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Perhaps more than any other ecological discipline, invasion biology has married

the practices of basic science and the application of that science. The conceptual

frameworks of population regulation, metapopulations, supply-side ecology, and

community assembly have all to some degree informed the regulation, management, and

prevention of biological invasions. Invasion biology needs to continue to adopt emerging

frameworks and paradigms to progress as both a basic and applied science. This need

is urgent as the biological invasion problem continues to worsen. The development of

metacommunity theory in the last two decades represents a paradigm-shifting approach

to community ecology that emphasizes the multi-scale nature of community assembly

and biodiversity regulation. Work on metacommunities has demonstrated that even

relatively simple processes at local scales are often heavily influenced by regional-scale

processes driven primarily by the dispersal of organisms. Often the influence of dispersal

interacts with, or even swamps, the influence of local-scale drivers like environmental

conditions and species interactions. An emphasis on dispersal and a focus onmulti-scale

processes enable metacommunity theory to contribute strongly to the advancement

of invasion biology. Propagule pressure of invaders has been identified as one of the

most important drivers facilitating invasion, so the metacommunity concept, designed to

address how dispersal-driven dynamics affect community structure, can directly address

many of the central questions of invasion biology. Here we revisit many of the important

concepts and paradigms of biological invasions—propagule pressure, biotic resistance,

enemy release, functional traits, neonative species, human-assisted transport,—and

view those concepts through the lens of metacommunity theory. In doing so, we

accomplish several goals. First, we show that work on metacommunities has generated

multiple predictions, models, and the tools that can be directly applied to invasion

scenarios. Among these predictions is that invasibility of a community should decrease

with both local controls on community assembly, and the dispersal rates of native

species. Second, we demonstrate that framing biological invasions in metacommunity

terms actually unifies several seemingly disparate concepts central to invasion biology.

Finally, we recommend several courses of action for the control and management of

invasive species that emerge from applying the concepts of metacommunity theory.

Keywords: biotic resistance, community ecology, dispersal, invasive species, invasibility, propagule pressure,

mass effect hypothesis, sorting strength
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INVASION AS A METACOMMUNITY
PROBLEM

By its very nature, invasion biology demands a partnership
between the basic and applied aspects of ecology and
environmental science. However, the field has also struggled
since its inception to find generalizable concepts and approaches
that both enhance our fundamental understanding of invasive
species that can also be leveraged to aid in invasive species
management. Much of the work in invasion biology has focused
on identifying, characterizing, and limiting the spread of
problem invaders (Pyšek and Richardson, 2007, 2010). This
invader-focused perspective is often driven by policy, regulation,
and funding, and has produced a huge amount of insight into the
biology and impacts of invasive species (Vilà et al., 2011; Crystal-
Ornelas and Lockwood, 2020). However, despite the successes
of invader-driven research, this perspective is ultimately limited
because it overlooks an important aspect of invasions: invasion
is a community ecology problem (Shea and Chesson, 2002;
Gallien and Carboni, 2017). Viewing invasions in isolation rather
than in the community context within which invasion occurs
risks missing or misidentifying many of the determinants that
dictate invasion success and the emergence of problem invaders
(Pearson et al., 2018). A mechanistic understanding of the
process of invasion and the effects invasions produce in native
ecosystems requires a community assembly context, and modern
community assembly theory is built within the framework of
metacommunity ecology.

Humans have moved species both intentionally and
accidentally for millennia. These actions have provided
resources, sustenance, and quality of life for humankind, but an
unintended consequence of these actions is a global mixing of
life that has resulted in unprecedented biotic homogenization
affecting every landscape and ecosystem on Earth. For example,
exotic mussels (Cárdenas et al., 2020) and vascular plants
(Chwedorzewska et al., 2015) have now been identified on
Antarctica, long considered immune or isolated from invasion.
Similar concerns have now been raised about the inevitable
likelihood of the melting Artic suffering a similar fate (Ricciardi
et al., 2017). The ecological and economic impacts of invasive
species are diverse, and in some cases irreversible, including
extinction of native species, increasing intensity and frequency
of wildfires, and alteration of nutrient and water cycles (e.g.,
Vilà et al., 2011). Despite decades of research and management,
the rate of introductions of new species continues to rise across
all taxonomic groups (Seebens et al., 2018), suggesting that
invasion and their resulting ecosystem transformations are the
new normal. Addressing this element of global change requires
a robust conceptual framework that is broadly applicable across
diverse species and ecosystems, and readily translates to applied
management, because unlike many subdisciplines in ecology,
invasion biology is both a basic and applied science.

The proportion of introduced species that are ultimately
considered invasive, i.e., cause negative impacts, is a small
fraction, estimated at <1% (Williamson, 1996), though the
veracity of this number has been questioned (Jarić and
Cvijanović, 2012). The small number of introduced species

that become invasive presents a perplexing challenge that has
driven decades of research: What is it about these select
few species that result in problem invasions? There are two
intertwined aspects of invasive species that have to be considered
simultaneously: the biogeographic aspect that deals primarily
with the distribution and abundance of non-native species
(Richardson and Pyšek, 2006), and the impact of those species
since invaders are often defined by agencies like the International
Union for the Conservation of Nature by their impacts.
These aspects can be difficult to reconcile. The overwhelming
majority of work that followed focused on (i) what makes a
species invasive (invasiveness), and (ii) what makes communities
susceptible to invasion (invasibility) (Richardson and Pyšek,
2006). What resulted were dozens of hypotheses, each seeking to
explain invasiveness and invasibility (Catford et al., 2009), and
testing these hypotheses greatly enhanced our understanding of
individual invasive species, but left the field fragmented chasing
non-generalizable explanations (Hulme et al., 2013).

The frustration for investigators produced by this piecemeal
approach, and resulting equivocal evidence (e.g., Jeschke et al.,
2012), has led to the development of multiple syntheses (e.g.,
Catford et al., 2009), and conceptual frameworks (e.g., Barney
and Whitlow, 2008). These approaches identified common
themes that cut across diverse species and systems. While no
unifying framework has emerged that is broadly applicable
and lends itself to leverage improved management, due to the
diversity of invaders and the communities and contexts to which
they are introduced, several important trends have emerged.
For example, Catford et al. (2009) evaluated the overlapping
aspects of >20 individual hypotheses and found that they cluster
around common elements: ecosystem invasibility defined by the
abiotic and biotic characteristics of the system, and propagule
pressure—all of which are modified by human interactions. This
synthesis largely reflected the original conception of invasiveness
and invasibility, modified to reflect the dominant influence of
propagule pressure, or the number and frequency of introduction
events, which has long been recognized as a through-line concept
in invasion biology (Lockwood et al., 2005; Colautti et al., 2006).
Despite major advances in our understanding of invasive species,
our search for a conceptual synthesis continues with a large
emphasis on increasingly sophisticated analyses (Enders et al.,
2020). Here we suggest that approaching biological invasions
as a community ecology problem (e.g., Shea and Chesson,
2002) and that applying a metacommunity lens will aid the
development of a generalizable and readily applicable framework
for invasion biology. Such improvements would enhance our
basic understanding of invasion success, while also affording
enhancedmitigation strategies—an important goal to address the
biological invasion crisis.

The Intersection Between Invasion Biology
and Metacommunity Ecology
Over the previous two decades, metacommunity ecology has
produced a paradigm shift in community ecology by emphasizing
that community assembly is dictated not only by local niche
factors like environmental conditions and species interactions,
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but that dispersal between local communities can also be a
major driving force in community assembly (Leibold et al.,
2004; Holyoak et al., 2005). The goals of metacommunity
ecology closely align with current needs invasion biology in two
identifiable ways:

The Importance of Dispersal in Community Assembly

and Membership
While dispersal has long been recognized as important in
structuring ecological communities (e.g., MacArthur andWilson,
1967; Lewin, 1986), metacommunity theory recognized that
dispersal can be a more powerful driver of community
assembly and structure than previously thought. Though much
of the history of community ecology has been devoted to
local niche-based controls on community structure, work on
metacommunities has demonstrated that dispersal can be as
or more influential on structuring communities than niche-
based processes, and that there is often an important interaction
between local and regional processes. This influence of dispersal
has been documented in a wide range of both theoretical (e.g.,
Mouquet and Loreau, 2003; Calcagno et al., 2006) and empirical
(e.g., Cottenie, 2005;Werner et al., 2007; Heino andMykrä, 2008;
Brown and Swan, 2010; Chase, 2010) studies.

A Multi-Scale Perspective on Community Assembly
Metacommunity ecology strongly emphasizes the role of multi-
scale factors in driving community assembly and membership
by making a distinction between “local” and “regional”
processes (Figure 1). Local processes are traditional niche-based
processes that limit species distributions and abundances like
species interactions, environmental conditions, and localized
disturbances. Regional processes are those driven by dispersal
between local communities. Thus, a metacommunity is defined
as a set of local communities linked by the regional process of
dispersal between those localities (Figure 1). One major goal of
metacommunity research is to estimate the relative influences of
local vs. regional factors on community composition, as well as
to examine the local x regional interaction (Logue et al., 2011;
Brown et al., 2017). Along with this focus onmultiple scales came
tools designed to describe multi-scale assemblages; chief among
those are the descriptors of diversity, α, β, and γ. α-diversity
is the diversity of a local community (or average of all local
communities), usually defined by species richness or a diversity
index like Shannon or Simpson. γ-diversity is the accumulated
diversity of the entire metacommunity, and β-diversity is the
turnover in species composition between local communities,
often interpreted as the number of distinct communities on
a landscape (more detail on diversity metrics can be found
in the glossary; Chao et al., 2012). These diversity parameters
are intimately related to one another, and γ-diversity can be
mathematically partitioned into independent contributions of α

and β, usually in the form of α × β = γ, though other valid
partitioning formulations exist (Jost, 2007; Chao et al., 2012). For
example, in Figure 1, using species richness as a measure of α,
γ = 3, α = 2.5, and β = 1.2.

