have therefore been proposed
to structure the models and hypotheses of invasion biology, thereby contributing to the development of overarching theories. Catford et al.
(2009), in particular, proposed classifying invasion models and hypotheses according to the
combination of three key components: propagule
pressure, the abiotic characteristics of the receiving ecosystem, and the biotic characteristics of
the recipient community and of the alien species.
Although emerging independently, this processbased classiﬁcation of invasion models and
hypotheses maps onto the concept of dispersal,
environmental, and biotic ﬁlters used to explain
community assembly (Stokes and Archer 2010)
and shares many similarities with Vellend’s
(2016) conceptual framework of high-level processes for community ecology.
A mechanistic (process-based) framework unifying community and invasion ecology is yet to
emerge. This is highlighted by the lack of a general model to predict spread and impacts of alien
species and the response of recipient communities (Courchamp et al. 2017). Here, we collate
and extend process-based conceptual frameworks from both community and invasion ecology to better capture their interplay (Catford
et al. 2009, Vellend 2016). We propose a set of
processes that can be applied across community
(including metacommunity) and invasion models (Tables 1, 2), which we use to examine, characterize,
compare,
and
synthesize
a
representative set of existing models at local and
regional scales (given the lack of consensus in
ecology about what qualiﬁes as a theory, see
Marquet et al. 2014, or even a hypothesis, see
Murray 2004, we will use “community model”
and “invasion model” as overarching terms for
simplicity and coherence through the article).
Based on the resulting process characterization,
we also match community and invasion models
and analyze the results using a novel method
based on network theory, to complete the conceptual picture of the two ﬁelds and identify
alignments and gaps. We see this as a crucial ﬁrst
step toward a synthesis enabling both ﬁelds to

structures are hard, or impossible, to reverse
(Gaertner et al. 2014). Biological invasions therefore have the potential to revolutionize our view
of ecological communities and meta-communities, from a closed system with coexisting species
to an open system with a high rate of multi-species propagule exchange through permeable
boundaries and co-evolving components (Frost
et al. 2019, King and Howeth 2019, McGrannachan and McGeoch 2019, Hui and Richardson
2019a, b). Applying insights from invasion biology to community ecology will help us better
understand and predict the future of ecological
communities in the Anthropocene, in which
human activities are weakening species’ natural
boundaries.
Despite the clear interplay between the two
ﬁelds, community and invasion ecology have
developed their own sets of models, theories, and
hypotheses. Community ecology tends to seek an
overarching and universal theory of the assembly
and maintenance of biodiversity, and heated
debates arise when different models appear to
contradict each other. This is exempliﬁed by arguments around Hubbell’s (2001) Uniﬁed Neutral
Theory of Biodiversity, which contradicts the
well-established niche theory (see Clark 2012 and
Rosindell et al. 2012 for contrasting perspectives).
The effect of spatial scale on community patterns
further complicates the study of ecological communities (Chase et al. 2018), as does the fact that
local ecological communities interact with each
other within meta-communities via propagule
exchange between locations with different environmental conditions (Leibold and Chase 2017).
Ecological communities are therefore complex
and involve dynamic interactions among many
organisms, each with their own traits and functions for the maintenance of biodiversity. To
reduce complexity and redundancies in community ecology, Vellend (2016) proposed a conceptual framework based on four high-level
processes (dispersal, selection, speciation, and
drift) that, he argued, described the fundamental
dimensions of community ecology, thereby bringing coherence to the ﬁeld.
Rather than searching for overarching models,
most work in invasion ecology seeks to explain
or predict how species perform in a recipient
ecosystem outside of their native ranges and the
impacts of such biological incursions (see also
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Table 1. Community models and their classiﬁcation as process- or pattern-based (expanding on Vellend 2016).
ID

Name

C1

Adaptive dynamics (AD)

C2

Bottom-up regulation
(BUR)

C3

Colonization-competition
trade-off / patch
dynamics (CCT/PD)
Community Assembly
Phase Space (CAPS)

C4
C5

Competitive exclusion
principle (CE)

C6

Ecosystem engineering
(EE)
Enemy-mediated
coexistence (EMC)

C7
C8

Equalizing/stabilizing
criteria (ESC)

C9

Facilitation-based theory
(FBT)

C10

Genetic feedback (GF)

C11

Hump-shaped diversityproductivity hypothesis
(HSDPH)

C12

C14

Intermediate disturbance
hypothesis (IDH)
Intransitive competition
(IC)
Janzen-Connell effects (JC)

C15

Mass effect (ME)

C16

Maximum Entropy Theory
of Ecology (METE)

C17

Multiple stable equilibria
(MSE)
Neutral theory (NeT)

C13

C18
C19

Neutral-niche continuum
(NNC)

C20

Niche theory (NiT)

C21

Priority effect (PE)

Description

Reference(s)

Mutation limited evolution of phenotypic traits
driven by ecological interactions determines the
structure of a community.
Community composition is driven by resources
(lower trophic levels).
Good colonizers (dispersers) are bad competitors and
reciprocally.
The combination of neutral and niche processes can
generate structures that lie outside of the neutralniche continuum due to feedbacks.
Two species competing for the exact same resource
cannot coexist because one will inevitably have a
slight advantage.
Community structure is inﬂuenced by severe effects
of one species on the abiotic environment.
Enemies (predators, pathogens, etc.) have a larger
effect on the most abundant species; that is, negative
density dependence.
Coexistence between species is permitted by (i) a
reduction in ﬁtness difference and (ii) niche
differentiation between species.
Community structure is explained by positive
interactions between species, which promotes
coexistence.
Natural selection enables a species with poor
interaction ability to change its interaction
mechanism and to recover.
Low and high productivity generate stress and
competitive exclusion, which reduces diversity,
while constraints are relaxed at intermediate
productivity.
Intermediate disturbance decrease competition and
therefore the dominance of strong competitors.
Each species is competitively superior to some and
inferior to others, similar to rock-paper-scissors.
Species-speciﬁc enemies accumulate around adult
trees, preventing local regeneration of that species.
Colonization from occupied sites enables a species to
survive in a site with unfavorable environment.
Community patterns are generated by maximizing
information entropy under constraints on area (A),
species richness (S), species abundance (N), and total
metabolic rate of the individuals (E)–ASNE model.
Positive feedbacks and perturbation/stochasticity can lead
the community to switch between different equilibria.
All species are equivalent from a per capita
perspective and species coexistence emerges from
immigration and speciation.
Communities have structures that lie between the
structures generated by pure neutral (no
interactions) and pure niche (only interactions)
processes.
Umbrella term for models based on interaction
processes, biotic or abiotic.
Initial colonists of a given site inhibit or facilitate the
establishment of other species, for different possible
reasons.
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Classiﬁcation

Fussmann et al.
(2007)

Process

Oksanen et al. 1981,
Matson and
Hunter (1992)
Levins and Culver
(1971)

Process

Latombe et al.
(2015)

Process

Gause (1934)

Process

Jones et al. (1994)

Process

Holt et al. (1994)

Process

Chesson (2000a)

Process

Bruno et al. (2003)

Process

Pimentel (1968)

Process

Grime (1973)

Process

Grime (1973),
Connell (1978)
Gilpin (1975)

Process

Connell (1970),
Janzen (1970)
Holyoak et al.
(2005), Leibold
and Chase (2017)
Harte (2011 )

Process

Scheffer (2009)

Process

Process

Process
Statistical
property

Hubbell (2001)

Pattern
(Process)
Process

Gravel et al. (2006)

Process

Chase and Leibold
(2003)
Fukami (2010 , 2015)

Process
Pattern
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(Table 1. Continued.)
ID

Name

C22

R* theory (R*)

C23

Relative nonlinearity of
competition (RNC)

C24

Spatial storage effect (SSE)

C25

Species pool hypothesis
(SPH)

C26

Species sorting (SS)

C27

Species-energy theory
(SET)

C28

Stochastic niche theory
(SN)
Succession theory (ST)

C29
C30

Temporal storage effect
(TS)

C31

Theory of island
biogeography (TIB)

C32

Top-down regulation
(TDR)

Description

Reference(s)

When dealing with multiple resources, species with
the lowest R* (lowest level of resources at which it
can persist) outcompete other species.
Interactions with resources ﬂuctuates temporally due
to the impact on resource levels by the species,
resulting in non-linear ﬁtness responses to resource
levels.
Species have different niches and can persist where
the environment is not optimal (e.g., through seed
banks). In addition, per capita intraspeciﬁc
competition is greatest at high abundance, and
interspeciﬁc competition is greatest at low
abundance.
Local community diversity is limited by the regional
species pool, which is determined by regional and
historical interactions, dispersal, speciation, and
drift processes.
Species differ in their ﬁtness in different abiotic
environments (similar to niche theory but abiotic
only).
Species richness is driven by a trade-off between
immigration from a global species pool and local
extinction, which is driven by available energy
(similar to TIB with energy instead of area).
Niche theory incorporating drift and propagule
pressure.
Umbrella term for community dynamics, for
example, after disturbance, incorporating all
processes but speciation.
Species have different niches and can persist when
the environment is not optimal (e.g., through seed
banks). In addition, per capita intraspeciﬁc
competition is greatest at high abundance, and
interspeciﬁc competition is greatest at low
abundance.
Species richness is driven by a trade-off between
immigration from a global species pool and local
extinction, which is driven by area.
Community composition is driven by predators
(higher trophic levels).

