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The metacommunity framework has rapidly become a dominant concept used by
ecologists to understand community assembly. By emphasizing extinction-colonization
dynamics, dispersal, and species’ niche requirements in determining community
structure, metacommunity theory unifies local and regional processes as integral to
species distributions across landscapes. Metacommunity structure has traditionally
been treated as static. However, habitat characteristics and community composition can
shift through time because of factors like seasonal dynamics, ecosystem disturbance,
multi-year climate variation (e.g., El Niño Southern Oscillation), and production and
emergence of dormant propagules. In most systems, the relevance of such temporal
variation for the structure and persistence of metacommunities is an open question
that is of potential importance for conservation and management. We evaluate
and synthesize the theory and concepts relevant to four major forms of temporal
dynamics that are pertinent to metacommunities: disturbance, seasonality, multi-
year climate variation, and dormancy. For each type of dynamic we review the
theoretical underpinnings and empirical evidence to evaluate how the dynamic drives
temporal variation in metacommunity structure. We also consider how major forms
of anthropogenic change further influence these patterns. Our survey highlights that
seasonal climatic differences can modify the distribution and availability of resources
and connectivity, with consequences for species’ use of the landscape and species
interactions. Disturbance and multi-year climate cycles can increase the importance
of dispersal, but implications for environmental filtering and species interactions
remain unresolved. Dormant life stages serve to anchor habitat patches and species
pools in space and highlight the importance of dispersal-dormancy tradeoffs and
environmental variation for metacommunity structure. Temporal variability in biotic and
abiotic conditions associated with these drivers can modify the relative strengths of
dispersal, environmental filtering, and species interactions, three biological processes
that drive metacommunity structure. Inclusion of spatiotemporal drivers creates patterns
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of species diversity that differ from traditional metacommunity ideas. We use these
insights to highlight research needs, suggest a reconceptualization of metacommunities
as undergoing continuous change, and discuss the implications of temporal dynamism
for the conservation and management of metacommunities.

Keywords: environmental filtering, dispersal, species interactions, species diversity, anthropogenic change,
species sorting, mass effects

INTRODUCTION

In their original conception, metacommunities were largely
viewed as occupying a temporally invariant stochastic
environment. The metacommunity concept depicts idealized
types of metacommunity dynamics in such temporally static
environments (Leibold et al., 2004; Holyoak et al., 2005).
Metapopulations and metacommunities have focused on
“ecology at the mesoscale,” reflecting timescales shorter than
those required for speciation (<1–100 generations) and
spatial scales between those of local populations/communities
and biogeography (Holt, 1993). However, systems may have
extrinsic temporal dynamics (e.g., Jabot et al., 2020). These
may either coincide with timescales over which metapopulation
and metacommunity dynamics occur or happen over longer
time periods and potentially cause shifts in metacommunity
dynamics. Consequently, several forms of extrinsic temporal
dynamics are potentially relevant to metacommunities, including
disturbance regimes, seasonality, multi-year temporal dynamics
such as El Niño cycles, and dormancy. We review relevant
theoretical and empirical work that relates to temporal dynamics
of metacommunities as well as the consequences of global
change for such dynamics. Considering our findings, we
make recommendations about how to progress in studying
temporal metacommunity dynamics and for the conservation of
metacommunities.

A hierarchy of spatial and temporal scales are relevant to
how temporal dynamics affect metacommunities and biodiversity
(Hart et al., 2017). The original metacommunity paradigm was
based on the idea that populations can colonize or go extinct
from local habitat patches, or be rescued from extinction by
immigration, but the habitat and environment are static (Leibold
et al., 2004). This implies a relatively constant resource supply,
environmental conditions amenable to individual survival, and
patches always present. Such temporal stasis implicitly assumes
that there is a fixed per unit time probability of individual birth,
death, and movement due to environmental conditions (e.g.,
Chave, 2004). Another common scenario is that habitat patches
are temporary ecosystems that come and go through time, such
as tidal pools (Kolasa and Romanuk, 2005), temporary seasonal
wetlands (Boudell and Stromberg, 2008), temporary streams
(Resh et al., 1988), water-filled tree holes (Ellis et al., 2006), and
water-filled pitcher plant leaves (Kneitel and Miller, 2002). Patch
formation and destruction might occur stochastically, through
external environmental drivers (e.g., seasonal weather, tidal
cycles), or through an internal patch process (e.g., succession,
aging of individual pitcher plant leaves or tree branches that
can hold water). Simplified models typically assume constant

probabilities of patch formation and destruction through time
(e.g., Hastings, 2003), but patches may have their own temporal
dynamics. Temporal environmental variation could cause local
extinctions of species or affect population growth rates more
generally (Drake and Lodge, 2004), including through seasonal
fluctuations, disturbances, or multi-annual climate variation,
which we review in this paper.

Temporal variation could be considered in three ways. First,
if variation is stochastic and unpredictable but frequent in
occurrence, it may be within the norm to which an organism
is adapted and, consequently, such organisms may buffer
against this variability through existing plasticity (behavior,
physiology, etc.) or demographic responses (West-Eberhard,
1989). Conversely, temporally predictable variation (e.g.,
seasonality) might be overcome by life-history evolution or
some form of plasticity in behavior, morphology, or physiology
(Boyce, 1979). Disturbance events were originally thought of as
unpredictable (Resh et al., 1988), but later were pointed out to
be quite predictable in some systems (e.g., Poff, 1992; Tonkin
et al., 2017). Recurrent periods of low resources or otherwise
stressful conditions within habitat patches that remain in the
same places could select for dormancy (McPeek and Kalisz, 1998;
Wisnoski et al., 2019) or hibernation (e.g., Bieber et al., 2014).
Finally, other temporal variation may be both stochastic and
infrequent such as rare, extreme and often large disturbance
events including hurricanes, droughts, volcanic eruptions, and
some floods or fires (e.g., Foster et al., 1998). Rare events or
changes in systems that are observed at a short timescale may
appear as shifts in dynamical regimes (Folke et al., 2004), or as
transient dynamics, and thus may not be reflective of dynamics
that occur over longer timescales (e.g., Hastings, 2004). At spatial
scales up to entire continents, organisms may also deal with or
benefit from spatially and temporally unpredictable rare events
by being extremely mobile and itinerant or nomadic in their
movements (Andersson, 1980; Ydenberg, 1987).