Because of a close alignment between focal questions in
both metacommunities and invasion biology, metacommunity

ecology is well-positioned to assist in the study of invasive
species. The emphasis on propagule pressure in invasion biology
(Simberloff, 2009) is closely mirrored by the emphasis on
dispersal in metacommunity ecology (Leibold et al., 2004).
Likewise, the need for a multi-scale perspective in invasion
biology has been recognized and strongly advocated because the
success of invasions is as reliant on the properties of the invaded
community as it is on the properties of a specific invader (Shea
and Chesson, 2002; Gallien and Carboni, 2017). These two foci
also merge because it is dispersal among local communities that
dictates assembly patterns in a metacommunity, and dispersal
of native species may be as important in determining invasion
outcomes as the dispersal of invasives (Howeth, 2017).

HOW METACOMMUNITY THEORY CAN
ASSIST IN ADDRESSING INVASIVE
SPECIES QUESTIONS

Decades of research in invasion biology have identified two
key factors that are central to invasive species establishment
and success: propagule pressure, and the characteristics of the
community into which invaders are introduced (Simberloff,
2009). As suggested in Howeth et al. (2010), these factors
in invasion biology directly parallel the regional and local
forces addressed by metacommunity frameworks and suggest
that invasions could benefit from a multi-scale concept. The
multi-scale emphasis of metacommunity ecology can address
invasive species spread and establishment in a realistic way
by incorporating the movement of an invader from patch to
patch across a landscape rather than focusing exclusively on a
single-patch. Unlike single patch studies, which have dominated
invasive species study systems (Box 1), a multi-scale approach
can reveal details about the dynamics and limitations of invasive
species. For example, Figure 2 depicts the mechanisms and
limitations of spread of an invader through a metacommunity,
illustrating the multi-scale roles of dispersal and limitation
through local community conditions. As Figure 2 illustrates,
the degree of spread of an invader is not just a product of
local conditions or propagule pressure, but also depends on the
interaction between those factors (Figure 2, spread from A to C).

Metacommunity theory can also address the human aspects
of invasive species by partitioning the human influence on the
process of invasion into influences on either local or regional
processes (see below for more detail about the human element
in invasions). For example, human movement of a species that
contributes to invasion directly affects dispersal, i.e., a regional
process, while human modification of the environment primarily
affects local processes. Clearly many examples of human activity
won’t fit easily into a facile local/regional dichotomy, but as
illustrated before, metacommunity theory also emphasizes the
interaction between local and regional processes.

A formidable body of theory has grown out of
metacommunity ecology, complemented by an abundance
of empirical tests of its efficacy. Metacommunity theory offers
predictions about how biodiversity changes both locally and
regionally (α and γ diversities) with rates of dispersal (e.g.,
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FIGURE 1 | Schematic representation of metacommunity dynamics. Circles

indicate habitat patches (i.e., local communities) where increased shading

represents increased local filtering on community composition. Shapes

represent individuals of a species and congruent shading of species and

patches represents a match between species and habitat. Arrows represent

dispersal between local communities, with the thickness of the arrow shaft

indicating overall dispersal rate between communities and size of the arrow

head indicating possible asymmetry in dispersal.

Mouquet and Loreau, 2003; Gravel et al., 2011; Büchi and
Vuilleumier, 2014), the consequences of local environmental
filtering strength for community assembly (e.g., Chase, 2003;
Sokol et al., 2011; Datry et al., 2016), how and why turnover
(β-diversity) occurs across a landscape and what these patterns
of β-diversity indicate about how communities are formed and
maintained (e.g., Brown and Swan, 2010; Heino, 2011; Jamoneau
et al., 2012), and how disturbance can affect metacommunity
processes at both local and regional scales (e.g., Urban, 2004;
Vanschoenwinkel et al., 2013; O’Neill, 2016). All of these
efforts are largely directed at understanding the factors that
control community composition and dynamics, including how
they affect the entry of new species into a metacommunity.
Accompanying the construction of this conceptual framework
has been the development of methods and analyses for predicting
and quantifying metacommunity patterns (e.g., Legendre et al.,
1997; Nekola and White, 1999; Leibold and Mikkelson, 2002;
Peres-Neto et al., 2006; Oksanen et al., 2020). Taken together,
the conceptual framework of modern metacommunity ecology
and the accompanying methodologies that have developed to
support it offer a prodigious set of relevant tools for the study
of invasions.

We will explore the application of metacommunity theory,
approaches, and analyses to invasion biology, paying particular

BOX 1 | Metacommunity theory and invasion biology.

To estimate the extent to which metacommunity theory is currently being utilized in the field of invasion science we surveyed all published articles in the >20 year

catalog of the primary journal in the field, Biological Invasions. We surveyed the titles, abstracts, and keywords of all 4,280 articles published in Biological Invasions

from 1999 to January 2020 for 13 of the most common concepts and terms in metacommunity theory. These terms were selected for either their general usage in

metacommunity parlance (e.g., dispersal), or because they identified one of the major metacommunity paradigms (species sorting, mass effects, patch dynamics;

Leibold et al., 2004). Many metacommunity terms were used (9/13), with “dispersal” (9.9% of papers), and “propagule pressure” (3.3% of papers) the most common.

It is not surprising that “spread” related terms were the most common, as spread dynamics is one of the defining characters of invasive species (Richardson et al.,

2000). However, aside from these common movement-related invasive species terms, only the metacommunity concepts “patch” (1.1%) and the generic “meta”

(0.6%) were included in 25 or more papers over >20 years. This suggests that metacommunity theory has played little role in the field to date.

Number of articles including metacommunity terms in the journal Biological Invasions from 1999-(early) 2020 (N = 4,280 articles).
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FIGURE 2 | Schematic representation of the mechanisms and limitations of

spread of an invasive species through a metacommunity. The invasive species

is depicted in red and initially propagates into patch A. Spread to patch B is

facilitated by the more permissive local conditions and lack of local filtering.

Despite a moderate amount of environmental filtering in patch C,

establishment is facilitated by substantial dispersal from A to C. Finally, the

invader fails to establish in patch D despite relatively strong dispersal because

of impermissive local conditions.

attention to elements that can increase understanding of invader
establishment, spread, and effects, thereby enhancing mitigation
and management. Our goal is to both broaden the conceptual
frameworks and toolkits for invasion biologists, but also to
highlight that biological invasions present excellent systems
in which to explore metacommunity concepts. To meet these
objectives, we provide a glossary of invasion andmetacommunity
terms, survey the invasion literature for metacommunity
concepts, explore examples of invasion concepts and their
metacommunity counterparts, identify where application of
metacommunity concepts allows novel exploitation for invasive
species management, and conclude with development of
novel hypotheses.

INVASION CONCEPTS IN A
METACOMMUNITY FRAMEWORK

Foundational to the exchange of ideas across disciplines or sub-
disciplines is common vocabulary (Holbrook, 2013). To elucidate
the parallels and opportunities for explicit incorporation
of invasions in a metacommunity framework, we explore
several important invasion biology concepts; first from a
traditional invasion biology perspective, then through the lens of
metacommunity ecology. Topics were chosen based on reviews
and syntheses to be representative of broad invasion topics as
examples, and not to be an exhaustive survey. We identified
several invasion biology concepts that are regularly discussed
as base elements of the field of invasion biology, including
propagule pressure, biotic resistance, enemy release, functional
traits, and human influences (Catford et al., 2009; Gurevitch et al.,
2011; Enders et al., 2020).

Propagule Pressure
Invasion Biology Perspective
Biological invasions are the result of intentional or accidental
introduction of species propagules to locations outside their
historical range. Propagule pressure is the number and
magnitude of introduction events of a single species to a location
(Lockwood et al., 2005). This composite measure of the number
of individuals (or propagules) introduced to a location has been
shown to be integral to the success of invading species at all stages
of invasion, including transport, colonization, establishment, and
landscape spread (Theoharides and Dukes, 2007). The role of
propagule pressure in invasion success cannot be overstated–
all syntheses, reviews, and conceptual frameworks (including
our analysis of invasion literature in Box 1) have consistently
identified the important role that propagule pressure plays in
successful invasion, and a practical understanding of propagule
pressure has been described as “. . . probably the biggest challenge
facing invasion ecologists” (Richardson, 2004). Simply put,
successful invasion is dependent on successful movement of
viable propagules.