Classiﬁcation

Tilman (1982)

Process

Armstrong and
McGehee (1980)

Process

Chesson (2000b)

Process

Taylor et al. (1990)

Process

Holyoak et al.
(2005), Leibold
and Chase (2017)
Wright (1983)

Process

Tilman (2004)

Process

Pickett et al. (1987)

Process

Chesson (2000b)

Process

MacArthur and
Wilson (1967)

Process

Matson and Hunter
(1992)

Process

Process

Notes: Italics denotes models that are not process based under the strict characterization. The multiple stable equilibria models are considered to be pattern-based under a strict characterization scheme, and process-based under the inclusive characterization only, as indicated between parenthesis.

maximize beneﬁts from one another, therefore
providing novel perspectives to improve the ability to address interrelated issues in community
and invasion ecology in the current context of
global changes, and to move toward predictive
models supporting robust management actions
for nature conservation and invasion control in a
holistic fashion.

expert elicitation process during a three-day
workshop involving the co-authors of this article,
whose expertise span community and invasion
ecology and a wide range of taxa. Expert elicitation is a formal procedure for obtaining and combining expert judgements, which comprises three
stages: preparation, elicitation, and synthesis
(Gregory et al. 2012). The sets of models and processes were collated by a core group during the
preparation phase. During the elicitation phase,
the community ecology and invasion models,
and their underlying processes, were ﬁrst discussed collectively. The workshop participants
were then divided into three groups, set up to

METHODS
Elicitation approach
To combine community and invasion ecology
into a process-based framework, we followed an
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Table 2. Invasion models and their classiﬁcation as process- or pattern-based (adapted from Catford et al. 2009
and Enders et al. 2018).
ID

Name

I1

Adaptation (A)

I2

Biotic acceptance aka
“the rich get richer”
(BA)
Biotic indirect effects
(BID)

I3
I4
I5

Biotic resistance aka
diversity-invasibility
hypothesis (BR)
Darwin’s
naturalization (DN)

I6

Disturbance (DS)

I7

Dynamic equilibrium
(DEM)

I8

Empty niche (EN)

I9

Enemy inversion (EI)

I10

Enemy of my enemy
(EE)

I11

Enemy reduction
(ERD)

I12

Enemy release (ER)

I13

Environmental
heterogeneity
(EVH)

I14

Evolution of
increased
competitive ability
(EICA)
Global competition
(GC)–equivalent to
Sampling (SP)

I15

I16

Habitat ﬁltering (HF)

I17

Human commensalism
(HC)
Ideal weed (IW)

I18
I19

Increased resource
availability (IRA)

Description

Reference(s)

The invasion success of alien species depends on
their pre-introduction adaptation to the
conditions in the exotic range. Alien species that
are related to native species are more successful
in this adaptation.
Ecosystems with more native species are more invaded.
This can be due to multiple processes.

Duncan and Williams (2002)

Process

Stohlgren et al. (1998 )

Pattern
(Process)

Callaway et al. (2004)

Process

Elton (1958 ), Levine and
D’Antonio (1999)

Pattern
(Process)

Darwin (1859)

Process

Elton (1958 ), Hobbs and
Huenneke (1992)
Huston (1979)

Pattern
(Process)
Process

MacArthur (1970)

Process

Colautti et al. (2004)

Process

Eppinga et al. (2006)

Process

Colautti et al. (2004)

Process

Keane and Crawley (2002)

Process

Melbourne et al. (2007)

Process

Blossey and Notzold (1995)

Process

Crawley et al. (1999), Alpert
(2006)

Process

Darwin (1859), Melbourne
et al. (2007)

Process

Jeschke and Strayer (2006)

Pattern

Baker (1965 ), Rejmanek and
Richardson (1996)
Sher and Hyatt (1999)

Trait-based

Combinations of cross-guild and potentially
abiotic processes can lead to indirect biotic
interactions between species of the same guild.
Ecosystems with high richness get less invaded than
ecosystems with lower richness. This can be due to
multiple processes.
The invasion success of alien species is higher in
areas with few phylogenetically close species than
in areas with many phylogenetically close
species.
The invasion success of alien species is higher in highly
disturbed than in relatively undisturbed ecosystems.
The establishment of an alien species depends on
natural ﬂuctuations of the ecosystem, which
inﬂuences the competition of local species.
The presence of empty niches increases the
likelihood of alien species with adequate niches to
invade.
Introduced enemies of alien species are less
harmful for them in the exotic than the native
range, due to altered biotic and abiotic conditions.
Introduced enemies of an alien species are more
harmful to the native than to the alien species,
giving the alien species a competitive advantage.
Enemies are less frequent in the introduced range,
resulting in being less harmful. Similar to enemy
inversion but due to population abundance than
to actual predation mechanism.
Enemies are absent in the introduced range,
resulting in ﬁtness improvement for the alien
species.
A highly heterogeneous environment provides
more niche therefore more invasion opportunities
(similar to the empty niche for the abiotic
environment).
Release from natural enemies leads alien species to
allocate more energy in growth and/or
reproduction (this re-allocation is due to genetic
changes), resulting in a competitive advantage.
A large number of different alien species is more
successful than a small number because there is
more chance than at least one of them will
outcompete native species due to interaction
processes.
The invasion success of alien species whose niche
ﬁts the abiotic environment in the introduced
area is high.
Species living in close proximity to humans are more
successful in invading new areas than other species.
The invasion success of an alien species is determined
by its speciﬁc traits, such as life-history traits.
High resource availability increases the invasion
success of alien species.
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(Table 2. Continued.)
ID

Name

I20

Increased
susceptibility (IS)

I21

Invasional meltdown
(IM)
Island susceptibility
hypothesis (ISH)
Limiting similarity
(LS)

I22
I23

I24
I25

Missed mutualisms
(MM) / cointroduction
New associations
(NAS)

I26

Novel weapons
(NW)

I27

Opportunity
windows (OW;
ﬂuctuating
resources)
Phenotypic plasticity
(PH)

I28
I29
I30

Propagule pressure
(PP)
Reckless invader (RI)

I31

Resource-enemy
release (RER)

I32

Specialist-generalist
(SG)

I33

Tens rule (TEN)

Description

Reference(s)

High genetic diversity increases the chance to
defend against enemies, and therefore to invade
novel environments.
The presence of alien species in an ecosystem increases
the probability of invasion by additional species
Islands are more susceptive to biological invasions than
are mainland.
The invasion success of alien species is high if their
niche highly differs from that of native species,
and it is low if they are similar to that of native
species.
The absence of mutualist species in the introduced
environment decreases the probability of invasion
by an alien species.
Alien and native species can have novel positive or
negative interactions, therefore inﬂuencing the
probability of alien species to establish.
Alien species possessing a trait that is new to
native species and affects them negatively gives
alien species a competitive advantage.
Like the empty niche, but niche availability
ﬂuctuates spatially and temporally and alien
species can only invade at speciﬁc places and
times.
The ability of an alien species to change its phenotype to
increase its ﬁtness in a novel environment increases
the probability to invade such environment.
High propagule pressure increases the chance of
an alien species to invade through sheer numbers.
The invasion performance of an alien species can vary,
rapidly increasing its population shortly after
introduction followed by a decrease in population and
potentially extinction due to various reasons.
Similar to the enemy release hypothesis, but
assumes that invasion success is then maximized
when resources are high.
Enemies present in the introduced range must be
specialist, and therefore less likely to affect alien
species with which they have not coevolved,
whereas mutualists should be generalists, to
beneﬁt alien species.
At every step of the invasion process, about 10% of
alien species progress to the next step (Introduced,
Established, Invasive).