We explore how temporal and spatiotemporal variation
affect metacommunity dynamics through three separate
biological drivers: dispersal, environmental filtering, and species
interactions (Biswas and Wagner, 2012; Marrec et al., 2018).
Dispersal (in contrast with migration or general movement)
is defined as a one-way, permanent movement of individuals
from one population to another (Jacobson and Peres-Neto,
2010) and has a well-established role in metacommunity
theory (Mouquet and Loreau, 2002). Environmental filtering
has been defined as the selection of species that can survive
and persist given the environmental conditions at a location
(Emerson and Gillespie, 2008; Kraft et al., 2015; Cadotte and
Tucker, 2017), and can be understood in a metacommunity
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context as the environmental conditions that govern species’
occurrence (Biswas and Wagner, 2012). Species interactions
in a metacommunity context influence species’ occurrence
through interspecific competition and predation (Cottenie, 2005;
Biswas and Wagner, 2012), and is an often overlooked but key
driver (García-Girón et al., 2020). Thompson et al. (2020) used
dispersal, “density-independent responses to abiotic conditions”
(instead of environmental filtering) and “density-dependent
biotic interactions” (instead of species interactions) as three
axes for depicting and modeling metacommunity dynamics, and
established overlap with the conceptual paradigms of Leibold
et al. (2004): species sorting, mass effects, patch dynamics,
and neutral dynamics. Species sorting fits neatly into the
structuring mechanism of environmental filtering or strong
species interactions for species with low ability to move between
patches (Thompson et al., 2020), and spatial niche separation
leads to coexistence. Mass effects is the interaction between
environmental filtering or species interactions and dispersal,
and has most commonly been empirically investigated as an
interaction between environmental effects and dispersal or
habitat connectivity (Cottenie, 2005). Consequently, mass
effects are similar to species sorting but with a stronger role
of dispersal (Thompson et al., 2020). Coexistence through
patch dynamics involves trade-offs in species traits such as
competitive ability and colonization ability (Holyoak et al.,
2005), and hence an interaction of species interactions and
dispersal (Thompson et al., 2020). Neutral dynamics require
localized dispersal and emphasize stochastic demographic
processes or individualistic responses to environmental variation
(Leibold et al., 2004; Thompson et al., 2020). These paradigms
are neither exhaustive (Brown et al., 2017) nor mutually exclusive
(Leibold et al., 2004; Winegardner et al., 2012), and empirical
studies frequently discover mixed metacommunity structures
(Logue et al., 2011).

We discuss the effects of various forms of temporal
dynamics on metacommunities by considering biological
mechanisms of community structure and species distribution
patterns. Our overarching question is how do temporal and
spatiotemporal dynamics affect metacommunity structure
and dynamics? We consider how disturbance, seasonality,
long-term temporal dynamics, and dormancy affect temporal
variation in metacommunity structure. More specifically, we
explore the influence of these drivers on the relative importance,
strength, and interactions among the biological processes of
environmental filtering, dispersal, and species interactions.
We identify when and describe how these drivers intersect
with the traditional metacommunity paradigms identified by
Leibold et al. (2004) to link local-scale community assembly
processes to regional dynamics. By doing so, we attempt
to unify existing theory surrounding the effects of extrinsic
temporal dynamics on traditional metacommunity archetypes
with a set of biological processes that can be identified and
quantified through empirical study. Finally, we discuss how
anthropogenic activity and global climate change impact the
drivers of spatiotemporal dynamics of metacommunities,
highlight management and conservation implications and
suggest directions for future research.

DRIVERS OF TEMPORAL DYNAMICS IN
METACOMMUNITIES

Below, we examine the theoretical underpinnings and empirical
evidence that demonstrate the temporally dynamic nature of
metacommunities. We describe and summarize the central
mechanisms by which dispersal, environmental filtering, and
species interactions shift over time and space to structure
metacommunities subject to disturbance, seasonality, multi-year
climate fluctuations, and dormancy (Table 1). We also highlight
empirical examples of studies that best exemplify how the
temporal drivers of disturbance, seasonality, multi-year climate
fluctuations, and dormancy influence the biological structuring
mechanisms of dispersal, environmental filtering, and species
interactions (Supplementary Table S1).

Disturbance
Disturbance can be defined as any discrete event that disrupts
ecosystem, community, or population structure and changes
resources, substrate availability, or the physical environment
(Petraitis et al., 1989). This definition encompasses lethal and
sublethal effects of disturbance but does not include predictable
and/or seasonal changes. When applied to metacommunity
theory, disturbances create both temporal and spatial variability
among habitat patches (Altermatt et al., 2011b). While
disturbance theories including the intermediate disturbance
hypothesis (IDH, Connell, 1978), the successional mosaic
hypothesis (Roxburgh et al., 2004; Battisti et al., 2016), the
dynamic equilibrium model (Huston, 1979; Svensson et al.,
2012; Battisti et al., 2016), and the subsidy-stress model (Odum
et al., 1979; Odum, 1985) discuss how disturbance promotes
coexistence, increases diversity, increases productivity, and
changes community assembly at a local scale, the role of
disturbance on regional metacommunity structure has received
little attention (Vanschoenwinkel et al., 2013).

Empirical Evidence
Empirical evidence suggests that disturbance can shift the
importance of stochastic vs. deterministic processes in
structuring metacommunities by influencing the strength
of dispersal, environmental filtering, and species interactions
(Table 1). Recolonization of disturbed patches with species
from undisturbed patches is a key tenet of disturbance models,
and, consequently, dispersal should increase in importance
in disturbed metacommunities. The limited body of existing
empirical work so far supports this idea, since metacommunity
structure after a disturbance is driven by strong mass effects
and dispersal between disturbed and non-disturbed patches
(Supplementary Table S1; Warren, 1996; Östman et al.,
2006; Starzomski and Srivastava, 2007; Altermatt et al., 2011b;
Vanschoenwinkel et al., 2013; Ojima and Jiang, 2017; Sarremejane
et al., 2018; Cañedo-Argüelles et al., 2020). For example,
disturbance in the form of varying rates of pool drying in isolated
pools exacerbated existing dispersal limitation (Vanschoenwinkel
et al., 2013). Thus, frequently disturbed patches relied on high
dispersal rates, which allowed species eliminated by disturbance
to recolonize and contribute to maintaining local diversity
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TABLE 1 | Summary of ways in which different temporal drivers influence the biological processes that structure metacommunities.