In their search for general principles, Colautti et al. (2006)
found few consistencies aside from the strong predictive power
of propagule pressure, stating that “propagule pressure should
serve as the basis of a null model for studies of biological
invasions when inferring process from patterns of invasion.” As
stated above, when Catford et al. (2009) reduced redundancies
in the multitude of individual invasion hypotheses they found
propagule pressure to be one of a tripartite of common elements.
In his review of propagule pressure in invasion, Simberloff (2009)
concluded that increasing the number of introduced propagules
likely minimizes demographic stochasticity, while increasing the
number of introduction events buffers against environmental
stochasticity, hence partially explaining the mechanism of
propagule pressure as fundamental to invasion success. In
an under-appreciated proposal, Davis (2009) formalized the
probability of invasion as a function of propagule pressure (N)
and the probability of establishment of each propagule (P):

Probability of invasion = 1− (1− P)N

Davis’ (2009) equation suggests that introduced species can
successfully establish even with low individual propagule
establishment potential, perhaps because of environmental
mismatching or genetic bottlenecks, through a proportional
exponential increase in the number of introduced propagules.
In other words, successful invasion can result from either few
introductions of propagules with high establishment potential,
or large numbers of low establishment potential propagules.
Increasing the number of introduced individuals, especially
through multiple introduction events has been repeatedly found
to increase invasion success, particularly when it increases
genetic diversity (Simberloff, 2009). Though Barney et al. (2016)
found that propagule pressure is not always a guarantor of
establishment success, particularly in the face of strong biotic
resistance of the receiving community. As with most aspects
of biological invasions, successful establishment and spread is a
result of complex interactions of many factors (e.g., Barney and
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Whitlow, 2008). Despite the universal importance of propagule
pressure in invasion, it is still largely viewed within single patches,
or as a driver of genetic variation in introduced populations.

Metacommunity Perspective
Propagule pressure is closely aligned with the concept of dispersal
in a metacommunity. While “dispersal” is a more general term
(Glossary) that can be used to describe a variety of movements
of organisms, its realized meaning in most metacommunity
applications is almost identical to propagule pressure, i.e.,
both movement and establishment. The major factor that
differentiates metacommunity ecology from traditional niche-
based ecology is dispersal and how its consideration leads to
a multi-scale perspective on biodiversity dynamics (Leibold
et al., 2004; Holyoak et al., 2005; Logue et al., 2011). For
example, metacommunity approaches have demonstrated that
dispersal-driven dynamics lead to higher biodiversity in more
productive environments (Chase, 2010), that spatial structuring
of local communities interacts with dispersal to affect community
assembly (Sokol et al., 2015; Resetarits and Silberbush, 2016),
and that position of a local community within a river network
metacommunity often predicts how influential dispersal-driven
dynamics are to community composition (Tornwall et al., 2017;
Tonkin et al., 2018). This congruence between the concepts of
propagule pressure and dispersal in a metacommunity suggests
that the theory, predictions, and tools of metacommunity theory
can be readily applied to biological invasions. However, given the
2 distinct aspects of invasive species—the biogeographic aspect
and the impact—Metacommunity ecology is best positioned to
deal with invaders in a biogeographic sense, as members of a
metacommunity of organisms.

Many of the predictions of metacommunity ecology are
based on either dispersal rates, or the connectivity between
local communities of the metacommunity. In the latter case,
connectivity is actually a proxy for dispersal since dispersal
is generally expected to decrease with distance between local
communities (Nekola and White, 1999; Chase et al., 2005;
Altermatt and Fronhofer, 2018). Some of the most foundational
predictions of metacommunity ecology regard how α, β,
and γ-diversities change within a metacommunity across a
gradient of dispersal (Mouquet and Loreau, 2003; Chase et al.,
2005; Swenson et al., 2012; Matias et al., 2013). Likewise,
dispersal is predicted to directly influence how communities
assemble. Classic-niche based processes control community
assembly at low rates of dispersal or connectivity, but become
less important as dispersal increases and dynamics driven
by propagule pressure overwhelm local niche-based processes
(Mouquet and Loreau, 2003; Leibold et al., 2004; Chase et al.,
2005). Importantly, these predictions have also received strong
empirical support from subsequent studies (e.g., Cadotte, 2006;
Hunt and Bonsall, 2009; Steiner et al., 2011; Carrara et al., 2012;
Frisch et al., 2012; Heino et al., 2015), including some studies of
invasive species. For example, Smith et al. (2020) demonstrated
that human-mediated repeated introductions, even over long
distances, allowed a widespread invasive plant to overcome
genetic and environmental constraints. Both theoretical and
empirical studies have extended these concepts to more complex

metacommunities by using connectivity within networks to
preciselymap connectivity and predict how α, β, and γ-diversities
will change at multiple scales in the metacommunity (e.g.,
Economo and Keitt, 2008; Brown and Swan, 2010; Carrara et al.,
2012; Moritz et al., 2013). Indeed, some frameworks for invasion
ecology also emphasize the role of invader propagule pressure in a
community context, most notably Catford et al.’s PAB framework
(Propaule pressure, Abiotic characteristics, Biotic characteristics;
Catford et al., 2009), and the invasiability predictive framework
presented in Hui and Richardson (2017).

One potential mismatch between current metacommunity
approaches and the focus of invasive species work is that
metacommunity models tend to consider the dispersal rates of
communities as a whole rather than with a focus on individual
species like an invader. However, some metacommunity models
allow for flexibility or individuality in species’ dispersal rates
(Sokol, 2016; Sokol et al., 2017), and these models could
be easily adapted for the purposes of generating predictions
regarding invasives. However, we submit that the tendency of
metacommunity work to focus on whole communities rather
than individual species should be adopted by invasion ecology,
particularly with regard to understanding the community context
into which an invader is moving (see below for development of
this idea).

Biotic Resistance
Invasion Biology Perspective
It has long been thought that not all communities are equally
susceptible to invasion, a result of the unique combination of
abiotic and biotic properties comprising individual ecosystems.
The susceptibility of a community to invasion is termed
invasibility, while the communities that are less susceptible to
invasion are said to have “biotic resistance.” The concept of biotic
resistance harks back to Darwin and the “father” of invasion
biology Charles Elton. The general concept is that resident species
with long co-evolutionary histories are best adapted to a locality
and will exclude invaders through a combination of competitive
exclusion and niche filling (Elton, 1958; Levine et al., 2004). Thus,
Elton’s proposal was that communities with large numbers of
native species will better resist invasion than communities with
fewer natives. However, there has also been contrasting evidence
that supports a concept of Biotic Acceptance, essentially a “rich
get richer” paradigm in which species rich communities are more
susceptible to invasion because the environment is favorable for
both natives and invasives (Stohlgren et al., 2006).

A growing body of research shows equivocal evidence for
Biotic Resistance, finding both positive and negative relationships
between exotic and native species richness (Fridley, 2010), which
was largely attributed to the scale and method (experimental
vs. observation) at which the study was conducted (Shea
and Chesson, 2002). In an attempt to reconcile this seeming
“invasion paradox,” Fridley et al. (2007) conclude that native-rich
communities are more invasible than native-poor communities,
and that threats to native residents will accelerate further
invasion. However, a recent expansive meta-analysis found
strong support that more native-rich communities supported
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fewer exotic species across a wide range of communities and
ecoregions (Beaury et al., 2020).

Expanding the scope of propagule pressure, Lockwood et
al. (2009) propose the concept of colonization pressure, or
the number of species introduced to a single location, as a
key explanatory parameter describing exotic species richness.
Similar to propagule pressure, they argue that the probability
of exotic species establishing is proportional to the number that
are introduced. This concept unites both propagule/colonization
pressure and biotic resistance because there is always an
element of stochasticity in colonization by non-native species,
and increasing the number of chances at successful invasion
ultimately results in higher numbers of invasions. Thus,
propagule pressure and community composition of the target
community in invasions are inherently integrated concepts that
interact in a complex network, partially determining the success
of introduced species.

Metacommunity Perspective
One of the major goals of metacommunity ecology is
to understand how communities are assembled and the
mechanisms underlying the distributions of species. Classical
ecological approaches have largely attempted to explain
the presence of a species in a particular locale using local
niche-based factors like environmental conditions and species
interactions, often with the implicit assumption that presence of
a species indicates favorable conditions (e.g., Hutchinson, 1959;
MacArthur, 1970). This “overwhelming emphasis on localness”
(Lawton, 1999) dominated ecological thought for decades and
continues to be the standard paradigm for much of ecology,
environmental science, and conservation. Approaches that focus
on localness have also formed the foundational basis for invasion
biology (Peterson, 2003), and local niche-based mechanisms
lie at the heart of the Biotic Resistance hypothesis. To be clear,
these niche-based processes are fundamental to understanding
community assembly, and density-dependent interactions
between species often play a strong role in dictating community
composition, even when dispersal is high (Thompson et al.,
2020). However, metacommunity theory recognizes that species
presence in a local community is the product of multiple factors,
both local and regional, and that the occurrence of a species does
not always reflect favorable local niche-based conditions (Leibold
et al., 2004).

The application of metacommunity theory to the topic of
biotic resistance begins with the recognition that species presence
or absence from a local community is not dictated by local
factors alone. In some ways, invasion biology has already made
this acknowledgment through its emphasis on the importance
of propagule pressure. However, from a metacommunity
perspective, propagule pressure isn’t necessarily just a vehicle
for the introduction of a species to a site, after which local
factors take over. Rather, propagule pressure is a dynamic force of
community assembly that interacts with local factors like density-
dependent population growth and species interactions, and it
is this interplay that dictates a species inclusion or exclusion
from any locality (Thompson et al., 2020). In other words, the
mechanisms through which an invader successfully establishes

in a local community will depend on the assembly mechanisms
of that community. In a species sorting metacommunity
(glossary), propagule pressure is just a vehicle for arrival of
an invader, and successful establishment occurs though local
density-dependent interactions like environmental suitability
and interactions with currently residing species. This process
of community membership being limited by local factors like
environmental conditions and species interactions is collectively
termed “species sorting” in metacommunity parlance. However,
in metacommunities where assembly follows a patch dynamics
(glossary) or mass effects (glossary) pattern, dispersal will
play a more active role in establishment and maintenance of
local species composition. Additionally, these latter paradigms
emphasize multi-scale dynamics that will not be obvious by a
focus on a single local patch. In fact, a recent experiment in
which native species reduced invader propagule pressure because
invader dispersal was density-dependent clearly demonstrates
the interaction between local-scale competition and propagule
pressure of invaders (Legault et al., 2020).