Classiﬁcation

Colautti et al. (2004)

Process

Simberloff and Von Holle
(1999 ), Sax et al. (2007)
Jeschke ( 2008), Moser et al.
(2018)
MacArthur and Levins
(1967)

Pattern
(Process)
Pattern
(Process)
Process

Richardson et al. (2000),
Colautti et al. (2004),
Mitchell et al. (2006)
Colautti et al. (2004)

Process

Callaway and Ridenour
(2004)

Process

Johnstone (1986)

Process

Baker (1965 ), Richards et al.
(2006)

Trait-based

Lockwood et al. (2005)

Process

Simberloff and Gibbons (2004
)

Pattern

Blumenthal (2006)

Process

Callaway et al. (2004)

Process

Williamson (1996 ),
Williamson and Brown
(1986), Jeschke and Pysek
(2018)

Pattern

Process

Notes: Italics denotes models that are not process based. Some models are considered to be pattern-based under the strict
characterization scheme, but process-based under the inclusive characterization only. These models are classiﬁed as processbased between parenthesis.

performed by the core group to combine all
results and produce a single output for the model
characterization by processes and the matching
of community and invasion models. General consistency in the outputs of the different working
groups, many of whom had not worked together
previously, during the elicitation process, indicates that despite some unavoidable degree of
subjectivity for such an exercise, the synthetic

distribute the suite of expertise, to characterize
the models by processes (Appendix S1,
Appendix S2: Tables S1, S2, Appendix S3: Tables
S1, S2). The outputs from the three groups were
then organized, compared, and discussed during
the synthesis phase. A second collective elicitation phase took place to match community and
invasion models, and the output was synthesized
and discussed. A ﬁnal synthesis phase was
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Catford et al. (2009), we split the interaction component into abiotic and biotic interactions, which
can have distinct inﬂuences on species performance in communities (see also Thompson et al.
2020). Trophic interactions can be a frequent and
strong driver of dynamics in meta-communities
(e.g., Guzman et al. 2019), as well as in enabling
alien species to invade communities (Hui and
Richardson 2017). We accordingly separated biotic interactions into within-guild (e.g., competition, facilitation) and cross-guild (e.g., predation,
parasitism) biotic interactions (Fig. 1). In our
framework, the dispersal process is associated
with propagule and colonization pressure (from
both external sources and established populations) because these two fundamental concepts
in invasion ecology also contribute to the movement of propagules and species. In our formulation, drift includes any process potentially
resulting in random ﬂuctuations of species abundance, such as random disturbance, and therefore potentially generating stochasticity in
species composition. Finally, instead of “speciation,” we use “genetic changes” in our framework; this encompasses speciation and
microevolutionary processes such as local adaptation and genetic drift effects. Using these six
processes provides a compromise between

results presented here reﬂect general and robust
trends (see Appendix S1 for additional details
about the elicitation processes).

The process-based framework
In light of our expert elicitation, we propose a
framework in which community and invasion
models are described according to a combination
of any of the following six constituent processes:
dispersal (including propagule and colonization
pressure), abiotic interactions (more exactly,
interactions between individuals and the abiotic
environment), within-guild biotic interactions,
cross-guild biotic interactions, ecological drift,
and genetic changes (to emphasize and enable
comparisons based on the stages preceding speciation; see Box 1 for deﬁnitions). This is an elaboration of Vellend’s (2016) conceptual framework
originally based on four high-level processes,
namely dispersal, drift, selection, and speciation,
which focuses primarily on horizontal ecological
communities (i.e., species in a single trophic
guild; see Vellend 2016: Chapter 2.1.1).
To describe how biotic and abiotic factors
affect species’ ability to persist in an environment, we use “interactions” instead of Vellend’s
“selection” to avoid confusion with population
genetics terminology. In addition, following

Box 1.
Deﬁnitions of the six constituent processes of the process-based framework (Fig. 1)
Dispersal: process encompassing the movement of organisms across space (Vellend 2016) and the propagule
pressure (the number of individuals released times the number of release events; Lockwood et al. 2005), for example, seed quantity and dispersal. It is extended in this framework to encompass colonization pressure, that is, the
number of species introduced or released to a single location (Lockwood et al. 2009).
Abiotic interactions: process representing interactions between individuals and the abiotic environment,
whereby changes in the abiotic environment inﬂuence the ﬁtness or performance of individuals from a particular
species or with speciﬁc traits (Catford et al. 2009), for example, C4 plants are more adapted to warm temperatures.
Within-guild biotic interactions: process whereby changes in the composition of species within the same
trophic level inﬂuence the ﬁtness or the performance of individuals from a particular species or with speciﬁc traits
(Vellend 2016), for example, competition.
Cross-guild biotic interactions: process whereby changes in the composition of species belonging to different
trophic levels inﬂuence the ﬁtness of individuals from a particular species or with speciﬁc traits (Vellend 2016), for
example, predation.
Drift: any process potentially resulting in random ﬂuctuations of species abundance, for example, disturbance
(Vellend 2016).
Genetic changes: process based on changes in the genes of individuals, that can lead to the adaptation of a species to a given environment by modifying its traits (Keller and Taylor 2008), but also to speciation and the creation
of additional species with different genomes (Vellend 2016), for example, sympatric speciation.
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Species 1
Species 3
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(e.g. predators,
prey/resources,
pollinators,
...)

Species 2

Community

Drift

Genetic changes

Time
Fig. 1. Depiction of the role of the six constituent processes (in colored italics) of the framework for determining the fate of an ecological community invaded by an alien species (red square). Cross-guild interactions can
occur with multiple other communities belonging to different trophic levels.

discriminatory power between models (six processes can be combined into 26 1 = 63 different
combinations) and the synthetic capacity necessary to integrate community and post-introduction invasion ecology.

details on the criteria used for the characterization, and Appendix S2: Tables S1 and S2, for
details on why each process was considered to
characterize a speciﬁc model under the two
schemes). Some processes are strictly patternbased, but process-based explanations have been
proposed to explain these patterns, and may be
considered as such under a more inclusive characterization scheme. Characterization was therefore also carried out for these models
(Appendix S3: Tables S1, S2) to assess robustness
of our results to vagueness and ambiguities in
some of the deﬁnitions (Latombe et al. 2019).
Hereafter, including these pattern-based models
in the analyses is referred to as the “inclusive
characterization” scheme, as opposed to the original “strict characterization” only including
purely process-based models. We argue that the

Process-based classiﬁcation of community ecology
and invasion models
We identiﬁed 32 and 33 main community and
invasion models, respectively. Each model was
ﬁrst characterized as either process-based or pattern-based (with the exception of a few speciﬁc
models that rely on predictions of statistical
properties of the system or are trait-based), using
a deﬁnition of the model obtained from the literature (Tables 1, 2). Each process-based model
was characterized by a combination of the six
processes described above (see Appendix S1 for
v www.esajournals.org
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modulated by frequency dependence (Fukami
2010, 2015). Within- and cross-guild interactions
were therefore considered to characterize the
model in the inclusive characterization (Appendices S1, S3). Multiple stable equilibria posits
that alternative equilibria can result from feedbacks between different possible processes (Scheffer 2009), that is, from priority effects. It was
therefore considered pattern-based using the two
types of characterization. The maximum entropy
theory of ecology, METE, C16, could not be characterized by the processes for a different reason:
It represents a statistical property of the system
leading to least-biased predictions (Harte and
Newman 2014) that cannot be pinned to any of
the processes described here and therefore falls
out of the scope of the present work.
Under the strict characterization, 23 of the 33
invasion models could be classiﬁed according to
the six processes deﬁned above (28 under the
inclusive characterization; Appendix S2: Table S2;
Appendix S3: Table S2). Eight models were based
on patterns that could be implicitly explained by
different processes independently (Gaertner et al.
2014): biotic acceptance (BA, I2; considered as
process-based under the inclusive characterization), biotic resistance (BR, I4; considered as process-based under the inclusive characterization),
disturbance (DS, I6; considered as process-based
under the inclusive characterization), human
commensalism (HC, I18), invasional meltdown
(IM, I21; considered as process-based under the
inclusive characterization), island susceptibility
hypothesis (ISH, I22; considered as process-based
under the inclusive characterization), reckless
invader (RI, I30), and tens rule (TEN, I33). The
remaining two models, ideal weed (IW, I18) and
phenotypic plasticity (PH, I28), are based on neither speciﬁc processes nor population patterns.
Rather, these two models relate the invasion success of a species to its speciﬁc functional traits or
its capacity to change its traits. Therefore, they
refer to more fundamental mechanisms that may
enable a species to invade using different propagule pressure or interaction processes independently. In other words, these two models suggest
that any trait giving an advantage under one of
the processes will facilitate invasion; their aim is
not to explain how processes can facilitate invasion. It is important to note that by removing
these pattern-based invasion models (also those