Structuring mechanism

Dispersal Environmental filtering Species interactions

Disturbance Strong structuring mechanism following
disturbance because dispersal is required for
recolonization of species driven locally extinct
by disturbance.

Inconclusive evidence suggests changes in
environmental filtering depend on the severity
of the disturbance. Extreme disturbances
(e.g., drought or flooding) increase the
importance of environmental filtering.
Is only important if species vary in their ability
to tolerate disturbance.

Limited empirical evidence, but the IDH
suggests that disturbance decreases the
importance of species interactions.
Little support for the competition-colonization
tradeoff suggests that competitive
interactions are not structuring.
Competitive interactions may increase in
importance with time post-disturbance.

Seasonality Seasonal changes in connectivity increase or
decrease constraints on dispersal and
therefore its influence on structure.
Dispersal traits of species mediate the impact
of seasonal changes in connectivity on
dispersal ability.

When there are drastically different abiotic
conditions between seasons, environmental
filtering is often stronger in one of the
seasons.

Seasonal pulses in resource availability
change the strength of competition and/or
predation.
Seasonal changes in species behavior have
community level impacts (e.g., seasonal
change in foraging behavior; seasonal
migration of species).
Seasonal changes in species’ physiology
increase or decrease competitive interactions.

Multi-year temporal
dynamics

Environmental changes associated with
ENSO and NAO can modify dispersal vectors
or habitat connectivity. Indirect changes in
populations can change their source vs. sink
status and whether they produce emigrants
or receive immigrants.

ENSO and NAO are associated with weather
anomalies, which likely act as strong
environmental filters.

Through effects of ENSO and NAO on
population dynamics and activity patterns of
poikilothermic organisms, changes in the
importance of species interactions as
metacommunity structuring mechanisms are
likely, but few have been documented to date.

Dormancy Dispersal is favored in unpredictable
environments, where spatial predictability in
the occurrence of suitable habitat is low
and/or infrequent, or where populations or
habitats are expanding rapidly.

Predictable occurrence of habitat in time and
space with unfavorable seasons or years will
favor dormancy, which reduces the relevance
of environmental filtering unless dormant
propagules emerge in environmentally
unfavorable conditions.

Whether conditions favoring dormancy
reduce the frequency or strength of species
interactions depends on the covariation of
species in their environmental responses.

(Vanschoenwinkel et al., 2013). However, it is challenging to
directly measure dispersal in metacommunities and, accordingly,
empirical work lags behind theoretical developments (Jacobson
and Peres-Neto, 2010). Previous empirical research has mostly
been confined to laboratory experiments (e.g., Warren, 1996;
Östman et al., 2006; Altermatt et al., 2011b; Ojima and Jiang,
2017) where both dispersal and disturbance can be manipulated,
field experiments with aquatic protists and invertebrates
(Vanschoenwinkel et al., 2013), or correlative tests of the effects
of connectivity (Tornwall et al., 2017; Cañedo-Argüelles et al.,
2020). Theoretical work suggests that disturbance results in
directionally-biased dispersal, which in turn can reduce species
diversity and patch occupancy (Altermatt et al., 2011b). However,
contradictory findings regarding the impacts of biased dispersal
on metacommunity persistence suggest that disturbance severity
could play a key role in the interaction between dispersal and
disturbance in metacommunities. For example, biased dispersal
from undisturbed to disturbed patches reduced metapopulation
viability when disturbances eliminated local populations (Elkin
and Possingham, 2008). However, when disturbances reduced
population densities, metapopulation viability was highest
when there was biased dispersal toward undisturbed patches
(Altermatt et al., 2011b). Future work should examine how

different disturbance severities interact with dispersal to change
metacommunity structure.

Changes to the physical environment are one consequence
of disturbance. Accordingly, it makes intuitive sense that
the strength of environmental filtering in determining
metacommunity structure might increase with disturbance.
Theoretical models support this idea, whereby species that
persist in heavily disturbed patches have high intrinsic growth
rates, are competitively inferior, and exhibit high interaction
strengths (Altermatt et al., 2011b). This provides strong evidence
for species sorting in the metacommunity. Empirical work
with protists and rotifers (Östman et al., 2006; Altermatt et al.,
2011a), macroinvertebrates (Chase, 2007; Campbell et al., 2015;
Cañedo-Argüelles et al., 2020), and plants (Laliberté et al.,
2013) also support that environmental filtering becomes a
predominant structuring mechanism in a metacommunity
following disturbance (S1). Species with higher intrinsic growth
rates are more likely to disperse, demonstrating that certain
species succeed with the temporal and spatial variation created
by disturbance (Altermatt et al., 2011a). However, there is
contradicting evidence with protists (Warren, 1996; Limberger
and Wickham, 2012) and invertebrates (Vanschoenwinkel
et al., 2013) indicating that disturbance may not increase
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the importance of environmental filtering. For example,
environmental filtering was not a dominant structuring
mechanism in an invertebrate community in temporary rock
pools, potentially because no disturbance tolerant specialists were
present in the metacommunity (Vanschoenwinkel et al., 2013).
Therefore, environmental filtering may only be an important
structuring mechanism if species vary in their ability to tolerate
disturbance. The discrepancy between the relative importance of
environmental filtering as a structuring process among similar
microcosm experiments suggests that its influence may depend
on the severity and scale of disturbance. This is congruent
with predictions of the IDH and the dynamic equilibrium
model, where disturbance frequency or intensity modulates
diversity. Future research is needed to quantify the relationship
between disturbance severity and the relative importance of
environmental filtering.

The IDH states that high diversity is found at intermediate
disturbance rates because disturbance prevents competitive
exclusion through a reduction in competition (Connell, 1978).
Notwithstanding that the IDH is a mechanism that can alter
community composition but lacks a robust mechanism for
coexistence (Roxburgh et al., 2004), if the IDH is supported,
disturbance in a metacommunity could reduce the importance of
competitive interactions and elevate survival and recolonization
as stronger drivers of metacommunity structure following
disturbance. While some studies at a local scale have supported
the competition-colonization trade-off component of the IDH
(Caswell and Cohen, 1991; Barradas et al., 1996), the majority
of empirical studies fail to find support (Mackey and Currie,
2001). However, Cadotte (2007) suggests that the IDH may
still apply at a metacommunity scale. Local disturbance creates
spatial heterogeneity and a successional mosaic at a regional
scale, favoring certain species at each successional stage. In
late-successional, undisturbed patches, strong competitors are
expected to be favored suggesting that competitive interactions
would be the most important structuring mechanism in that
patch. However, in recently disturbed patches, strong colonizers
have a higher probability of colonization, so the patch is
expected to be structured more by dispersal and less by
competitive interactions (Supplementary Table S1; Cadotte,
2007). Thus, in post-disturbance metacommunities, competitive
interactions are expected to decrease in importance while
dispersal increases. While this theory was supported in a
microcosm experiment with protists and rotifers (Cadotte, 2007),
there is no additional empirical work that examines species
interactions after disturbance in metacommunities.