Much of invasion biology has been based on single-
patch approaches (Box 1), and seeking local explanations in
cases when dynamics are actually driven by regional-scale
processes could be potentially confounding to studies of invasive
species establishment, resulting in erroneous, or nonsensical
conclusions. Thus, applying multi-scale approaches to invasion
has the potential to reveal mechanistic insights that would be
difficult or impossible to derive from single-patch studies.

One particularly effective example of thismulti-scale approach
applies community coexistence theory (Chesson, 2000) in
a spatial context to create a framework for understanding
successes and failures of invaders by viewing invasion as a
successional process (Hui and Richardson, 2017). The framework
uses two traits of invaders to categorize possible outcomes:
the fitness differences between natives and invaders, and the
degree to which the invader niche overlaps those of resident
species, and suggests that, early in the process of invasion, a
Neutral Paradigm (glossary) is more likely to dictate community
assembly than niche-based processes due to the more stochastic
nature of propagule pressure. The framework identifies not only
three possible outcomes—coexistence, invader excluded, invader
excluding residents—but also the rates at which these outcomes
are expected to materialize (Hui and Richardson, 2017).

The ability of a species to invade an established local
community has long been a focus of community ecology. In fact,
a metric known as the invasibility criterion is often used as a
definitive test of the ability of species to coexist in communities
(MacArthur, 1972; Holt, 1977; Chesson, 2000). In this case,
coexistence is distinguished from co-occurrence, though they are
often incorrectly used interchangeably (Siepielski and McPeek,
2010). True coexistence doesn’t simply imply that two species
appear together; both species must both be able to persist
together indefinitely (Holt, 1977; Blanchet et al., 2020). The
invasibility criterion stipulates that in order for a species to
truly coexist with other species in a community, it must be able
to increase its abundance when rare, in the presence of other
community members (Chesson, 2000; Siepielski and McPeek,
2010). The name of the criterion clearly derives from the scenario
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of a species invading, at low abundance, a locality within an
extant community. Therefore, one potential mechanism of biotic
resistance is that interactions with other species in a community
cause an invader to fail the invasibility criterion. However,
metacommunity approaches demonstrate that even if a species
fails to meet the invasibility criterion, the species may still co-
occur and even spread to new patches if dispersal of an invader
is high, and their dynamics more resemble a mass effect or
patch dynamic paradigm than a species sorting (i.e., niche based)
paradigm. Thus, presence of an invader does not necessarily
imply that a species is coexisting with native species, nor that an
invader is even gratified by local conditions, shifting the burden
of proof for biotic resistance (or acceptance) to a demonstration
of local control on community membership.

Enemy Release
Invasion Biology Perspective
Perhaps the most commonly cited explanation for the success
of invasive species is escape from their suite of herbivores,
pathogens, predators, and other biotic limitations in the
introduced range. Termed Enemy Release (Keane and Crawley,
2002), this hypothesis serves as the basis for classical biological
control whose modus operandi is to introduce native enemies of
the invader into the introduced range to limit population growth,
as well as the basis for a range of additional hypotheses expanding
on this basic tenet (e.g., Evolution of Increased Competitive
Ability, Blossey and Notzold, 1995). Enemy release is also an
element of biotic resistance broadly interpreted, comprising
elements of an ecosystem that may limit exotic species success.

In a meta-analysis, Levine et al. (2004) found little evidence
that resident competitors, their diversity, and the resident suite
of limiting herbivores and facilitating soil fungal communities
curb exotic species introductions, but do play a role in limiting
population growth once established, and thus may contribute
to invaders failing the Invasibility criterion. Evidence for enemy
release remains weak, with some studies showing strong support
for release from plant pathogens and viruses (Mitchell and
Power, 2003), while a meta-analysis showed reduced herbivore
damage especially of specialists (Liu and Stiling, 2006) and
higher insect diversity on native plants (Meijer et al., 2016). As
with most aspects of invasion biology, testing outside the plant
kingdom remains scant (e.g., Roy et al., 2011), precluding broad,
empirically-supported, general statements.

Metacommunity Perspective
As with Biotic Resistance, the Enemy Release hypothesis
highlights local factors as a mechanism for success or failure of an
invasion. In the case of Enemy Release, local filters on community
membership that are created by natural enemies present in the
home range of an invader are absent in the colonized community.
From a metacommunity perspective, Enemy Release differs from
Biotic Resistance because it necessarily invokes complex trophic
structure, with invaders in their natural ranges serving as a
food resource. However, the majority of metacommunity theory
was developed around concepts of competitivemetacommunities
(e.g., Mouquet and Loreau, 2003; Chase et al., 2005; Mouquet
et al., 2005) and the incorporation of more complex trophic

structure into metacommunity frameworks is a relatively new
advance (Leibold and Chase, 2018; Guzman et al., 2019).
Despite the relative youth of multi-trophic metacommunity
concepts, there are already considerable insights that may benefit
invasion biology.

As with the Biotic Resistance Hypothesis, the appeal to
strictly local mechanistic explanations misses the potential
for larger-scale, dispersal-driven dynamics. While release from
natural enemies in a local community may explain some of
the successes and failures of invasion, dispersal-driven dynamics
of both the invader, and the metacommunity into which it
is invading, may play a larger role than local-scale species
interactions. Predators and parasites move; prey move, and
plants disperse to new areas. The dynamics produced by those
movements on a landscape can rarely be captured in single-
patch studies. Simulation models show a complex interplay
between trophic level persistence and the spatial properties
of a metacommunity, illustrating that overlooking the spatial
properties of metacommunity trophic construction risks missing
key mechanisms that shape predator-prey dynamics (Baiser et al.,
2013; Guzman et al., 2019). Simulation models that included
spatial dynamics also accurately represented realistic patterns in
focal systems like pitcher-plant communities (Baiser et al., 2013).
Dispersal in metacommunities has also been demonstrated,
both theoretically and empirically, to provide a sort of “spatial
insurance” that buffers communities against perturbations by
promoting rescue effects and resource complementarity (Loreau
et al., 2003; Limberger et al., 2019), and experiments have
confirmed that these same spatial insurance effects can lower the
invasibility of local communities when invasive species are the
“perturbation” (Howeth, 2017). Intermediate levels of dispersal
in a metacommunity also maximize food web linkages and
species diversity, the latter of which has been shown to be a
deterrent for invaders (Beaury et al., 2020).

These early results from a metacommunity approach to food
webs have clear implications for the Enemy Release Hypothesis:
spatial properties of metacommunities can have large effects on
food-web dynamics, and therefore, for how robust a mechanism
Enemy Release is likely to be in a particular metacommunity.
A strategy for exploring the effect of Enemy Release in a
metacommunity context is to examine the dynamics of multi-
trophic metacommunities with vs. without predators/parasites.
Of particular interest is that intermediate rates of dispersal
maximize community diversity and therefore, resistance of a
(meta)community to invasion (Beaury et al., 2020). As with
Biotic Resistance, a mechanism like Enemy Release that is
predicated solely on local effects may have some successes, but is
likely missing important mechanistic links in a metacommunity
context where dispersal of natives is moderate to high.

One way in which metacommunity theory can be more
finely tuned to address issues of invasive species is that
most metacommunity models and theory include the general
assumption that either dispersal is a stochastic, probabilistic
process with regards to which species colonize and at what
rate, or dispersal is probabilistically equivalent across all species
in a metacommunity (e.g., Loreau et al., 2003; Dallas et al.,
2019). However, dispersal has been demonstrated to be distinctly
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non-random in both food webs (Melián et al., 2015) and in
metacommunities (Lowe and McPeek, 2014). Specifically in an
invasion context, non-random dispersal can benefit invaders
who show distinct “dispersal syndromes” that facilitate invasion
(Cote et al., 2017). However, a number of metacommunity
models and simulations, allow for flexible dispersal kernels
in models, including freely-available simulation packages (e.g.,
Sokol, 2019) and these platforms can provide an excellent tool
for generating and evaluating hypotheses about multi-trophic
Enemy Release effects.

Functional Traits
Invasion Biology Perspective
Increasing attention is being paid to functional traits, the
morpho-physio-phenological traits that impact fitness (Violle
et al., 2007), broadly in community ecology, and especially in
invasion biology. Drenovsky et al. (2012) expand the functional
trait framework beyond those that affect individual fitness, to
include those that play a role in invader abundance and impacts,
two defining elements of biological invasions. This attention
to traits that influence performance and fitness affords an
opportunity to add quantifiable elements in complex systems,
again in a search to understand the mechanisms resulting
in invasiveness.

In a meta-analysis of plant invaders, Van Kleunen et al.
(2010b) found that invasive plants had significantly higher values
than natives for six performance-related traits. A complementary
analysis found that invasive species show higher phenotypic
plasticity than native species across a range of traits (Davidson
et al., 2011). A similar approach is being applied to ecosystems by
viewing not just the richness/diversity of the community, but the
functional trait diversity of the community and its relationship
to ecosystem processes (Diaz and Cabido, 2001). This functional
trait diversity approach also informs community susceptibility to
invasion through “trait space,” the uniqueness of invader traits
relative to the breadth of resident traits (Funk et al., 2008).
Despite these advances, many challenges remain to fully realize
and generalize a functional trait approach in invasion biology and
community and ecosystem processes (Funk and Wolf, 2016).