resulting set of models is representative of what
has been encompassed by models, hypotheses,
and theories in the two ﬁelds (e.g., Table 5.1 in
Vellend 2016; also see Leibold and Chase 2017,
Catford et al. 2009), although we acknowledge
that one could ﬁnd many additional models (e.g.,
Palmer 1994). Importantly, to characterize invasion models, we only considered the processes
occurring after a species has become part of the
pool of species already introduced in a novel
environment (or susceptible to be introduced, for
example the species in a region from which
many goods are imported). By doing so, we can
compare community and invasion models at the
same spatiotemporal scale. In particular, coevolution of species in the native range underlies
many invasion models (e.g., enemy release, ER,
I12; missed mutualism, MM, I24), which assume
that coevolved species are generally absent from
the novel environment, often providing an
advantage to the introduced species. However,
in our framework, we do not consider that these
models are characterized by genetic changes,
since coevolution occurred prior to species introduction. Post-introduction, these models are
instead characterized by interaction processes.
This is different from other models (e.g., evolution of increased competitive ability, EICA, I14)
that rely on post-introduction rapid genetic
changes to explain invasion success and were
therefore characterized by genetic changes in our
framework. We then clustered the community
and invasion models based on the combinations
of processes that characterize them and explored
which combinations of processes were the most
represented in the two ﬁelds.
Under the strict characterization, three out of
the 32 community models identiﬁed could not be
characterized by any of the six processes and
were thus excluded (Appendix S2: Table S1).
Two of them (priority effects, PE, C21 and multiple stable equilibria. MSE, C17) are patternrather than process-based (see Appendix S1 for
details on criteria). In other words, they are
model-based outcomes and can be generated by
multiple processes independently. Priority effects
states that an initial colonizer will affect the
establishment of other species, potentially facilitating some and inhibiting others. This effect is a
pattern that can result from competition or
predator–prey
interactions,
for
example,
v www.esajournals.org
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scenario, each ﬁeld would have one overarching
model that can be decomposed into more speciﬁc
models (Fig. 2c). In other words, nestedness
would occur when a combination of multiple
processes encompasses a subset of these processes (e.g., dispersal is nested in the combination of dispersal and any other processes). A
compartmentalized conﬁguration would be a
more realistic version of perfect correspondence,
with community and invasion models grouped
into several clusters. This would illustrate that
the two ﬁelds follow a similar logic, but with
some overlap between models within each ﬁeld
(Fig. 2d). In particular, greater horizontal than
vertical width of clusters would indicate that a
community model is considered under various
perspectives in invasion ecology, and reciprocally. Finally, the overlap situation can also be
seen as an extension of perfect correspondence,
in which one community model can be related to
several invasion models, and reciprocally, in a
non-random fashion consistent with the processes that deﬁne them (Fig. 2e). Overlap would
occur when two different combinations of processes share a common process (e.g., the combination of dispersal and abiotic niche interactions
would overlap the combination of dispersal and
within-guild niche interactions). The width of the
diagonal would be inversely proportional to the
coherence within and across ﬁelds, reﬂecting different research focuses of each ﬁeld.
We assessed whether the observed bipartite
matrix was more nested than by chance (i.e., if it
corresponded to the nested archetype) by comparing the nestedness indices of the observed to
that of 999 randomized matrices (randomizing
all possible associations). A modularity analysis
using the Dormann-Strauss algorithm (using
function computeModules form the bipartite R
package V2.11; Dormann et al. 2008) was used to
identify clusters under the compartmentalized
archetype. Since the number and nature of the
modules can vary slightly across different runs of
the algorithm, we ran 100 replicates of the algorithm and selected the output with the highest
likelihood. The likelihood of the observed modularity was then compared to that of the 999 randomized matrices to assess if the observed
matrix was more compartmentalized than by
chance. All analyses were performed using R
3.6.1 (R Core Team 2019).

mentioned community models) from the classiﬁcation does not mean that we ignored them completely, even under the strict characterization.
Instead, we discuss how they can be incorporated
in the framework and related to the process-based
models in the Discussion.

Correspondence between speciﬁc community and
invasion models
We matched each community model to a set of
corresponding invasion models based on the
similarity of the processes involved, identiﬁed in
the previous step. Because we only used six
processes to keep a synthetic capacity in the
framework (therefore sometimes overlooking
subtleties in how the processes were conceptualized in speciﬁc community and invasion models), we relied on the careful examination of how
these processes were deﬁned in each model,
rather than only using an oversimpliﬁed criterion
on the number of shared processes (but see the
Discussion below for details on how the framework could evolve to capture more accurately
the speciﬁcities of the models). We therefore
compared the deﬁnitions of all community and
invasion models, and we explain how the processes that characterize them in the framework
are related (some models in one ﬁeld being special cases of a model in the other, and some models being almost equivalent in the two ﬁelds, for
example, see Appendix S2: Table S3). As
explained above, we only considered post-introduction processes for invasion models.
The alignment of community and invasion
models was visualized as a bipartite matrix, and
the relationship between two ﬁelds was analyzed
using tools from network theory. We envisaged
ﬁve possible archetypes deﬁning how community models can be related to invasion models,
therefore representing different levels of alignment or misalignment between models in the
two ﬁelds (Fig. 2). With perfect correspondence,
each community model would be related to only
one invasion model, and reciprocally (Fig. 2a).
This archetype would only be possible if no overlap existed between models within a ﬁeld, making both ﬁelds perfectly aligned. A random
conﬁguration would indicate that both ﬁelds do
not correspond well, with a lot of overlap
between the models both within and across the
two ﬁelds (Fig. 2b). In a perfectly nested
v www.esajournals.org
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Fig. 2. Five archetypes that can characterize the relationship between community and invasion models, representing different levels of alignment or misalignment. The perfect correspondence and nested archetypes require
the same number of community and invasion models, whereas the others do not.
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RESULTS

process, characterizing only four of the 29 models. Results were qualitatively similar under the
inclusive characterization (Appendix S3).

Process-based classiﬁcation of community models
Sixteen different combinations of processes
were identiﬁed to characterize the 29 (30 under
the inclusive characterization) process-based
community models. The models combined 2.62
processes on average (2.6 under the under the
inclusive characterization). The most common
combination of processes (included in four models) included all processes except genetic
changes. The second most common combinations of processes included different combinations of the three interaction-based processes
(each of these different combinations being
included in three models; Fig. 3a). The withinguild biotic interaction process was the most
common process, characterizing 19 models.
Overall, biotic interactions (within- and betweenguild combined) characterized 23 out of the 29
models, and interactions (biotic and abiotic combined) characterized 26 (~70%) models. In contrast, genetic changes are the least represented

Process-based classiﬁcation of invasion models
Ten combinations of processes were identiﬁed
to characterize the 23 invasion models (12 combinations for the 28 models under the inclusive
characterization; Appendix S3). The models
combined 1.78 processes on average (1.86 under
the under the inclusive characterization). By far,
the most common process characterizing invasion models is cross-guild interactions. Seven
models relied on this single process alone, and 10
other models included it as one of their driving
processes (Fig. 3b; 14 models included it as one
of their driving processes under the inclusive
characterization Appendix S3: Fig. S1). The three
interaction processes unequivocally dominated
invasion models under both the strict and inclusive characterizations, and dispersal, drift and
genetic changes only characterized ﬁve invasion
models.

Fig. 3. Summary of combinations of processes characterizing (a) the community models (n = 29) and (b)
the invasion models (n = 23; see Appendix S2: Tables S1 and S2 for details on process combinations). The
lower plots indicate the combinations of processes that were identiﬁed, ordered by the number of models
characterized by a speciﬁc combination (processes combined in a model are represented by the circles in a
single column, and the number of combined processes is also indicated by the numbers at the bottom of
the plots). The numbers on the right of the graphs represent the number of models that include each process. The size of the circles and the upper bar plot both indicate this number (the bar plot was used to better visualize the skewness of the distributions).
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Fig. 4. Relationship between community (rows) and invasion (columns) models presented as a bipartite network. The modules were identiﬁed using the Dormann-Strauss algorithm. The main processes characterizing
each module are indicated in red: / indicates that at least one process characterizes the models, whereas + indicates that the processes are combined in the models.

Correspondence between speciﬁc community
ecology and invasion models

high level of nestedness: The observed nestedness was higher than for 97.7% of the randomized matrices (99.9% for the inclusive
characterization). This can be expected when
some umbrella theories encompass more speciﬁc
models (Appendix S2: Fig. S1, Appendix S3:
Fig. S3). In particular, the more encompassing
community models are niche theory (NiT, C20),
bottom-up regulation (BUR, C2), top-down regulation (TDR, C32) and species sorting (C26; i.e.,

The relationship between community and
invasion models most closely reﬂected a mixture
of three of the possible ﬁve archetypes, nested,
compartmentalized, overlap, although there
were some elements of the perfect correspondence and randomness archetypes (Figs. 2, 4,
Appendix S2: Fig. S1, Appendix S3: Fig. S2). The
randomization algorithm revealed a relatively
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genetic changes), which none of the community
models listed here did explicitly.

those based on combinations of interaction processes). The most encompassing invasion models
are Increased resource availability (IRA, I19) and
opportunity windows (OW, I27), followed by the
empty niche model (EN, I8), which all cover
aspects related to interactions, temporal variability, and availability of niches.
The modularity analysis identiﬁed seven
modules (the observed likelihood of the modularity was higher than for 99.8% of the randomized matrices), therefore partly reﬂecting the
compartmentalized archetype (Fig. 4). The biadjacency matrix shows four modules grouping
between three and seven community or invasion models each. The models of these modules
are based predominantly on combinations of
interaction processes. These modules are
nonetheless not perfectly deﬁned, as there are
some associations close to the diagonals but not
belonging to any module. Therefore, they also
contain characteristics of the overlap or random
archetypes, indicating some lack of coherence
within and between these models in the two
ﬁelds. There are also three smaller modules,
which tend toward the perfect correspondence
archetype. These smaller modules are based on
dispersal, genetic changes, and speciﬁc aspects
of niche theory (mostly positive interactions of
mutualism), or on the effect of species on the
environment rather than the opposite. Results
are similar using the inclusive characterization
(the observed likelihood of the modularity was
higher than for 99.9% of the randomized matrices), but the bi-adjacency matrix shows more
dispersed associations of community and invasion models, characteristic of the random archetype (Appendix S3: Fig. S2).
Four process-based community models
(stochastic niche theory, SN, C28; neutral-niche
continuum, NNC, C19; community assembly
phase space, CAPS, C4; and intransitive competition, IC, C13) were not related to any invasion
model. The ﬁrst three models (SN, NNC, and
CAPS) are all deﬁned by a combination of dispersal, drift, and the three interaction processes.
IC considers within-guild interactions from a
multi-species perspective. One process-based
invasion model, increased susceptibility, IS, I20,
was not related to any community model. IS is
based on interaction processes, but relates them
to genetic diversity (but not to the process of
v www.esajournals.org