Overall, current evidence suggests that following a
disturbance, dispersal becomes more important in driving
metacommunity organization whereas changes in the relative
importance of environmental filtering depend on the severity
of the disturbance (Figure 1). Although theory suggests
that competitive interactions are less important structuring
mechanisms in recently disturbed metacommunities, empirical
evidence is lacking. While disturbance creates temporally
distinct changes – before and after the disturbance event – most
metacommunity studies, have examined repeated disturbances
but only looked at metacommunity structure at the end of the

experiment (e.g., Altermatt et al., 2011b). These studies cannot
provide important insight into how the importance of different
structuring processes change with time since disturbance or with
repeated, predictable disturbance.

Anthropogenic Global Change, Disturbance and
Metacommunities
Global climate change is expected to increase both the frequency
and severity of many types of disturbance including fire, insect
outbreaks, and pathogens (Seidl et al., 2017). An increase in
disturbance suggests metacommunities will be more frequently
structured by dispersal. In systems that are further stressed
by habitat fragmentation, which reduces connectivity and can
limit dispersal (Tischendorf and Fahrig, 2000; Dixo et al., 2009),
metacommunity persistence might be at risk. Anthropogenic
global change has also altered disturbance regimes. Policies of
fire suppression have lengthened the natural fire cycle resulting
in fuel accumulation and infrequent but unusually intense fires,
and flood control has caused more extreme but infrequent
flooding events (Sousa, 1984). In systems adapted to a certain
disturbance regime, changes to that regime could result in
different structuring forces becoming more important than under
historic conditions. Additionally, increasing size and spatial
extent of disturbances with climate change may mitigate any
potential rescue effects, reducing the importance of dispersal as
a structuring mechanism.

Urban environments also present a system to examine
how disturbance influences metacommunity structure.
Anthropogenic disturbance in urban environments (e.g.,
construction, pollution, gardening, recreation) is more common
than natural disturbance in addition to being more localized
and sometimes more severe (Rebele, 1994). In cities, barriers to
dispersal are highly prevalent (Blakely et al., 2006; Peralta et al.,
2011), urban landscapes create a distinct environmental filter
(Swan et al., 2011), and species interactions are changed through
high amounts of invasive/non-native species, mesopredator
release, decreased predation, and altered competition (Rebele,
1994; McKinney, 2002; Grimm et al., 2008). However, if
urbanization itself is considered a long-term disturbance, these
observations on dispersal, environmental filtering, and species
interactions might be explained by the relative importance
of metacommunity structuring processes post-disturbance.
Following this reasoning, in urban ecosystems, dispersal
and environmental filtering would be important structuring
mechanisms while species interactions would be less important.
However, there is currently little empirical evidence that
examines how the importance of dispersal and environmental
filtering differ in urban ecosystems, and the relative importance
of species interactions varies across studies (Rodewald et al.,
2011; Rivera-López and MacGregor-Fors, 2016). Nevertheless,
there is a key difference between urbanization as a disturbance
and the types of disturbances previously discussed in this
paper. Urbanization can create novel ecosystems which require
significantly different conservation and restoration practices to
return to pre-disturbed, historic states (Hobbs et al., 2009). Thus,
temporal variation in the importance of structuring processes
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FIGURE 1 | Relative importance of biological processes in structuring metacommunities with increasing time since a disturbance event (at y-axis). The orange line
indicates dispersal processes, blue line indicates species interactions, and green lines indicate environmental filtering. Current empirical evidence strongly suggests
that the importance of environmental filtering is context dependent. Thus, the solid green line indicates severe disturbances (when disturbed patches become
uninhabited) while the dashed green line indicates less severe disturbances (some individuals in each patch remain).

in urban ecosystems is likely to be quite different than that of
natural systems.

Theories about disturbance in metacommunities can also
be applied to anthropogenic stressors such as eutrophication.
The impact of eutrophication on freshwater metacommunity
organization is poorly understood (Heino, 2013) but by
considering eutrophication as a disturbance, one can predict
how shifts in the strength of dispersal, environmental filtering,
and species interactions associated with eutrophication may
impact metacommunity organization. This knowledge may be
useful in guiding conservation efforts toward the amelioration
of eutrophication’s most harmful effects. Similar consideration of
metacommunity dynamics can help direct conservation efforts
regarding other anthropogenic stressors including pesticides,
pollution, and salinization.

Seasonality
Most ecological systems experience seasonal oscillations, defined
as consistent and recurring annual changes in environmental
conditions, including changes in temperature, precipitation,
photoperiod, resource availability, and wind. Cyclical changes
in abiotic factors result in seasonal resource pulses, which
expand temporal niche availability for many species (Tonkin
et al., 2017). However, seasonality can also constrain species,
acting as an environmental filter when conditions differ from
species’ climatic tolerance (Gouveia et al., 2013; Tonkin et al.,
2017). Accordingly, seasonality can exert strong controls on
biodiversity, and season-diversity relationships are prevalent in
many taxa (Mellard et al., 2019).

Empirical Evidence
Despite the recognition that seasonal variation influences
community dynamics, seasonality is frequently disregarded

in ecological research because it is complex and difficult to
investigate (McMeans et al., 2015; White and Hastings, 2018).
Similarly, studies of metacommunities have largely ignored
seasonality. The shortcomings of excluding seasonality in
metacommunity theory are especially salient in highly dynamic
systems, where local communities may be affected by intra-
annual seasonal changes (Datry et al., 2016; Sarremejane et al.,
2017). In such systems, seasonality leads to cyclical fluxes in the
drivers of community assembly (e.g., environmental conditions,
presence/absence of migrants, resource availability, connectivity)
and potentially to subsequent changes in community structure.
However, despite the fact that dynamic systems characterized
by seasonal change are widespread (e.g., tidal zones, floodplains,
intermittent rivers), seasonal variation in metacommunity
structure is only recently being explicitly tested (Fernandes et al.,
2014; Sarremejane et al., 2017).