Metacommunity Perspective
Functional traits have played a large role in metacommunity
investigation in much the same way they have in invasion
biology, and they have been employed in a variety of ways. Many
studies use community trait indices as a metric in place of, or in
addition to, taxonomic identity to examine how communities are
assembled from a functional perspective (Ackerly and Cornwell,
2007; Cadotte et al., 2013; Biswas et al., 2016; Falster et al.,
2017; Tolonen et al., 2018), while others have used traits as
evidence supporting various community assembly paradigms
(e.g., Brown and Swan, 2010; Sokol et al., 2011; Zhang et al.,
2015). Trait metrics have also shown predictable relationships
with other diversity metrics like α, β, and γ diversity (Patrick
and Brown, 2018). Fourth Corner Analysis is a common method
in metacommunity studies that simultaneously relates data
on species abundances, spatial data, and traits to test trait-
environment relationships in a spatial context (Legendre et al.,

1997; Dray and Legendre, 2008; Peres-Neto et al., 2012), a
method that could prove particularly useful in deciphering the
mechanics of invasions by elucidating the relationships between
community composition, functional traits, and spatial dynamics
driven by dispersal.

The combination of species traits and the multi-scale
perspective of metacommunity ecology has great potential for
producing insights about the success and effects of invasions.
A rapidly growing literature suggests that invader traits, rather
than simply species identities, are the best predictors of invasion
success (Berg and Ellers, 2010; Van Kleunen et al., 2010a;
Davidson et al., 2011; Drenovsky et al., 2012), particularly
because traits are best suited for defining the trade-offs that allow
invasion success in a particular target community. For example,
while high propagule pressure is often associated with invasion
success, high propagule pressure alone cannot ensure successful
invasion in some systems due to ecological mismatches or innate
biotic resistance that ultimately depend on the local-scale traits
of the invader like competitive ability and predator/herbivore
resistance (Barney et al., 2016). Some investigations have even
focused on the composition of target communities in an effort to
predict what traits would allow invasion into that system (Moles
et al., 2008). Metacommunity approaches can add a layer of
explanatory power to these investigations by considering how
these same trait combinations of natives and invaders play out
in a more complex spatial environment. In a metacommunity
context, the trade-offs defined by species traits like competitive
ability and propagule pressure exist not just at the local scale,
but also within the whole metacommunity. Thus, regional
properties—like the regional abundance of invaders or habitat
heterogeneity across patches within the metacommunity—can
interact with species traits and exert a strong influence over
invasion success and effects in any single local community.

A number of perspectives on trade-offs in a multi-scale
environment have emerged from the metacommunity literature
(e.g., Kneitel and Chase, 2004; Hillebrand et al., 2008). Of
these perspectives, Hillebrand et al.’s (2008) investigation of
dominance effects is of particular significance. Hillebrand et al.
define “dominance” by the distribution of traits within a
community, with “dominance” characterized by a lack of trait
evenness (2008), and they distinguish two distinct scenarios for
dominant species: locally dominant but regionally rare, and both
locally and regionally dominant (Hillebrand et al., 2008). From
the perspective of the invader, in the case of locally dominant
and regionally rare, invader persistence depends on an invader
possessing trait combinations that allow it to occupy a local
niche and exceed the invasion criterion. However, in a locally
and regionally dominant scenario, invader persistence may occur
in less advantageous patches through mass effects which can
rescue an invader from local extinction. The local/regional
dominance perspective can also address biotic resistance of
a local community. Theoretically, low dominance in a native
community should result in lower invasibility since a higher
evenness in community traits should mean that a greater number
of niches are filled in community niche space (Hillebrand
et al., 2008). These theoretical predictions have been supported
empirically (Mwangi et al., 2007; Zavaleta and Hulvey, 2007)
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with at least one study demonstrating that invasion is actually
facilitated by dominance in the native community (Smith et al.,
2004).

Human Influence
Invasion Perspective
Unlike many aspects of classic ecology, humans are a
fundamental element of invasion. Not only are humans the initial
source of invasion, through direct or indirect action, but affect
invasion nearly all stages of invasion (Theoharides and Dukes,
2007). As Catford et al. (2009) noted, humans also modify the
biotic and abiotic environment of the receiving environment
through both direct (e.g., habitat destruction) or indirect (e.g.,
climate change) actions. And of course, humans are the source
of propagule introduction through a diverse variety of pathways.
Thus, there can be no realistic discussion of invasive species
without considering the influences that humans exert on the
specific species that invade ecosystems, the movement of species
across large and small spatial distances, and the mechanisms of
their invasion.

Metacommunity Perspective
From a metacommunity perspective, humans influence both
local and regional processes. Local influence is felt primarily
through habitat modification and land-use change, though in
more built environments, humans may also exert a strong
direct influence over the local species pool through horticultural
and agricultural practices (e.g., Knapp et al., 2012; Johnson
et al., 2015). Humans also affect regional-scale processes by
influencing the dispersal of invasives and augmenting the
regional species pool (e.g., Gilroy et al., 2017). Both sets of effects
can be accommodated by metacommunity approaches which
have a rich history of analytical methods designed to partition
the influences of diverse effects on community composition
(Leibold and Mikkelson, 2002; Peres-Neto et al., 2006). Despite
the recognition of the role humans play in invasion, explicit
incorporation of that role is rarely measured as an explicit
component of the community assembly process. Assuming
human influence can be accurately measured, metacommunity
theory and tools provide a number of mechanisms for
incorporation of those effects into empirical research, either
through implicit incorporation of human elements as covariates
in the local/regional partitioning of metacommunity drivers,
or though explicit incorporation using methods like variation
partitioning (Peres-Neto et al., 2006). These approaches may
show not only the clear, direct effect of human agency in invasion,
but also reveal much about the interaction between human
influence on local conditions like environmental conditions and
land use change, and regional factors like human movement
of species and introduction of non-natives to the regional
species pool.

From a conceptual metacommunity perspective, human
involvement in invasions has one major effect on community
processes: decoupling the tradeoffs that promote coexistence
in communities. Tradeoffs have formed a central tenet of
community ecology for decades (MacArthur, 1972), and
species coexistence in a community is thought to depend

on tradeoffs between traits of species with overlapping niche
space (MacArthur, 1972; Tilman, 1982, 2000; Chesson and
Huntly, 1997; Grover, 1997). Trade-offs are negatively correlated
fitness-related traits in a species, developed through the
serially optimizing force of natural selection, constrained
by the physiological limits of organic life (Garland, 2014).
Tradeoffs impose constraints that prohibit the evolution of
“superspecies” and allow for coexistence of species through
the employment of alternative tradeoff strategies (Kneitel and
Chase, 2004). Common trade-offs in communities include
growth rate vs. carry capacity (Pianka, 1970; Boyce, 1984),
differential resource use (MacArthur, 1972; Tilman, 1982),
predator/herbivore tolerance vs. competitive ability (Holt et al.,
1994; Leibold, 1996), and competition vs. colonization (Levins
and Culver, 1971; Hastings, 1980). The influence of humans on
invasive species effectively decouples traits involved in tradeoffs
in two distinct ways. The most obvious is the alleviation of
dispersal limitation. For example, given a classic competition
vs. colonization tradeoff, a species with high competitive ability
would have low rates of colonization/propagule pressure. If that
limitation on colonization is removed via human agency, then
a species’ competitive ability is left unchecked. Humans can
also alter the other side of the equation, competitive ability,
by selectively promoting or eliminating species. Intentional
cultivation of invasive species is common, particularly in built
environments and agricultural settings (Johnson and Swan,
2014), and horticulture is a major vehicle for the introduction
of invasive species (Reichard and White, 2001). Surveys from
non-governmental organizations suggest that possibly as many
as 83% of invasive plants in the United States had horticultural
origins (Niemiera and Von Holle, 2009). Promoting a species’
competitive ability can also occur without intent through the
indirect effects of land use changes that favor invasives (e.g.,
Lenda et al., 2018). In a metacommunity of interconnected
patches, the intentional cultivation of invasive species can also
have trait-decoupling effects that range far beyond a local patch
because maintenance of invasives in the regional species pool not
only subverts local competitive hierarchies, but also facilitates
the dispersal of invaders into non-target patches. A recent
publication from urban ecosystems demonstrates how human
activity can be incorporated in a metacommunity framework
to holistically describe the factors that structure communities
in cities (Andrade et al., 2020). Another prominent example of
human activity altering the course of invasions through both
local and regional effects is the “bridgehead effect” in which
invasions beget additional invasions (Lombaert et al., 2010).
While first descriptions of the bridgehead effect postulated
that adaptation in the initially invading population was the
driver of subsequent invasions, further analysis suggests that
a more parsimonious explanation is that human agency either
(1) subverts limitations of the competition-colonization tradeoff
structure to allow establishment of an invasive population that
continues to spread, or (2) that the structure of networks
of human transport result in multiple introductions that can
exacerbate one another (Bertelsmeier and Keller, 2018), and
these mechanisms have been supported by subsequent empirical
investigations (e.g., Oficialdegui et al., 2019).
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EMERGENT INVASION PREDICTIONS VIA
METACOMMUNITY APPROACHES

Translating invasion terms and concepts into the vocabulary
of metacommunity theory is a practical first step toward
a metacommunity approach to invasive species. However,
simply rephrasing well-known concepts has little utility unless
new and interesting principles, predictions, and hypotheses
emerge. A recurring theme in this paper–and especially in
this section—is the importance of a multi-scale perspective.
Just as metacommunity theory explicitly incorporates both
local and regional scales, invasions should be similarly viewed,
moving beyond the focus on single-patch studies that do not
incorporate interconnectedness and regional processes. Likewise,
we continue to focus not only on a particular invasive species and
their traits, but rather on the community into which an invader is
attempting to colonize. More so, expanding our approach to the
total suite of exotic and native species within and among patches
that interact with each other, as well as the local environment.
This perspective has been encouraged by previous researchers
(e.g., Shea and Chesson, 2002; Preston et al., 2012; Gallien and
Carboni, 2017), but its adoption has been sluggish. Here we
present several ideas and testable hypotheses that result from a
metacommunity approach to invasions, and suggest approaches
through which these ideas can be tested. This list is by no
means exhaustive and serves more as an illustration of what a
metacommunity approach to invasions may accomplish rather
than a comprehensive list of ideas.