DISCUSSION
Differences between the processes addressed by
invasion and community ecology
Characterizing and matching invasion and
community models according to their underlying
processes using our framework highlights important differences in research focus in the two
ﬁelds. About a quarter of the invasion models
considered rely on the classiﬁcation of invasion
patterns under the strict characterization. Process-based invasion ecology models also appear
to more often consider the role of single mechanisms in isolation, as shown by the low number
of processes in combinations. The smaller number of multi-process models in invasion ecology
(Fig. 2b) is consistent with the search for casespeciﬁc explanations of biological invasions integrating information about species biology and
ecosystem characteristics, that is, invasion syndromes (Kueffer et al. 2013, Perkins and Nowak
2013, Novoa et al. 2020). Invasion ecology indeed
often relies on observational approaches (see
Fig. 17.3 in Jeschke and Heger 2018) allowing
only limited control on the conditions of invasion. These approaches are therefore designed to
investigate speciﬁc processes (see Jeschke and
Heger 2018 for a synthesis of support or rejection
of different models based on such approaches in
the literature). In contrast, the larger number of
processes used in combination in the community
models reﬂects the fact that community ecology
has strived for a more overarching, mechanistic
perspective that emphasizes how the interplay of
multiple processes can address a wide range of
questions on the generation, dynamics, maintenance, and evolution of communities over a wide
range of temporal and spatial scales (Gravel et al.
2006, Latombe et al. 2015, Vellend 2016, Leibold
and Chase 2017).
Differences in the number of processes considered by community and invasion models can be
explained by the different level of emphasis on
interaction processes in the two ﬁelds. The predominance of interaction processes (especially
cross-guild interactions) in the list of invasion
models has led us to identify a number of overlapping models, and therefore a highly skewed
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species in novel environments (Kot et al. 1996,
McGeoch and Latombe 2016). Given the
importance of feedback between dispersal and
interactions for explaining community assembly (Latombe et al. 2015), and the role of spatial and temporal correlations of stochasticity
in population size and growth in boosting
invasion performance (Cuddington and Hastings 2016, Hui et al. 2017), combinations of
neutral and interaction processes will likely
reveal unexpected trajectories for both the
invaders and the structure of the recipient
community, even for single-species invasions.
This also applies to the combination of these
processes with genetic changes, as rapid evolutionary changes in introduced species have
been shown to be quite commonly associated
with invasion success (Whitney and Gabler
2008).
Lawton (1996) wrote with reference to patterns in community ecology: “Too often, ecologists seem obsessed with ﬁnding a single
explanation for some process or pattern of
interest.” Community ecology has, however,
recently transitioned toward a more comprehensive perspective that embraces the interplay
between multiple processes. There are several
possible reasons why invasion ecology often
considers the role of speciﬁc processes in isolation to explain biological invasions. First, invasion models tend to have a narrower scope
(exploring factors that mediate survival and
establishment of a particular introduced species in a novel environment; Pysek et al. 2020)
compared to community models (whose scope
range from the generation and dynamics to
the maintenance and evolution of communities). More importantly, invasion ecology has
only started to develop as a ﬁeld more
recently (Vaz et al. 2017). Searches on Web of
Science with the keywords “community ecology” and “invasion ecology” as topics return
articles dating back to 1914 and 1986, respectively. It is therefore possible that the lists of
models used here, which have similar lengths,
may overlook overlaps between community
models that may have existed when the ﬁeld
was younger. This list also likely underestimates the number of early community models
focusing on the identiﬁcation of patterns, such
as the mathematical formulation of species-area

distribution of processes across invasion models
(Fig. 3b), which could be a source of ambiguities
(Latombe et al. 2019). For example, the enemy
inversion (EI), the enemy of my enemy (EE), the
enemy reduction (ERD), and the enemy release
(ER) models (I9-I12) are all variations of the same
cross-guild interaction process (although such
models can be further distinguished and related
to each other using a hierarchy of hypotheses;
Jeschke et al. 2012, Jeschke and Heger 2018).
Although the distribution of processes is less
skewed for community models (Fig. 3a), interaction processes are also the focus of a number of
community models, which can be explained by
the fact that interaction processes also dominated
community ecology for decades (e.g., reviewed
in Leibold 1995, Chase and Leibold 2003).
Within-guild processes are nonetheless predominant, indicating a focus on horizontal communities, consistent with Vellend’s (2016) original
framework. Consistently, the biggest modules in
the bi-adjacency matrix (Fig. 4) contain community and invasion models based predominantly
on combinations of all interaction processes. Due
to the high degree of attention they received historically, it is not surprising that interaction processes have been combined in many different
ways, resulting in a limited degree of coherence
between models based on these processes within
and across the two ﬁelds.
More recent depictions of community models (e.g., SN, Tilman 1994; NNC, Gravel et al.
2006; CAPS, Latombe et al. 2015), however,
spurred on by Hubbell’s (2001) neutral theory
which emphasized the role of dispersal and
stochasticity, provide a more balanced perspective, and recognize the interplay of multiple
processes, rather than considering independent
processes in isolation (Vellend 2016, Leibold
and Chase 2017). In contrast, few invasion
models consider post-introduction processes
other than interaction processes, resulting in
fewer combinations of processes overall. Most
invasion studies on dispersal focus on the
human-mediated introduction/invasion pathways (e.g., Wilson et al. 2009). However, it has
also been shown that different dispersal kernels (e.g., Hui et al. 2012), and especially the
presence or absence of long-distance dispersal
(Berthouly-Salazar et al. 2013), are crucial for
determining the range expansion of alien
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A truly mechanistic perspective of biological
invasions would follow the direction taken by
more recent community ecology models (e.g.,
Gravel et al. 2006, Latombe et al. 2015, Leibold
and Chase 2017) by exploring how different combinations and feedbacks between the processes
described in this framework generate different
community and invasion patterns. It would then
be possible to generate hypotheses that can be
systematically tested through experiments or
ﬁeld observations. This approach would enable
invasion and community ecology to advance
simultaneously. This would help encourage further research on multi-species interactions in
invasion ecology. Such a whole system approach
will enable us to achieve a more complete picture
of biological invasions (Gurevitch et al. 2011), to
understand and potentially predict the fate of
invaded communities, including the trajectories
leading to regime shifts (Gaertner et al. 2014) and
the dynamics of thresholds between historical,
hybrid, and novel ecosystems (Hobbs et al.
2014). This will in turn contribute to improve our
understanding of community assembly and
structure.
To develop such a mechanistic, process-based
approach to invasion ecology, future work
should clarify the relationship between processand pattern-based invasion models. This framework should establish the relationship between
invasion patterns and different combinations of
processes. Patterns generated by the same sets of
processes could then also be related to each other
(Appendix S2: Fig. S2). This would also enable
us to clearly deﬁne nestedness and partial overlap between models, as both metrics are deﬁned
based on process similarity. Using this approach
will also enable us to remove potential ambiguities when pairing community ecology and invasion models.
We acknowledge that our six-process framework may evolve to capture more accurately the
speciﬁcities of the models. This is why it was
designed in a hierarchical fashion from Vellend’s
(2016) initial four high-level processes, which
already captured the essence of the relevant processes. For example, we have not characterized
biotic interactions as positive (mutualistic) or
negative (antagonistic), although both kinds
have been argued to be important drivers of species assembly and coexistence in community

relationships (Connor and McCoy 1979) or species abundance distributions (Williamson and
Gaston 2005). This is actually good news for
invasion ecology, as it would indicate that the
ﬁeld can beneﬁt from the long history of community models to develop further from a
mechanistic perspective and produce a coherent synergy between the two ﬁelds, as we elucidate below.