Much of the empirical study investigating seasonal changes
in metacommunities has focused on intermittent rivers, which
provide a strong conceptual basis for understanding the role of
seasonality in metacommunity structure because they experience
seasonal shifts between aquatic and terrestrial states (Larned
et al., 2010). This dynamism is useful for addressing the question
of how communities are organized in time and space and
which biological processes drive seasonal changes in community
structure. For example, in dry phases, flow cessation imposes
strong environmental filtering, sorting species such that those
adapted to lentic or terrestrial conditions are favored (Datry
et al., 2016; Sarremejane et al., 2017). At the start of the
wet season, dispersal processes are typically the predominant
structuring force since certain species are constrained by
dispersal limitation (Datry et al., 2016), ultimately enhancing the
effects of patch dynamics in structuring the metacommunity.
Later in the wet season, once initial colonization has occurred,
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species sorting via environmental filtering is expected to again
become important with progression toward lentic and terrestrial
conditions (Figure 2).

Overall, work from intermittent rivers and floodplains
indicates that, where there exist significantly different
abiotic conditions between seasons, the relative strength of
environmental filtering and dispersal as biological processes
driving metacommunity structure fluctuate seasonally (Table 1;
Fernandes et al., 2014; Datry et al., 2016; Sarremejane et al.,
2017). Where specific species are located in time and space is
additionally mediated by species traits such as dispersal ability
(Csercsa et al., 2019) and ability to cope with environmental
conditions (Kraft et al., 2015). Though there is evidence that
the biological processes of dispersal and environmental filtering
seasonally influence metacommunity structure in terrestrial
systems (Delciellos et al., 2018), this line of evidence is less
robust. Consequently, further research on seasonally driven
temporal variation in metacommunity organization should be
conducted in dynamic terrestrial systems.

It is widely acknowledged that local interactions among
species impact community composition. However, biotic
interactions are not static, and the identity and strength of
interspecific interactions can change over time (Saavedra et al.,
2016) and space (Ruesink, 1998; Leonard, 2000). Accordingly,
seasonal changes in species interactions can drive spatiotemporal
changes in metacommunity structure (Table 1). Seasonality
mediates species interactions in various ways. Commonly,
seasonal pulses in resource availability can strengthen or
weaken competition among species, fundamentally altering
metacommunity structure (Cisneros et al., 2015). Seasonal
resource pulses can also cause predator-prey dynamics to
fluctuate if vulnerability of prey species shift seasonally (Owen-
Smith, 2008) and/or predators have higher capture rates (Metz
et al., 2012). Predation also fluctuates seasonally if predator
activity levels are highly seasonal, as is the case in brumating
or hibernating species (e.g., Sperry et al., 2008). Ultimately,
seasonal variation in the strength of interspecific competition
and predation may drive variation in metacommunity structure.

FIGURE 2 | The importance of seasonal shifts in hydrology for environmental
filtering and dispersal processes and associated changes in spatial patterns of
metacommunity structure (Datry et al., 2016).

The strength of competition and predation can also fluctuate
seasonally in metacommunities that experience migration, a
special case of dispersal and movement that is both predictable
and seasonal (Dingle, 1996). Because migration is a seasonal
phenomenon, migratory species can impact communities in
spatiotemporally complex ways (Schlägel et al., 2019). Year-long
residents may be exposed to seasonal differences in interspecific
competition, predation pressure, food resource availability, and
disease as a result of the presence or absence of migrating species
(Talbot and Talbot, 1963; Sinclair, 1985; Holdo et al., 2011).
These pressures that migrating species impose on year-round
residents, by definition, only exist for part of the year. Therefore,
the metacommunity impact of these features is likely to
fluctuate seasonally in systems where seasonal migration occurs.
Competition and predation can also be moderated by seasonal
increases or decreases in species’ physiology. For example, greater
resource consumption and demands associated with higher
summer temperatures and temperature-dependent metabolic
rates may increase the role that competitive interactions play in
determining metacommunity organization (Ren et al., 2018).

Anthropogenic Global Change, Seasonality, and
Metacommunities
Though the above studies suggest that incorporating seasonality
into the metacommunity framework may lead to predictable
and cyclic patterns in metacommunity organization, several
anthropogenic activities that vary temporally may disrupt
such patterns. For example, seasonal release of water from
dams may alter flood pulses or remove seasonality completely
(Junk et al., 1989). High human water use in urban areas
can generate dry-season flows (Solins and Cadenasso, 2020),
sometimes converting intermittent streams to perennial ones
(White and Greer, 2006). Anthropogenic pollution often varies
seasonally, with concentrations of pesticides, salts, and other
pollutants fluctuating based on seasonal human use. For example,
concentrations of the insecticide fipronil in urban residential
runoff reach lethal levels for many arthropod species in the
spring and summer but decrease in other seasons (Gan et al.,
2012). When pesticide use is coupled with elevated water use in
urban environments, natural seasonal processes such as stream-
drying may be eliminated, leading to seasonal peaks in pesticide
concentration in water bodies and posing potential consequences
for community structure (White and Greer, 2006; Ricart et al.,
2010). Similarly, road deicing salts applied in winter result
in seasonal increases in chloride concentrations, with negative
impacts on species, communities, and ecosystems (Kaushal et al.,
2005; Hintz and Relyea, 2019).

In recent years, the modified timing and enhanced variability
of seasonal events brought about by global climate change
may create mismatches within and among species and their
environments (Parmesan, 2006; Walther, 2010). For example, as
the timing of seasonal events shifts, a species may no longer
be suited to its environment, increasing the importance of
environmental filtering in metacommunity assembly. This has
been observed in the phenology of hibernation, where shifts
in emergence dates may negatively impact individual fitness
or species persistence (Inouye et al., 2000; Lane et al., 2012).
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Mismatches may also occur among interacting species, such
as when reproductive timing and prey availability become
asynchronous (Visser et al., 2006; Tylianakis et al., 2008) or
when shifts in seasonal migratory patterns create novel species
combinations that alter species’ competitive environments
(Gilman et al., 2010; Alexander et al., 2015). How these
interactions play out in metacommunities and whether they are
generalizable is uncertain (Lurgi et al., 2012).