The Relationship Between Local Sorting
Strength and Invasion Success
Two major invasion hypotheses, Biotic Resistance and Enemy
Release, implicate local sorting strength in determining invasion
success. However, a metacommunity approach strongly suggests
that local sorting strength is often only part of the equation when
it comes to community assembly, and that regional dispersal-
driven factors can be just as important, or more important in
structuring communities (Leibold et al., 2004). Previous work
on metacommunities has demonstrated that when local sorting
strength is the primary driver of community assembly, resultant
communities tend to be far more predictable and deterministic
(Chase, 2003, 2007). The converse of that result is that when
communities are significantly influenced by dispersal-driven
dynamics, resulting communities are more stochastic in structure
and more permissible to the introduction of new species (Sokol
et al., 2017; Brown et al., 2018). Taken together, these suggest a
powerful hypothesis about the relationship between local sorting
strength and the invasibility of a community: probability of
invasion decreases as the importance of local sorting strength
increases (Figure 3A).

This hypothesis is both imminently testable and useful. A
rich history of metacommunity investigation provides both the
conceptual foundation and analytical tools for evaluating the
relative contributions of local sorting strength and dispersal
for community assembly. Experimental approaches are the
most powerful for evaluating assembly mechanisms because

they allow for direct evaluation of the outcome of assembly
processes (e.g., Cadotte, 2006; Chase, 2007; Steiner et al.,
2013; Resetarits and Silberbush, 2016; Tornwall et al., 2017;
Brown et al., 2018), and when experimental approaches are
practical, they are encouraged. Experimental approaches use
replicated communities to examine the repeatability of species
compositions after assembly, with high levels of repeatability
being an indicator of deterministic, niche-based local control
(Chase, 2007; Swan and Brown, 2017; Brown et al., 2018).
However, experimental approaches may prove intractable, since
available data are often the work of surveys outside of a designed
context. Nevertheless, these sorts of survey data have been
employed in a wide range of metacommunity studies to great
effect. While methods to evaluate the relative balance of local
vs. regional effects in assembling communities are numerous,
two common methodologies are distance-decay and variation
partitioning. Distance-decay studies examine how similarity
between multiple local communities changes as a function
of environmental distance and physical distance (Nekola
and White, 1999). Stronger relationships with environmental
parameters indicate more local, niche-based control, while strong
relationships with distance indicate dispersal-driven dynamics
(Chase et al., 2005). These methods have been used to evaluate
diverse ranges of communities including stream invertebrates,
frogs, microbiota, plants, lentic algae, and internal parasites
(Morlon et al., 2008; Brown and Swan, 2010; Diniz-Filho
et al., 2012; Warburton et al., 2016; He et al., 2020). Variation
partitioning is a method based on constrained ordination that
simultaneously uses community composition data (taxonomic
or trait-based), spatial data, and environmental data across
multiple sites to evaluate the factors that most strongly structure
communities (Borcard et al., 1992; Peres-Neto et al., 2006).
Similar to distance-decay relationships, the degree of local vs.
regional control is inferred based on the relative influences of
environmental and spatial variables, but in the case of variation
partitioning, statistical significance of the various partitions can
be simultaneously evaluated (Peres-Neto et al., 2006). Variation
partitioning has been used in a wide range of systems in
both an exploratory (e.g., Grönroos et al., 2013; Sokol et al.,
2013) and a hypothesis-testing framework (e.g., Cottenie and
de Meester, 2003; Resetarits and Silberbush, 2016). It is also
worth noting that while the most common predictor matrices
in variation partitioning are spatial and environmental variables,
other predictor matrices can be incorporated into the analysis
if appropriate, such as phylogenetic (Perez Rocha et al., 2018)
and functional trait data (De Bie et al., 2012). Any or all of
these approaches can be used effectively to evaluate the drivers
of community assembly and evaluate risk of invasion.

To be clear, even without assessing the impact of an invasive
species, we posit that a community’s degree of sorting strength
may be a useful predictor of invasion success in that community.
Invasive species need not necessarily be involved in the studies,
since the focus is on what structures the pre-invasion community,
so these studies can be used as assays to evaluate the potential for
invasion before invasion occurs in a locality. One caveat for all of
these approaches is that they necessarily involve the evaluation of
multiple patches within a metacommunity. In metacommunity
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ecology, there are no single-patch studies since regional scale
processes cannot be evaluated from a single locality. Again, this
point underscores a major argument of this contribution: that
invasion biology can benefit greatly from larger scale or multi-
site studies. Different sets of community processes occurring at
different scales may also help explain discrepancies in results of
studies on Enemy Release and Biotic Resistance. The search for
strictly local explanations of species’ membership in communities
is destined to produce negative or confounded results when
assembly is strongly influenced by regional, dispersal-driven
dynamics. In fact, the vast majority of studies of community
assembly in metacommunities find that, when evaluating the
relative influences of local vs. regional processes in structuring
communities, there is rarely an either/or explanation and more
often than not, the two sets of forces interact (e.g., Forbes and
Chase, 2002; Cottenie et al., 2003; De Bie et al., 2012; Göthe
et al., 2013). Thus, for both Biotic Resistance and Enemy Release
hypotheses, an interaction between local and regional processes is
likely, and mechanistic understanding of successful invasion into
a community will likely be elusive without considering both sets
of forces.

The Importance of Native Dispersal in
Invasion Resistance
Higher rates of dispersal do not always result in stochastic
community assembly. When local sorting strength is high and
dispersal rates are moderate, dispersal can “fuel” deterministic
processes by providing a steady source of colonists that are
then sorted into largely deterministic communities by local
forces (Cottenie and De Meester, 2004). Under this scenario,
high rates of native dispersal may also act as a deterrent
to invasion by maximizing local species richness (Cadotte,
2006; Grainger and Gilbert, 2016; Figure 3A). Howeth (2017)
tested this scenario using zooplankton mesocosms and the
invasive cladoceran zooplankton, Daphnia lumholtzi, and found
that, while holding environmental conditions constant across
treatments, experimentally increasing dispersal of native species
decreased rates of invasion of D. lumholtzi. There appear to be
two non-exclusive mechanisms contributing to this effect. The
first was that higher rates of dispersal produced rescue effects
(Brown and Kodric-Brown, 1977) that allowed locally extinct
native species to rapidly recolonize. Secondarily, rescue effects
resulted in higher species richness of natives in higher-dispersal
treatments which resulted in higher niche complementarity,
reduced niche space available for the invader, and lower rates
of invasion. In the highest dispersal treatments (equating to
highest propagule pressure), D. lumholtzi had negative growth
rates, indicating that native dispersal had resulted in failure of
the invader to meet the Invasibility criterion and therefore not be
able to coexist with native species (Howeth, 2017).

However, a high rate of dispersal (i.e., high propagule
pressure) is also a mechanism that allows many invasive
species to colonize and eventually dominate native communities
(Simberloff, 2009). Therefore, operationalizing a native dispersal
mechanism for invasion resistance will necessarily involve
simultaneous consideration of dispersal of both natives and

FIGURE 3 | Hypothesized relationships between dispersal and invasibility. (A)

Hypothesized effect of native dispersal rate of species in a community on the

invasibility of that locality. (B) Four invasion scenarios defined by propagule

pressure of a potential invader and dispersal rates of native species. Scenario

a represents the highest potential for invasion while scenario d represents the

lowest potential for invasion. Scenarios b and c have intermediate potential for

invasion and specific outcomes will largely depend on specifics of the local

community.

invaders. Figure 3B illustrates four bookend scenarios when
considering both native and invasive dispersal. Assuming similar
local environmental conditions across all four scenarios, scenario
a—high invader propagule pressure and low native dispersal—
would present the highest invasion risk, while scenario d would
present the lowest risk of invasion (high native and low invasive
dispersal), with scenarios b and c posing intermediate risk.

Native-Invasive Diversity Relationships
One of the most controversial and frustrating topics in invasion
biology has been the relationship between native and invasive
diversity (the so-called Invasion Paradox; Fridley et al., 2007).
The two extreme positions in this controversy are Biotic
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FIGURE 4 | Hypothesized explanation for scale discrepancies in

native-invasive relationships. Studies at small spatial scales are only able to

perceive local effects and often encourage exacerbated local effects through

study design or experimental control. Given the hypothesized relationship

between local sorting strength and invasibility (Figure 5), signs of Biotic

Resistance are frequently detected. Studies at larger spatial scales or

spanning multiple spatial scales are better able to perceive regional-scale

effects on community assembly and are more likely to observe positive

relationships between native biodiversity and invader biodiversity, especially in

heterogeneous landscapes.