Toward a stronger synergy between invasion and
community ecology
Fitting the process-based framework presented
here to existing models, theories, and hypotheses
is useful to obtain a much-needed coherent and
synthetic picture and an overarching view of
community and invasion ecology. Because of the
small number of processes considered simultaneously by invasion models, we argue that we
should move toward emphasizing a processbased invasion ecology, to complement the
experimental search for speciﬁc reasons to
explain successful biological invasion events.
Attempts to reconcile community and invasion ecology have often focused on speciﬁc
interaction processes between one alien species
and a native community. Shea and Chesson
(2002) introduced the concept of niche opportunity, which encompasses the different interaction
processes of our framework. In their this framework, niche opportunities allow an invading
population to have a positive growth rate
through access to resources or decrease in natural enemies. MacDougall et al. (2009) extended
this concept by building on the perspective of
equalizing vs stabilizing mechanisms as proposed by Chesson (2000a). Wolkovich and Cleland (2011) showed how phenology can also
provide niche opportunities. Pearson et al.
(2018) further incorporated dispersal processes
by building on the similarity between the dispersal, abiotic, and biotic ecological ﬁlters from
community ecology (e.g., Stokes and Archer
2010) and invasion ecology (Catford et al. 2009).
Although each of these frameworks has
included several of the six processes described
in this paper, they were considered either separately, or additively, not in a truly interactive
fashion considering feedbacks and complex outcomes, as explored by community ecology and
highlighted by our framework.
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ecology, and of invasion success in invasion biology (e.g., Francis and Read 1995, Christian 2001,
Colautti et al. 2004, Traveset and Richardson
2020). Other mechanisms, such as frequency
dependence, which can apply to different processes and are integral parts of some models
(e.g., priority effects), could also be considered in
parallel to this framework. While restricting our
framework to six processes allowed for generality and a broad, synthetic perspective across
community and invasion ecology, considering
additional processes may reveal complex and
unexpected behaviors in modeled invaded communities.
Finally, it is important to explicitly incorporate
spatial and temporal scales when expanding this
process-based framework. The processes deﬁned
here, as those on which they are based (Catford
et al. 2009, Vellend 2016), are not restricted to
any particular scale. Rather, as scale is important
to detect ecological patterns such as changes in
species richness and turnover over space and
time (Chase et al. 2018), it may change the perspective on the importance of each process at
play (Chase 2014, Viana and Chase 2019). For
example, competition may only be detected at
ﬁne spatial scales (e.g., between adjacent fruiting
plants), whereas cross-guild interactions with
frugivorous birds dispersing seeds would occur
at a much larger scale. Environmental heterogeneity also varies across scales, changing our
perception of the importance of related processes. The relevant scales therefore depend on
how the involved taxa perceive and are affected
by, the different processes over speciﬁc spatial
and temporal scales (Theoharides and Dukes
2007, McGill 2010). This process-based framework, like those on which it is based, can therefore offer a bridge between multiple scales
(Vellend 2016).

speciﬁc processes. The classiﬁcation of representative models from the two ﬁelds following this
framework and their comparison using a novel
method based on network theory has helped
not only to provide a synthesis of representative
models in the two ﬁelds, but also to identify differences and overlaps between them. This
enables us to identify where there may be scope
to increase coherence both within (as Catford
et al. 2009, Vellend 2016) and across these ﬁelds
in the future. In particular, it shows that concepts in invasion ecology tend to focus on the
identiﬁcation of speciﬁc processes, whereas
community ecology has transitioned to explore
how different combinations of multiple processes can provide a more mechanistic understanding of a whole suite of patterns. We hope
that the bridge developed in this paper will help
to advance both ﬁelds concurrently following a
process-based approach generating hypotheses
to be validated experimentally. Using perspectives from one ﬁeld to investigate questions in
the other may create an integrative perspective
in ecology that is still lacking (Rosindell et al.
2015, Courchamp et al. 2017, Pearson et al.
2018), advancing a more predictive ecology that
is sorely needed in a rapidly changing world.
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CONCLUSION
We have presented a mechanistic framework
to classify both community and invasion models, using combinations of six different processes: dispersal, drift, abiotic interactions,
within-guild interactions, cross-guild interactions, and genetic changes. Characterizing models according to these processes allowed us to
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v www.esajournals.org

18

February 2021

v Volume 12(2) v Article e03359

SYNTHESIS & INTEGRATION

LATOMBE ET AL.

LITERATURE CITED

Chesson, P. 2000a. Mechanisms of maintenance of species diversity. Annual Review of Ecology and Systematics 31:343–366.
Chesson, P. 2000b. General theory of competitive coexistence in spatially-varying environments. Theoretical Population Biology 58:211–237.
Christian, C. E. 2001. Consequences of a biological
invasion reveal the importance of mutualism for
plant communities. Nature 413:635.
Clark, J. S. 2012. The coherence problem with the Uniﬁed Neutral Theory of Biodiversity. Trends in Ecology & Evolution 27:198–202.
Colautti, R. I., A. Ricciardi, I. A. Grigorovich, and H. J.
MacIsaac. 2004. Is invasion success explained by
the enemy release hypothesis? Ecology Letters
7:721–733.
Connell, J. H. 1970. On the role of natural enemies in
preventing competitive exclusion in some marine
animals and in rain forest trees. Pages 298–312 in P.
J. Den Boer and G. R. Gradwell, editors. Dynamics
of populations. Pudoc, Wageningen, The Netherlands.
Connell, J. H. 1978. Diversity in tropical rain forests
and coral reefs. Science 199:1302–1310.
Connor, E. F., and E. D. McCoy. 1979. The statistics
and biology of the species-area relationship. American Naturalist 113:791–833.
Courchamp, F., A. Fournier, C. Bellard, C. Bertelsmeier, E. Bonnaud, J. M. Jeschke, and J. C. Russell. 2017. Invasion biology: speciﬁc problems and
possible solutions. Trends in Ecology & Evolution
32:13–22.
Crawley, M. J., S. L. Brown, M. S. Heard, and G. R.
Edwards. 1999. Invasion-resistance in experimental
grassland communities: species richness or species
identity? Ecology Letters 2:140–148.
Cuddington, K., and A. Hastings. 2016. Autocorrelated
environmental variation and the establishment of
invasive species. Oikos 125:1027–1034.
Darwin, C. 1859. On the origin of species by means of
natural selection. John Murray, London, UK.
Dormann, C. F., B. Gruber, and J. Fruend. 2008. Introducing the bipartite Package: Analysing Ecological
Networks. R News 8:8–11.
Duncan, R. P., and P. A. Williams. 2002. Ecology: Darwin’s naturalization hypothesis challenged. Nature
417:608–609.
Elton, C. S. 1958. The ecology of invasions by plants
and animals. Chapman & Hal, London, UK.
€ tt, and J. M. Jeschke. 2018. Drawing
Enders, M., M. Hu
a map of invasion biology based on a network of
hypotheses. Ecosphere 9:e02146.
Eppinga, M. B., M. Rietkerk, S. C. Dekker, P. C. De Ruiter, W. H. Van der Putten, and W. H. Van der Putten. 2006. Accumulation of local pathogens: a new

Alpert, P. 2006. The advantages and disadvantages of
being introduced. Biological Invasions 8:1523–
1534.
Armstrong, R. A., and R. McGehee. 1980. Competitive
exclusion. American Naturalist 115:151–170.
Baker, H. G. 1965. Characteristics and modes of origin
of weeds. Pages 147–172 in H. Baker, G. Stebbins,
editors. The Genetics of Colonizing Species.
Academic Press, New York.
Berthouly-Salazar, C., C. Hui, T. M. Blackburn, C.
Gaboriaud, B. J. Van Rensburg, B. J. Van Vuuren,
and J. J. Le Roux. 2013. Long-distance dispersal
maximizes evolutionary potential during rapid
geographic range expansion. Molecular Ecology
22:5793–5804.
Blossey, B., and R. Notzold. 1995. Evolution of
increased competitive ability in invasive nonindigenous plants: a hypothesis. Journal of Ecology
83:887–889.
Blumenthal, D. M. 2006. Interactions between resource
availability and enemy release in plant invasion.
Ecology Letters 9:887–895.
Bruno, J. F., J. J. Stachowicz, and M. D. Bertness. 2003.
Inclusion of facilitation into ecological theory.
Trends in Ecology & Evolution 18:119–125.
Cadotte, M. W., S. M. McMahon, and T. Fukami, editors. 2006. Conceptual ecology and invasion biology: reciprocal approaches to nature. Springer,
Dordrecht, The Netherlands.
Callaway, R. M., and W. M. Ridenour. 2004. Novel
weapons: invasive success and the evolution of
increased competitive ability. Frontiers in Ecology
and the Environment 2:436–443.
Callaway, R. M., G. C. Thelen, A. Rodriguez, and W. E.
Holben. 2004. Soil biota and exotic plant invasion.
Nature 427:731.
Catford, J. A., R. Jansson, and C. Nilsson. 2009. Reducing redundancy in invasion ecology by integrating
hypotheses into a single theoretical framework.
Diversity and Distributions 15:22–40.
Chase, J. M. 2014. Spatial scale resolves the niche versus neutral theory debate. Journal of Vegetation
Science 25:319–322.
Chase, J. M., and M. A. Leibold. 2003. Ecological
niches: linking classical and contemporary
approaches. University of Chicago Press, Chicagol,
Illinois, USA.
Chase, J. M., B. J. McGill, D. J. McGlinn, F. May, S. A.
Blowes, X. Xiao, T. M. Knight, O. Purschke, and N.
J. Gotelli. 2018. Embracing scale-dependence to
achieve a deeper understanding of biodiversity
and its change across communities. Ecology Letters
21:1737–1751.