Multi-Year Temporal Dynamics
A large variety of multi-year temporal climate indices capture
information about temporal variation in weather (Stenseth et al.,
2003), which have many potential and documented effects on
metacommunities. Most ecological studies have investigated
the effects of two indices on populations and communities,
El Niño Southern Oscillation (ENSO) and the North Atlantic
Oscillation (NAO) (Glynn, 1988; Post et al., 1997; Lindstrom
et al., 2001; Fiedler, 2002; Hurrell et al., 2003; Stenseth et al.,
2003). The most obvious biotic events of ENSO and NAO
are related to interannual changes in average and extremes of
temperature and rainfall, with much local variability in rainfall
(Fraedrich and Müller, 1992; Hurrell, 1995; Diaz et al., 2001;
Hurrell et al., 2003). ENSO and NAO are marked by their
periodicity and occurrence over large spatial scales, and are often
more strongly correlated with local population dynamics than
are local weather variables (Stenseth et al., 2003; Stenseth and
Mysterud, 2005). Of particular relevance to metacommunities,
they can also synchronize populations across large spatial scales
(Elton, 1924; Lindstrom et al., 2001). Mechanistically, ENSO
and NAO can affect population and community dynamics
through their influence on local weather, such as temperature,
precipitation, and snow (reviewed by Lindstrom et al., 2001).
This makes such indices potentially relevant to environmental
filtering (e.g., Thompson et al., 2020), and synchrony of
local populations, which potentially relates to metacommunity
persistence (Gouhier et al., 2010).

Empirical Evidence
Examples of the effects of multi-year climate fluctuations on
metacommunities come from rivers, marine and terrestrial
systems (Supplementary Table S1). ENSO and NAO produced
changes in metacommunity structure through dispersal,
environmental filtering and species interactions (Tables 1, 2).

In major river systems, El Niño events were associated
with flooding, which increased connectivity and reduced
spatial heterogeneity (interpatch variation) in biological and
limnological conditions (Thomaz et al., 2007). During drying
periods that followed river floods, pools became more dissimilar
in their conditions (Thomaz et al., 2007), which may increase
the potential for environmental filtering and species sorting
(Leibold et al., 2004). By contrast, El Niño flood events increased
similarity of species composition and environmental conditions
among patches (Thomaz et al., 2007). These events may have
prevented communities from reaching equilibrium states with
local environmental conditions (e.g., Thomaz et al., 2007) and
created non-equilibrium metacommunities that do not match
any of the four paradigms suggested by Leibold et al. (2004).

Likewise, severe flooding in El Niño years made the effects of
dispersal stronger than the effects of environmental filtering, and
dispersal was the main metacommunity structuring mechanism
(Pineda et al., 2019). In marine benthic communities in Chile,
El Niño events increased dispersal and mass effects, and also
augmented differences in species composition among local
communities because many environmental effects of El Niño
were localized (Camus, 2008). Overall, ENSO events can increase
or decrease dispersal, potentially with opposite events in El Niño
and La Niña years. Such effects may extend to other climate
indices, since Jeffries (2005) found that interannual variation in
dispersal of a Daphnia species was associated with year-to-year
variation in NAO.

ENSO and NAO events are important factors in global climate
anomalies (Fraedrich and Müller, 1992; Diaz et al., 2001; Jeffries,
2005) that have the potential to act as environmental filters. In
the one metacommunity study of environmental filtering, Pineda
et al. (2019) partitioned diversity of phytoplankton, ciliates and
zooplankton in lakes in a subtropical river system and found
varied effects for environmental filtering for different taxonomic
groups. For phytoplankton and zooplankton, correlations of
environmental variables with species richness and diversity
indices were indicative of environmental filtering. However, these
environmental filtering effects were not statistically significant for
ciliates for unclear reasons. Hence, there is a suggestion that El
Niño and La Niña events relate to differences in environmental
filtering for some, but not all taxa.

A few studies have documented effects of ENSO or NAO that
translate directly to the role of species interactions in structuring
metacommunities. The intertidal rocky invertebrate study of
Camus (2008) targeted prey species of consumers through
gut content analyses, showing changes in species interactions
through predation in addition to the changes in dispersal and
environmental filtering discussed above. In fishes in the Baltic
Sea, winter values of NAO and the Baltic Sea Index (another
climate index) were correlated with Atlantic cod recruitment,
and the system was modeled as a source-sink system with
a food web consisting of cod, herring, and sprat (Lindegren
et al., 2014). Higher cod numbers led to greater predation
on smaller fish species. In productive winters (higher NAO
and Baltic Sea Index values) source to sink dispersal was
stronger than in less productive winters (Lindegren et al., 2014).
Source-sink dynamics are closely related to mass effects and
one could expect periodic fluctuations in the strength of mass
effects in such a metacommunity, as well as temporal shifts in
the roles of species interactions and dispersal. In a terrestrial
system ENSO-associated interannual variation in rainfall altered
population dynamics, trophic interactions, and activity patterns
of organisms in ways that impact species interactions (Meserve
et al., 2003). High rainfall associated with ENSO events in a
semiarid thorn scrub community in Chile led to strong bottom-
up increase in plants and animals with overall greater importance
of biotic interactions in these wet years (Meserve et al., 2003).
However, how changes to species interactions facilitated by
multi-year climate fluctuations influence temporal patterns of
metacommunity structure is not well-documented. Beyond such
specific examples, warm periods associated with ENSO events or
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TABLE 2 | Empirical examples linking temporal drivers of metacommunity structure (disturbance, seasonality, multi-year temporal dynamics, and dormancy) to biological
processes of dispersal (“Disp.”), environmental filtering (“Env. Filt.”), and species interactions (“Sp. Int.”) that influence metacommunity structure.

Temporal driver Total studies Biological process Metacommunity context

Disp. Env. Filt. Sp. Int.