Resistance, and Biotic Acceptance. We previously defined and
discussed Biotic Resistance, and the prediction that emerges from
Biotic Resistance is that diversity of native and invasive species
should be negatively correlated on a landscape. On the other
hand, Biotic Acceptance posits that environmental conditions
that are good for natives are also good for invasives, and therefore
their abundances should be positively correlated (Stohlgren et al.,
2006). While these predictions are straightforward, testable,
and easily distinguishable, the issue of scale has complicated a
seemingly simple question. At smaller spatial scales, particularly
in experimental studies, evidence for Biotic Resistance has been
substantial (e.g., Levine et al., 2004; Fridley et al., 2007). In
contrast, studies incorporating larger spatial scales have found
considerable evidence for Biotic Acceptance (e.g., Stohlgren et al.,
2006; Iannone et al., 2016). This difference in results across
spatial scales has long been a source of debate for invasion
biologists (Shea and Chesson, 2002; Fridley et al., 2007), though
some recent work has claimed to resolve this debate in favor
of Biotic Resistance by incorporating covariates not included in
prior analyses (Beaury et al., 2020), and a global meta-analysis of
observational data found no paradox across scales (Peng et al.,
2019).

Here we pose another potential explanation for the
discrepancy in results across scales, i.e., that different
metacommunity processes are being evaluated at different
scales. This explanation operates in tandem with our prediction
that invasion success will decrease with local sorting strength.

At smaller spatial scales—particularly in experiments, which
often have limited spatial extent (e.g., Chen et al., 2010; Sandel
and Corbin, 2010)—local factors that contribute to sorting
strength are readily observable and, in the case of experiments,
“localness” may even be strictly maintained. These circumstances
create the highest probability of observing local control over
community composition, and thus, a decreased probability
of invasion success (Figure 5). Larger scale studies tend to
be observational. As such, both the lack of control of local
conditions and the ability to observe dispersal-driven, regional-
scale effects are inherent in study design. Taking these points
together, we suggest that the scale related discrepancy in results
of native-invasive relationships may be an artifact of study
designs, that localized studies, especially experiments, are more
likely to identify local sorting strength as a driver of community
assembly, while larger scale, less controlled studies capture the
dispersal-driven regional processes that are fundamental to
many metacommunities (Figure 4).

Does this potential explanation offer an answer as to
whether Biotic Resistance or Biotic Acceptance should be the
dominant paradigm? No. Rather, this idea emphasizes the
multi-scale processes that are involved in community assembly
and suggests that the search for a single, unvarying answer
regarding native-invasive relationships is illogical. As predicted
in our first hypothesis, invasibility will likely depend on the
relative balance of local sorting strength and dispersal-driven
dynamics in any single metacommunity. However, this idea
does present testable predictions and potential solutions for
resolving this “Invasion Paradox” (Fridley et al., 2007). One
imminently testable prediction is that the variability in native-
invasive relationships should increase with the spatial scale of
study because increasing incorporation of regional-scale effects
will introduce stochasticity (Leibold et al., 2004; Chase and
Myers, 2011). Another way to address this idea is through
controlled experiments or designed studies that span scales and
can thus be evaluated for both local and regional community
dynamics. In the case of direct experimentation, either dispersal
or local conditions could be manipulated across a spatial array
of study sites. However, similar goals can be accomplished in
well-designed survey studies that use observation of communities
across spatially arranged sites.

APPLICATIONS OF A METACOMMUNITY
APPROACH TO MITIGATE INVASIONS

One of the most intriguing outcomes of integrating
metacommunity concepts into invasion biology is the possibility
for improved management, which has been a long-term goal of
the field. Invasion biologists have long posited that enhanced
understanding of basic invasion biology, ecology, and the
underlying causes and consequences of invasiveness would
collectively lead to our ability to mitigate the current invasion
threat and limit future invasion. There are certainly success
stories, including weed risk assessment (WRA, Pheloung et al.,
1999) and fish invasiveness scoring kit (FISK, Copp et al., 2005),
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FIGURE 5 | Hypothesized relationship between local sorting strength and

invasibility of a local community.

which were designed to identify invasive weed and fishes, pre-
introduction, to minimize new invaders. Despite these limited
successes, the number of new species introductions continues
seemingly unabated (Seebens et al., 2017), necessitating
continued development of theory and practice that mitigate
current invasion impacts and limit future spread of invaders.
We contend that application of the metacommunity concepts
outlined above present several key opportunities to enhance
invasive species management.

Dispersal Disruption of Invasive Species
Dispersal and propagule pressure are fundamental aspects of
invasion that most clearly lend themselves to mitigation. Since
invasion is contingent on movement of propagules, disrupting
the production and movement of propagules would result in
immediate benefits. For example, with emergence of devastating
herbicide resistant agricultural weeds, many of which are spread
through seed and equipment contamination, many farmers are
adopting a “no weed seed” approach that is designed to prevent
weed seed production, diversifying weed management tactics,
eliminating pollen production, and equipment sanitation (e.g.,
Norsworthy et al., 2012; Riar et al., 2016). However, effective
disruption must consider the interconnectedness of patches, as
it is clear that regional propagule dispersal can “rescue” local
extinction. Thus, propagules should be managed in a broader
spatial context.

Dispersal disruption is also a powerful, yet underutilized tool,
to mitigate the spread of invasive species. This technique is
currently being recommended for limiting the spread of wavyleaf
basketgrass in the Mid-Atlantic US through land management
practices and limitations on access to hikers and hunters. The
seeds of wavyleaf basketgrass can stick to animals and clothes,
easily transporting propagules over large distances (Beauchamp,
2014). Thus, dispersal disruption tactics of avoiding infested
areas during seed production, or thoroughly cleaning clothes and

equipment have been recommended (Swearingen et al., 2014).
This tactic is particularly useful when the introduction/dispersal
pathway of the invasive species is known. For example, live
bait was identified as a common dispersal pathway in many
freshwater systems, and has been targeted to reduce use and
release of exotic live bait (Kilian et al., 2012). Recent work
has also demonstrated variability in the efficacy of propagule
interception using simulation modeling (Latombe et al., 2020).
Of course, the management of propagules is not new, but
the metacommunity perspective warrants clear identification of
patch interconnectedness and dispersal pathways, identifying
invasive species functional traits enhancing fitness, as well as
an understanding of the dispersal of resident native species as
well as invaders and parsing the effects on community dynamics
of each.

Community Risk Assessment
Perhaps the most unique management suggestion that emerges
from this work is using assessment of native communities as
a way to evaluate invasion risk. Risk assessment is not new to
invasion biology, and has been used with no small degree of
success (Keller et al., 2007). However, current risk assessments
focus on the particular invasive species of interest, rather
than on the community into which an invader may attempt
to colonize. Our invasibility x sorting strength prediction
(Figure 5), derived from principles of metacommunity ecology,
suggests that understanding the assembly mechanisms of
an extant metacommunity will provide strong evidence for
how invasible that community will be. Communities strongly
influenced by regional forces like dispersal should be more
vulnerable to invasion, while metacommunities more influenced
by local controls should resist invasion. As previously described,
metacommunity ecology provides a powerful conceptual
framework and a large range of analytical tools for making
such evaluations. We should stress, however, that while our
prediction emerges as a natural consequence of metacommunity
theory, it is still just a prediction and requires empirical
evaluation prior to any attempts to operationalize it as a
management strategy.

Resilient Communities
The relationship between native and exotic richness
remains empirically equivocal, but tactics that enhance
native species abundance, dispersal, and connectivity are
likely to enhance community resilience to invasive species.
Management actions that encourage native species may
be more effective than eradicating invasions, the latter of
which is relatively rare and often expensive and limited to
small infestations (Rejmanek and Pitcairn, 2002). Managing
for native-rich assemblages should be holistic and multi-
scale in nature to manage for both local and regional
effects. Management efforts that focus only on local effects
(e.g., species/environment interactions) are destined to be
ineffective if community assembly is driven by regional
scale properties.

One example of application of this approach is the
ecologically-based invasive plant management on rangelands,

Frontiers in Ecology and Evolution | www.frontiersin.org 14 January 2021 | Volume 8 | Article 584701

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Brown and Barney Metacommunity Approach to Invasion

which Krueger-Mangold et al. (2006) describe as incorporating
strategies that encourage desirable plant communities and
simultaneously disfavor invasive species. This “successional-
based” strategy incorporates many of the elements of
metacommunity approaches including local and regional
processes, species functional traits, and propagule dispersal.
Building resilient communities should comprise enhancing
local conditions that favor native species and disfavor invasive
species, limiting invasive species propagule production, and
enhancing native species connectivity. Achieving this will
be an inherently system and community-specific approach,
and will require knowledge of species functional traits,
local environmental conditions, and regional connectedness
and processes.