v www.esajournals.org

19

February 2021

v Volume 12(2) v Article e03359

SYNTHESIS & INTEGRATION

LATOMBE ET AL.
L. Thompson. 2019. Towards a multi-trophic extension of metacommunity ecology. Ecology Letters
22:19–33.
Harte, J. 2011. Maximum entropy and ecology: a theory of abundance, distribution, and energetics.
Oxford University Press, Oxford, UK.
Harte, J., and E. A. Newman. 2014. Maximum information entropy: a foundation for ecological theory.
Trends in Ecology & Evolution 29:384–389.
Hobbs, R. J., et al. 2014. Managing the whole landscape: historical, hybrid, and novel ecosystems.
Frontiers in Ecology and the Environment 12:557–
564.
Hobbs, R. J., and L. F. Huenneke. 1992. Disturbance,
diversity, and invasion: implications for conservation. Conservation Biology 6:324–337.
Holt, R. D., J. Grover, and D. Tilman. 1994. Simple
rules for interspeciﬁc dominance in systems with
exploitative and apparent competition. American
Naturalist 144:741–771.
Holyoak, M., M. A. Leibold, and R. D. Holt, editors.
2005. Metacommunities: spatial dynamics and ecological communities. University of Chicago Press,
Chicago, Illinois, USA.
Hubbell, S. P. 2001. The uniﬁed neutral theory of biodiversity and biogeography (MPB-32)(monographs
in population biology). Princeton University Press,
Princeton, New Jersey, USA.
Hui, C., G. A. Fox, and J. Gurevitch. 2017. Scale-dependent portfolio effects explain growth inﬂation and
volatility reduction in landscape demography. Proceedings of the National Academy of Sciences of
the United States of America 114:12507–12511.
Hui, C., and D. M. Richardson. 2017. Invasion dynamics. Oxford University Press, Oxford, UK.
Hui, C., and D. M. Richardson. 2019a. How to invade
an ecological network. Trends in Ecology & Evolution 34:121–131.
Hui, C., and D. M. Richardson. 2019b. Network invasion as an open dynamical system: response to
Rossberg and Barab
as. Trends in Ecology & Evolution 34:286–387.
Hui, C., N. Roura-Pascual, L. Brotons, R. A. Robinson,
and K. L. Evans. 2012. Flexible dispersal strategies
in native and non-native ranges: environmental
quality and the ‘good–stay, bad–disperse’rule.
Ecography 35:1024–1032.
Huston, M. 1979. A general hypothesis of species
diversity. American Naturalist 113:81–101.
Janzen, D. H. 1970. Herbivores and the number of tree
species in tropical forests. American Naturalist
104:501–528.
Jeschke, J. M. 2008. Across islands and continents,
mammals are more successful invaders than birds.
Diversity and Distributions 14:913–916.

hypothesis to explain exotic plant invasions. Oikos
114:168–176.
Francis, R., and D. J. Read. 1995. Mutualism and antagonism in the mycorrhizal symbiosis, with special
reference to impacts on plant community structure.
Canadian Journal of Botany 73:1301–1309.
Frost, C. M., W. J. Allen, F. Courchamp, J. M. Jeschke,
W.-C. Saul, and D. A. Wardle. 2019. Using network
theory to understand and predict biological invasions. Trends in Ecology & Evolution 34:831–843.
Fukami, T. 2010. Community assembly dynamics in
space. Pages 45–54 in H. Verhoef and P. Morin, editors. Community ecology: processes, models, and
applications. Oxford University Press, Oxford, UK.
Fukami, T. 2015. Historical contingency in community
assembly: integrating niches, species pools, and
priority effects. Annual Review of Ecology, Evolution, and Systematics 46:1–23.
Fussmann, G. F., M. Loreau, and P. A. Abrams. 2007.
Eco-evolutionary dynamics of communities and
ecosystems. Functional Ecology 21:465–477.
Gaertner, M., R. Biggs, M. Te Beest, C. Hui, J. Molofsky, and D. M. Richardson. 2014. Invasive plants as
drivers of regime shifts: identifying high-priority
invaders that alter feedback relationships. Diversity and Distributions 20:733–744.
Gaertner, M., A. Den Breeyen, C. Hui, and D. M.
Richardson. 2009. Impacts of alien plant invasions
on species richness in Mediterranean-type ecosystems: a meta-analysis. Progress in Physical Geography 33:319–338.
Gallien, L., and M. Carboni. 2017. The community
ecology of invasive species: Where are we and
what’s next? Ecography 40:335–352.
Gause, G. F. 1934. The struggle for existence. The Williams & Wilkins company, Baltimore, Maryland,
USA.
Gilpin, M. E. 1975. Limit cycles in competition communities. American Naturalist 109:51–60.
Gravel, D., C. D. Canham, M. Beaudet, and C. Messier.
2006. Reconciling niche and neutrality: the continuum hypothesis. Ecology Letters 9:399–409.
Gregory, R., L. Failing, M. Harstone, G. Long, T.
McDaniels, and D. Ohlson. 2012. Structured decision making: a practical guide to environmental
management choices. Wiley-Blackwell, Oxford,
UK.
Grime, J. P. 1973. Competitive exclusion in herbaceous
vegetation. Nature 242:344–347.
Gurevitch, J., G. A. Fox, G. M. Wardle, Inderjit, and
D. Taub. 2011. Emergent insights from the synthesis of conceptual frameworks for biological invasions. Ecology Letters 14:407–418.
Guzman, L. M., R. M. Germain, C. Forbes, S. Straus,
M. I. O’Connor, D. Gravel, D. S. Srivastava, and P.

v www.esajournals.org

20

February 2021

v Volume 12(2) v Article e03359

SYNTHESIS & INTEGRATION

LATOMBE ET AL.

mez Aparicio, S. Haider, T. Heger,
Jeschke, J. M., L. Go
C. J. Lortie, P. Pysek, and D. Strayer. 2012. Support
for major hypotheses in invasion biology is uneven
and declining. NeoBiota 14:1–20.
Jeschke, J. M., and T. Heger, editors. 2018. Invasion
Biology: hypotheses and Evidence. CABI, Wallingford, UK.
Jeschke, J. M., and P. Pysek. 2018. Tens rule. Pages 124–
132 in J. M. Jeschke and T. Heger, editors. Invasion
biology: hypotheses and evidence. CABI, Wallingford, UK.
Jeschke, J. M., and D. L. Strayer. 2006. Determinants of
vertebrate invasion success in Europe and North
America. Global Change Biology 12:1608–1619.
Johnstone, I. M. 1986. Plant invasion windows: a timebased classiﬁcation of invasion potential. Biological
Reviews 61:369–394.
Jones, C. G., J. H. Lawton, and M. Shachak. 1994.
Organisms as ecosystem engineers. Pages 130–147
in Ecosystem management. Springer, New York,
New York USA.
Keane, R. M., and M. J. Crawley. 2002. Exotic plant
invasions and the enemy release hypothesis.
Trends in Ecology & Evolution 17:164–170.
Keller, S. R., and D. R. Taylor. 2008. History, chance
and adaptation during biological invasion: separating stochastic phenotypic evolution from response
to selection. Ecology Letters 11:852–866.
King, G. E., and J. G. Howeth. 2019. Propagule pressure and native community connectivity interact to
inﬂuence invasion success in metacommunities.
Oikos 128:1549–1564.
Kot, M., M. A. Lewis, and P. van den Driessche. 1996.
Dispersal data and the spread of invading organisms. Ecology 77:2027–2042.
Kueffer, C., P. Pysek, and D. M. Richardson. 2013. Integrative invasion science: model systems, multi-site
studies, focused meta-analysis and invasion syndromes. New Phytologist 200:615–633.
Latombe, G., et al. 2019. A four-component classiﬁcation of uncertainties in biological invasions: implications for management. Ecosphere 10:e02669.
Latombe, G., C. Hui, and M. A. McGeoch. 2015.
Beyond the continuum: a multi-dimensional phase
space for neutral–niche community assembly. Proceedings of the Royal Society B: Biological Sciences
282:20152417.
Lawton, J. H. 1996. Patterns in ecology. Oikos 75:145–
147.
Leibold, M. A. 1995. The niche concept revisited:
mechanistic models and community context. Ecology 76:1371–1382.
Leibold, M. A., and J. M. Chase, editors. 2017. Metacommunity ecology. Princeton University Press,
Princeton, New Jersey, USA.