Seasonality 9 7 6 3 9
Disturbance 7 5 6 0 5
Multi-year temporal dynamics 4 3 3 2 3

Metacommunity context is the number of studies placed in a metacommunity context by using the word metacommunity (or metacommunities). Only studies that looked
at entire assemblages (or communities) are included in the table, which are listed in more detail in Supplementary Table S1. Studies that looked at multiple, potentially
interacting species, or single species and illustrate potential mechanisms of relevance are included in Supplementary Table S1. The table includes both studies in
which authors applied a metacommunity framework of analysis to test for changes in metacommunity structures over time, and studies in which potential temporal
metacommunity effects can be inferred. Dormancy is omitted from the table because we found no published studies that were at a species assemblage (community)
level.

correlated with NAO are expected to lead to increased predation
through changes in activity of poikilothermic organisms (e.g.,
Tylianakis et al., 2008).

Anthropogenic Global Change, Multi-Year Temporal
Dynamics and Metacommunities
Both empirical observations of climate warming during the
last 50 years (Zhang et al., 2008) and simulations of climate
models project that anthropogenic climate change could produce
systematic increases in ENSO strength over many land regions
(Fasullo et al., 2018). These increases are expected to heighten
interannual variability in the extremes of regional temperature
and increase wildfire frequency (Fasullo et al., 2018). The
most obvious effect of increased climate forcing is expected
to be greater synchronization of community dynamics across
space, which can affect metacommunity persistence in theoretical
models (e.g., Gouhier et al., 2010). The extent of environmental
forcing and resultant environmental filtering could also affect
the occurrence of some species (e.g., Thompson et al., 2020).
The effect of shifts in multi-year climate cycles on species
interactions is harder to predict. If climatic anomalies result in
excess resource availability, one could predict rapid increases
in local species diversity and abundance, which could produce
large temporary increases in the amount of dispersal because of
more individuals being present to disperse (density-independent
dispersal) and/or density-dependent emigration (Eveleigh et al.,
2007). Beyond this, the effects of climate-change driven
alteration of ENSO and NAO on the temporal dynamics of
metacommunities are unknown.

Dormancy and Dispersal
Dormancy, by allowing species to survive through periods with
environmentally unfavorable or low-resource conditions, creates
an alternative mechanism to dispersal by which species diversity
can be maintained (McPeek and Kalisz, 1998). Consequently,
dormancy may limit the roles of environmental filtering and
species interactions in metacommunity dynamics. However, if
species emerge from dormancy when conditions differ from
those they have evolved to tolerate, environmental filtering could
increase. Hence, two important questions about the relevance of
temporal dynamics to metacommunities are whether community
members have dormant life stages (is dormancy possible?),
and whether suitable habitat patches are at fixed locations (is

dispersal required for survival? McPeek and Kalisz, 1998). Fixed
locations would permit non-dispersive life-stages to survive
within a location. This would obviate the need for dispersal as
a mechanism to maintain diversity and may permit species to
be dormant during periods of environmental stress (reducing
filtering) or intense competition or predation (limiting the role
of species interactions). The temporal storage effect provides a
mechanism for such maintenance of diversity (Chesson, 1994).
In contrast, suitable patches that are ephemeral in both time
and space would create a need for dispersal among temporary
ecosystems. If dispersal is necessary, relevant metacommunity
structuring mechanisms include not only dispersal but also
environmental filtering and species interactions, which may limit
patch colonization following local extinction.

Empirical Evidence
There is some empirical evidence for the importance of
dormancy vs. dispersal in species occurrence, but it is limited
to a few species. For instance, Alexander et al. (2012) studied
the importance of local persistence through dormancy vs.
regional dispersal in plants. They found that Silene latifolia seed
dispersal and landscape connectivity were correlated with local
colonization of S. latifolia, which lacks seed banks. However,
Helianthus annuus has dormant seeds and its abundance was
predicted by local factors such as previous-year local recruitment
and local seed-bank size, but not seed dispersal (Alexander et al.,
2012); hence in H. annuus, the presence of dormant propagules
was the primary determinant of distribution and abundance,
above and beyond dispersal and environmental filtering. Scaling
up to whole metacommunities, there are expected to be negative
correlations between dormancy and dispersal, which therefore
trade-off in their importance in adding to species diversity.
Dispersal often involves costs and risks, which may select against
dispersal. There are costs of developing structures that facilitate
dispersal (e.g., winged or fluffy seeds) and risks of mortality or
energetic costs during dispersal and of failure to establish in new
sites (Bonte et al., 2012). Reality is a bit more complex than this
theoretical expectation, and correlations between dormancy and
dispersal are often weak or more complex than hypothesized
(Buoro and Carlson, 2014).

Wisnoski et al. (2019) explicitly modeled the effects of
including dormant propagules into metacommunities.
They took a simple model of competitive metacommunities
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(Shoemaker and Melbourne, 2016) that could represent each of
the common metacommunity types (Leibold et al., 2004) and
modified it to include transitions in and out of a seed bank. As
expected (Bonte et al., 2012; Buoro and Carlson, 2014), when
there was a negative dormancy-dispersal correlation, disturbance
increased the importance of dormancy in maintaining species
diversity (Wisnoski et al., 2019). Other forms of temporal
environmental variation beyond disturbance could act in a
similar way, and one would expect different species to be active
depending on the prevailing environmental conditions. Some
conditions promote the emergence of species from seed banks,
while others favor species that persist by dispersal (Bonte et al.,
2012; Buoro and Carlson, 2014). Therefore, the contribution of
dormancy or dispersal to the maintenance of species diversity
is expected to negatively covary through time. Conversely,
when there is a positive dispersal-dormancy correlation, such
as when habitats change rapidly across space and time (Buoro
and Carlson, 2014), both dormancy and dispersal contribute
to species diversity over relevant periods of time (Wisnoski
et al., 2019). In general, positive dormancy-dispersal correlations
homogenize species distributions across space. Under these
circumstances there would be a breakdown of environmental
filtering and species interactions structuring metacommunities
and, similarly, a decrease in species sorting and mass effects.
Dormancy and dispersal could then potentially contribute to
diversity, though the fate of species emerging from dormancy
would depend on environmental conditions (environmental
filtering). Further, the effects of species interactions could be
enhanced by elevated local species diversity resulting from the
confluence of immigration by dispersing species and emergence
of species from dormancy. Overall, dormant propagules and
the direction of dormancy-dispersal correlations alter the
extent to which dormancy and dispersal each contribute to
metacommunity diversity (Wisnoski et al., 2019). Much remains
to explore about such complex effects of the combination of
dormancy and dispersal in metacommunities subject to temporal
environmental variation.