We have predicted—and empirical evidence suggests
(Krueger-Mangold et al., 2006)—that native dispersal can be
a deterrent to invasions (Figure 3). Considering how this
prediction can be applied to management, the clear theme that
emerges is that managing to support native species may be as
effective as attempting to directly reduce invasives. This idea is
not new and several previous researchers have suggested that the
management of natives may be the most effective way to manage
invasions (e.g., Sheley et al., 1996; Krueger-Mangold et al., 2006).
However, a nuance suggested by our prediction is that facilitating
dispersal of natives should be a priority. This proposal could be
viewed as the native equivalent of the invasion cliff posited by
Davis (2009) above, with native success being proportional to
propagule load. How can native dispersal be encouraged? One
possible answer is habitat connectivity. Enhanced connectivity
has long been associated with higher local diversity in both
theoretical and empirical studies (e.g., Horn and MacArthur,
1972; Brown and Kodric-Brown, 1977; Tilman, 1994; Holyoak
and Lawler, 1996; Hanski, 1998; Chesson, 2000; Amarasekare
and Nisbet, 2001), and conservation efforts have found success in
managing biodiversity through increasing connectivity, at least
when connectivity management is successfully implemented
(reviewed in Correa Ayram et al., 2016; Keeley et al., 2019).
However, connectivity management should also be mindful of
the effects of the interaction between connectivity and habitat
heterogeneity in which high connectivity can lead to biotic
homogenization, especially when environments are relatively
homogeneous (Forbes and Chase, 2002; Strecker and Brittain,
2017). In addition, we also want to inject a note of caution.
While managing for dispersal abilities of native species should
be an effective means of mitigating invasive species’ impacts,
we do not advocate for human-enhanced dispersal of native
species. Such activities could have a number of unintended
consequences, including the unintentional movement of
invasives. But perhaps more importantly, enhanced dispersal
of natives has the potential to repeat the mistakes created
by human involvement in invasive species, i.e., decoupling
tradeoffs that naturally limit the distributions and abundances
of species.

Nativity and Range-Expanding Species
An emerging issue in invasion biology is the rapid increase in
species that expand their ranges as a result of human-induced

environmental change (Essl et al., 2019). These species, termed
“neonative” by Essl et al. (2019), are distinguished from other
invasive species in that they expand their ranges without the aid
of direct human agency, but do so as an indirect consequence
of human induced environmental change. While the concept
of neonativity has been criticized and declared a non-useful
concept for a number of reasons, even its critics acknowledge
that a large number of species of this type exist, and that many
are problematic (Wilson, 2020). Vocabulary is often a sticking
point in science, and the vocabulary of many concepts has been
hotly debated, from community stability (Grimm and Wissel,
1997), to definitions of β-diversity (Anderson et al., 2011), to
how to define an ecosystem (O’Neill, 2001). Invasion biology
is no exception to this common mania (Richardson et al.,
2000; Colautti and MacIsaac, 2004; Colautti and Richardson,
2009).

Defining invasive species will always be a necessity,
particularly for regulation and management, but we suggest that
a shift of focus from specific invasive species to communities
of interest will move the conversation from identifying
and defining invaders, to examining effects of invaders.
While this perspective of invasives as just another species
in a community may seem shortsighted and to downplay
the importance of invaders, we contend that invaders are
important for their effects on communities, not solely for their
identities as invaders. It would also be unjust to suggest that
metacommunity approaches can’t or don’t single out particular
species for their effects in a metacommunity. One common
prediction in many metacommunity models is that high rates
of dispersal will allow competitively dominant species to reach
all local communities in a metacommunity, resulting in biotic
homogenization (Mouquet and Loreau, 2003; Mouquet et al.,
2005), a prediction that has also been empirically verified in
a number of studies (e.g., Forbes and Chase, 2002; Livingston
et al., 2012). Thus, while a major focus of an investigation of
an invaded metacommunity may be on the community as a
whole, invaders can still be singled out and examined for their
specific effects.

CONCLUSION

Invasion Biology has long been a field that sits at the intersection
of basic and applied science and has been exemplary in the
pursuit of converting theory and concept to practice. However,
invasion is a community ecology problem, and community
ecology has experienced a paradigm shift in recent years.
Metacommunity theory and approaches have revolutionized
the field of community ecology, but their adoption into
the field of Invasion Biology has been slow. Here we have
illustrated how some of the most fundamental concepts of
Invasion Biology can be viewed through a metacommunity
lens, demonstrated that this change in perspective can produce
useful predictions regarding invasions, and illustrated how those
concepts can be directly applied to management. Likewise, we
encourage the metacommunity scientists to examine invasions
as interesting and useful study systems to explore their theory
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and concepts. We stress that our treatment of invasion
concepts is not exhaustive and serve more as illustration of
potential than a comprehensive guide to the metacommunity
ecology of invasions. Two pervasive themes that we repeatedly
visit are the potential benefits of focusing on communities
rather than on specific invaders, and the need for a multi-
scale approach to Invasion Biology. Our hope is that this
contribution will catalyze thought and provide a starting point
for investigations that successfully wed Invasion Biology with
metacommunity approaches.
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GLOSSARY

Alien Species
Species that have established a range outside of their historical
ranges as a result of human transportation.

Biotic Acceptance
A paradigm suggesting that positive correlations between native
species richness and invasive species richness occur because
environmental conditions that are good for natives are also
good for invasives. Often presented as a counter to the Biotic
Resistance Hypothesis (Stohlgren et al., 2006).

Biotic Resistance
A paradigm suggesting that the susceptibility of a community to
invasion is influenced by its biotic composition across trophic
levels, and that higher levels of species richness generally deter
invasion (Elton, 1958; Levine et al., 2004). There has remained
equivocal evidence for the relationship between native and
exotic richness.

Dispersal
Generalized term in metacommunity ecology that incorporates
both movement and establishment of species. Viewed as the
major “regional” process of metacommunity theory (Leibold
et al., 2004).

Diversity Metrics (α, β, γ)
Common metrics used for describing metacommunities at
multiple spatial scales. α = the diversity of a single local
community or, when multiple local communities are being
considered, the average diversity of localities. Frequently
measured using either species richness or common diversity
indices (e.g., Shannon, Simpson). γ = total diversity in a region,
measured in the same way as α, but aggregated across all
local communities in a region. β = turnover in composition
between the local communities within a region. β-diversity can be
measured in a number of different ways, including dissimilarity
indices (e.g., Jaccard, Bray-Curtis). However, truly partitioning γ-
diversity into independent α and β components (i.e., measures of
β do not depend on α) is generally accomplished through α × β

= γ (Jost, 2007), though other valid partitionings also exist (Jost,
2007; Chao et al., 2012).

Enemy Release
Invasive species are often thought to have been introduced to new
ranges that lack the suite of (often specialist) predators, diseases,
etc. that limited size and population growth in their native range
(Keane and Crawley, 2002).

Invasibility Criterion
According to ecological theory, the definitive criterion for co-
existence of species in a community; states that to truly coexist
with other species in a community, the species must be able
to increase its abundance when it is rare (MacArthur, 1972;
Chesson, 2000). This criterion distinguishes coexistence from co-
occurrence of species in a community (Siepielski and McPeek,
2010). The name of the criterion derives from a scenario in which
a species invades an extant community at low abundances.

Invasive Species
Non-native species to that location, often as a direct or
indirect result of human action. Invasive species can cause a
multitude of ecological, economic, and human health impacts
and are distinguished from alien species in that they have
demonstrable negative impacts on communities, ecosystems, or
ecosystem services.

Local and Regional (in Metacommunity
Terms)
Metacommunity concepts categorize the factors that control
community assembly and composition into two parts: local and
regional. Local effects are traditional niche-associated effects
like environmental conditions and species interactions. Regional
effects are those effects driven primarily by the dispersal of
organisms between local communities of the metacommunity
(Leibold et al., 2004).

Metacommunity Paradigms (Species
Sorting, Patch Dynamics, Mass Effects,
Neutrality)
Four paradigms are strongly associated with metacommunity
theory. Species Sorting = classic niche-based paradigm
in which community composition is controlled by local
environmental conditions and species interactions (Whittaker,
1962). Patch Dynamics = paradigm in which composition
of local communities is driven by a landscape patchwork of
local extinction/colonization dynamics. A key aspect of Patch
Dynamics is the assumed tradeoff between competitive ability
and dispersal ability (Levins and Culver, 1971; Levin, 1974).
Mass Effects = paradigm that recognizes that local effects are
important determinants of community composition, but that
the regional effect of high dispersal rates may swamp out the
influence of local factors (Brown and Kodric-Brown, 1977;
Shmida andWilson, 1985). Neutrality= paradigm that considers
the traits of species to be inconsequential in determining species
composition of a community; composition is the product of
random extinction and probabilistic colonization of species.
Often considered to be a null model of metacommunity effects
(Bell, 2001; Hubbell, 2001). An important recognition is that
these four paradigms were historically developed independently,
outside of the scope of metacommunity theory. As such,
they are not mutually exclusive in terms of mechanisms or
predictions, and do not represent the entire inference space of
metacommunity theory (Brown et al., 2017).

Neonative
Species expanding their range as a result of anthropogenically-
based environmental changes. A controversial neologism
(Wilson, 2020) meant to capture the fuzzy category of often
native species that are shifting ranges, complicating management
and policy.

Propagule Pressure
The number and size of introduction events of a single species
to a location. Often considered one of the most important
and fundamental elements of biological invasions (Simberloff,
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2009). The concept of propagule pressure is closely paralleled by
“dispersal” in metacommunity theory.

Rescue Effects
In a metacommunity, when a species goes extinct at a locality, it
can be “rescued” by recolonization from other local communities
(Brown and Kodric-Brown, 1977).

Sorting Strength and Ecological Filters
Sorting strength is ameasure of the influence local factors have on
species composition of the local community. The name derives
from the Species Sorting paradigm of metacommunity theory.
Sorting strength is often conceived as a set of ecological filters
(e.g., environmental conditions, local competition, or predation)
that exclude species from a particular local community.
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