v www.esajournals.org

Levine, J. M., and C. M. D’Antonio. 1999. Elton revisited: a review of evidence linking diversity and
invasibility. Oikos 81:15–26.
Levins, R., and D. Culver. 1971. Regional coexistence
of species and competition between rare species.
Proceedings of the National Academy of Sciences
of the United States of America 68:1246–1248.
Lockwood, J. L., P. Cassey, and T. Blackburn. 2005. The
role of propagule pressure in explaining species
invasions. Trends in Ecology & Evolution 20:223–
228.
Lockwood, J. L., P. Cassey, and T. M. Blackburn. 2009.
The more you introduce the more you get: the role
of colonization pressure and propagule pressure in
invasion ecology. Diversity and Distributions
15:904–910.
MacArthur, R. 1970. Species packing and competitive
equilibrium for many species. Theoretical Population Biology 1:1–11.
MacArthur, R., and R. Levins. 1967. The limiting similarity, convergence, and divergence of coexisting
species. American Naturalist 101:377–385.
MacArthur, R. H., and E. O. Wilson. 1967. The theory
of island biogeography. Princeton University Press,
Princeton, New Jersey, USA.
MacDougall, A. S., B. Gilbert, and J. M. Levine. 2009.
Plant invasions and the niche. Journal of Ecology
97:609–615.
Marquet, P. A., et al. 2014. On theory in ecology. BioScience 64:701–710.
Matson, P. A., and M. D. Hunter. 1992. Special feature:
the relative contributions to top-down and bottomup forces in population and community ecology.
Ecology 73:723.
McGeoch, M. A., and G. Latombe. 2016. Characterizing common and range expanding species. Journal
of Biogeography 43:217–228.
McGill, B. J. 2010. Matters of scale. Science 328:575–
576.
McGrannachan, C. M., and M. A. McGeoch. 2019.
Multispecies plant invasion increases function but
reduces variability across an understorey metacommunity. Biological Invasions 21:1115–1129.
Melbourne, B. A., H. V. Cornell, K. F. Davies, C. J.
Dugaw, S. Elmendorf, A. L. Freestone, R. J. Hall,
S. Harrison, A. Hastings, and M. Holland. 2007.
Invasion in a heterogeneous world: resistance,
coexistence or hostile takeover? Ecology Letters
10:77–94.
Mitchell, C. E., et al. 2006. Biotic interactions and plant
invasions. Ecology Letters 9:726–740.
Moser, D., et al. 2018. Remoteness promotes biological
invasions on islands worldwide. Proceedings of
the National Academy of Sciences of the United
States of America 115:9270–9275.

21

February 2021

v Volume 12(2) v Article e03359

SYNTHESIS & INTEGRATION

LATOMBE ET AL.
distribution of invasive alien species assemblages.
South African Journal of Botany 101:24–31.
Sax, D. F., J. J. Stachowicz, J. H. Brown, J. F. Bruno, M.
N. Dawson, S. D. Gaines, R. K. Grosberg, A. Hastings, R. D. Holt, and M. M. Mayﬁeld. 2007. Ecological and evolutionary insights from species
invasions. Trends in Ecology & Evolution 22:465–
471.
Scheffer, M. 2009. Critical transitions in nature and
society. Princeton University Press, Princeton, New
Jersey, USA.
Shea, K., and P. Chesson. 2002. Community ecology
theory as a framework for biological invasions.
Trends in Ecology & Evolution 17:170–176.
Sher, A. A., and L. A. Hyatt. 1999. The disturbed
resource-ﬂux invasion matrix: a new framework
for patterns of plant invasion. Biological Invasions
1:107–114.
Simberloff, D., and L. Gibbons. 2004. Now you see
them, now you don’t!–population crashes of established introduced species. Biological Invasions
6:161–172.
Simberloff, D., and B. Von Holle. 1999. Positive interactions of nonindigenous species: invasional meltdown? Biological Invasions 1:21–32.
Stohlgren, T. J., K. A. Bull, Y. Otsuki, C. A. Villa, and
M. Lee. 1998. Riparian zones as havens for exotic
plant species in the central grasslands. Plant Ecology 138:113–125.
Stokes, C. J., and S. R. Archer. 2010. Niche differentiation and neutral theory: an integrated perspective
on shrub assemblages in a parkland savanna. Ecology 91:1152–1162.
Taylor, D. R., L. W. Aarssen, and C. Loehle. 1990.
On the relationship between r/K selection and
environmental carrying capacity: a new habitat
templet for plant life history strategies. Oikos
58:239–250.
Theoharides, K. A., and J. S. Dukes. 2007. Plant invasion across space and time: factors affecting nonindigenous species success during four stages of
invasion. New Phytologist 176:256–273.
Thompson, P. L., L. M. Guzman, L. De Meester, Z.
Horv
ath, R. Ptacnik, B. Vanschoenwinkel, D. S.
Viana, and J. M. Chase. 2020. A process-based
framework for metacommunity ecology. Ecology
Letters 23:1314–1329.
Tilman, D. 1982. Resource competition and community structure. Princeton University Press, Princeton, New Jersey, USA.
Tilman, D. 1994. Competition and biodiversity in spatially structured habitats. Ecology 75:2–16.
Tilman, D. 2004. Niche tradeoffs, neutrality, and community structure: a stochastic theory of resource
competition, invasion, and community assembly.

Murray, B. G. 2004. Laws, hypotheses, guesses. American Biology Teacher 66:598–600.
Novoa, A., et al. 2020. Invasion syndromes: a systematic approach for predicting biological invasions
and facilitating effective management. Biological
Invasions 22:1801–1820.
Oksanen, L., S. D. Fretwell, J. Arruda, and P. Niemela.
1981. Exploitation ecosystems in gradients of primary productivity. American Naturalist 118:240–
261.
Palmer, M. W. 1994. Variation in species richness:
towards a uniﬁcation of hypotheses. Folia Geobotanica Et Phytotaxonomica 29:511–530.
€ Eren, and J. L. Hierro.
Pearson, D. E., Y. K. Ortega, O.
2018. Community assembly theory as a framework
for biological invasions. Trends in Ecology & Evolution 33:313–325.
Perkins, L. B., and R. S. Nowak. 2013. Invasion syndromes: hypotheses on relationships among invasive species attributes and characteristics of
invaded sites. Journal of Arid Land 5:275–283.
Pickett, S. T. A., S. L. Collins, and J. J. Armesto. 1987.
Models, mechanisms and pathways of succession.
Botanical Review 53:335–371.
Pimentel, D. 1968. Population regulation and genetic
feedback. Science 159:1432–1437.
Pysek, P., S. Bacher, I. Kuhn, A. Novoa, J. A. Catford, P.
E. Hulme, J. Pergl, D. M. Richardson, J. R. U. Wilson, and T. M. Blackburn. 2020. MAcroecological
Framework for Invasive Aliens (MAFIA): disentangling large-scale context dependence in biological
invasions. NeoBiota 62:407–461.
R Core Team. 2019. R: a language and environment for
statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.
Rejmanek, M., and D. M. Richardson. 1996. What attributes make some plant species more invasive?
Ecology 77:1655–1661.
Richards, C. L., O. Bossdorf, N. Z. Muth, J. Gurevitch,
and M. Pigliucci. 2006. Jack of all trades, master of
some? On the role of phenotypic plasticity in plant
invasions. Ecology Letters 9:981–993.
Richardson, D. M., N. Allsopp, C. M. D’Antonio, S. J.
Milton, and M. Rejmanek. 2000. Plant invasions–
the role of mutualisms. Biological Reviews 75:
65–93.
Rosindell, J., L. J. Harmon, and R. S. Etienne. 2015.
Unifying ecology and macroevolution with individual-based theory. Ecology Letters 18:472–482.
Rosindell, J., S. P. Hubbell, F. He, L. J. Harmon, and R.
S. Etienne. 2012. The case for ecological neutral theory. Trends in Ecology & Evolution 27:203–208.
Rouget, M., C. Hui, J. Renteria, D. M. Richardson, and
J. R. U. Wilson. 2015. Plant invasions as a biogeographical assay: Vegetation biomes constrain the

v www.esajournals.org

22

February 2021

v Volume 12(2) v Article e03359

SYNTHESIS & INTEGRATION

LATOMBE ET AL.
Williamson, M. H., and K. C. Brown. 1986. The analysis and modelling of British invasions. Philosophical Transactions of the Royal Society of London. B,
Biological Sciences 314:505–522.
Williamson, M., and K. J. Gaston. 2005. The lognormal
distribution is not an appropriate null hypothesis
for the species–abundance distribution. Journal of
Animal Ecology 74:409–422.
Wilson, J. R. U., E. E. Dormontt, P. J. Prentis, A. J.
Lowe, and D. M. Richardson. 2009. Something in
the way you move: Dispersal pathways affect invasion success. Trends in Ecology & Evolution
24:136–144.
Wolkovich, E. M., and E. E. Cleland. 2011. The phenology of plant invasions: a community ecology perspective. Frontiers in Ecology and the Environment
9:287–294.
Wright, D. H. 1983. Species-energy theory: an extension of species-area theory. Oikos 41:496–506.

Proceedings of the National Academy of Sciences
of the United States of America 101:10854–10861.
Traveset, A., and D. M. Richardson, editors. 2020.
Plant invasions: the role of biotic interactions.
CABI, Wallingford, UK.
Vaz, A. S., et al. 2017. The progress of interdisciplinarity in invasion science. Ambio 46:428–442.
Vellend, M. 2016. The theory of ecological communities (MPB-57). Princeton University Press, Princeton, New Jersey, USA.
Viana, D. S., and J. M. Chase. 2019. Spatial scale modulates the inference of metacommunity assembly
processes. Ecology 100:e02576.
Whitney, K. D., and C. A. Gabler. 2008. Rapid evolution
in introduced species, ‘invasive traits’ and recipient
communities: challenges for predicting invasive
potential. Diversity and Distributions 14:569–580.
Williamson, M. 1996. Biological invasions. Chapman
and Hall, London, UK.

SUPPORTING INFORMATION
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
3359/full

v www.esajournals.org

23

February 2021

v Volume 12(2) v Article e03359