Anthropogenic Global Change, Dormancy and
Dispersal, and Metacommunities
Whether the storage effect as a coexistence mechanism is
maintained under climate change is expected to depend on
whether or not climate change affects the entire community
equally (Rudolf, 2019; Wisnoski et al., 2019). If competing
species respond differently to changing weather conditions,
then increased variation in environmental conditions due to
climate change could promote local coexistence and enhance
metacommunity diversity (Rudolf, 2019). If species respond
similarly to changing environmental conditions, there may be
a loss of local and regional metacommunity diversity through
various mechanisms: increased competition due to more species
simultaneously consuming resources (Rudolf, 2019); reduced
effects of dispersal because populations are similar across space,
and mixing homogeneous populations through dispersal has
less effect than mixing heterogeneous populations (Wisnoski
et al., 2019); and, enhanced environmental filtering if dormant
propagules emerge at times when the environment is adverse

due to the environmental variability associated with climate
change. These mechanisms of biodiversity loss might involve
changes in phenology (e.g., Snyder and Adler, 2011), seasonality,
or year-to-year differences in activity such as those related to
multi-annual climate cycles. Snyder and Adler (2011) suggest that
shifts in the germination time in competing plants are a result of
climatic shifts in seasonal temperatures that amplify competition.
Likewise, Ooi (2012) suggested that seedbanks may become more
important because of increased fire frequency under climate
change. However, it is also possible that if multiple species shift in
the same ways in response to climate change there could be a loss
of the role of dormancy and long-lived individuals in buffering
populations. This would either reduce overall metacommunity
diversity because of stronger environmental filtering and species
interactions and/or increase the reliance of surviving species
on dispersal.

DISCUSSION

In their original conception, metacommunities were treated
as static where populations colonize and go extinct, but
the habitat and environment does not vary (Leibold et al.,
2004; Holyoak et al., 2005). However, we have demonstrated
that metacommunities experience wide-ranging variation
across multiple temporal scales that can have broad effects
on metacommunity structure. Temporal drivers such as
disturbance, seasonality, multi-year dynamics like ENSO and
NAO, and dormancy alter the relative importance, strength,
and interactions among the biological processes of dispersal,
environmental filtering, and species interactions (Table 1). A few
patterns are apparent in Table 2. Although our literature survey
found six studies of species assemblages in metacommunities
subject to disturbance, none of them studied or identified the
effects of disturbance on species interactions (compared to 3 of 9
studies on seasonality, and 2 of 4 studies on ENSO or NAO). This
is surprising given that species interactions are central to one of
the most widely cited ideas about the effects of disturbance on
species diversity, the intermediate disturbance hypothesis, which
proposes that disturbance will prevent dominant competitors
from establishing in all habitat patches. The low frequency of
metacommunity studies focusing on the effects of disturbance
on species interactions likely reflects that species interactions
are difficult to quantify, especially in short post-disturbance
periods. Conversely, dispersal and environmental filtering were
frequently identified in species assemblage (community-level)
studies of metacommunities subject to temporal dynamics
including disturbance, seasonality and multi-year climate
fluctuations (Table 2). This finding aligns with the expectation
that both dispersal and environmental filtering are central to
metacommunity dynamics, as reflected in the metacommunity
paradigms of Leibold et al. (2004).

Overall, we located few empirical studies on metacommunities
and temporal dynamics that drew explicit connections to
dispersal, environmental filtering, and/or species interactions.
We identified nine studies of whole assemblages in
metacommunities for the temporal dynamics of disturbance,
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nine for seasonality, nine for multi-annual climate fluctuations,
and none for the effects of dormancy vs. dispersal (Table 2).
Of the studies that focused on assemblages of species in
metacommunities subject to the focal types of temporal
dynamics, the majority analyzed small-bodied, easily-
manipulated, and typically aquatic organisms including algae
(1 study), bacteria (1 study), insects (1), macroinvertebrates (9),
protists (6), rotifers (4), and zooplankton (1) (Supplementary
Table S1). This selectivity broadly parallels studies of
metacommunities in general that did not look at temporal
dynamics (Logue et al., 2011). Beyond this, only two papers
addressed small mammals, one addressed fishes, and one
addressed plants. Therefore, studies focusing on more long-
lived and larger organisms are needed. Fourteen studies were
conducted in freshwater systems, three in marine and five
in terrestrial systems. Accordingly, freshwater studies were
disproportionately represented (Supplementary Table S1).
Terrestrial systems included grasslands, and tropical, temperate,
and boreal forests. The distribution of studies across geographical
regions generally followed well-known patterns for ecological
studies: 7 studies in N America, 6 studies in Europe, 5 studies
in S and Central America, 1 study in Asia, and 2 studies in
Oceania. Surprisingly, no studies were conducted in Australia or
New Zealand and only one took place in Asia (Supplementary
Table S1). The only study we located that was relevant to
dormancy vs. dispersal focused on the autecology two single
plant species in N America and was not specifically conducted in
a metacommunity context.

Implications for the Conservation and
Management of Metacommunities
Global modification of habitat caused by climate change and
anthropogenic disturbance influences species at both local and
regional scales. The metacommunity approach can enhance
understanding of species persistence under anthropogenic global
change by linking community interactions within patches to
regional dispersal (Gilbert and O’Connor, 2013). Climate change
is expected to intensify the frequency and severity of disturbance
regimes (Seidl et al., 2011; Millar and Stephenson, 2015), increase
the variability of seasonal events (Von Holle et al., 2010; Feng
et al., 2013), and enhance temporal variability in ENSO and
NAO (Fasullo et al., 2018). The effects of climate change on
coexistence in metacommunities with dormant propagules are
expected to vary depending on the extent to which species are
correlated in their responses to global environmental change
(Rudolf, 2019; Wisnoski et al., 2019). When coupled with
anthropogenic modifications to the landscape, these effects of
climate change further complicate the ability of researchers to
define, predict, and manage patterns of temporal dynamism
in metacommunities. Given this uncertainty, the challenge of
incorporating metacommunity dynamics into a framework for
management in the face of global change is one of the largest faced
by ecologists (Urban et al., 2012; Gilbert and O’Connor, 2013).

Understanding of spatial and temporal variation in
metacommunities provides insights into strategies for invasive
species management. The increased reliance on dispersal after a

disturbance combined with the propensity for invasive species
to be strong dispersers (Sakai et al., 2001) indicates that lax
management of invasive species will be unsuccessful in disturbed
ecosystems. However, although efforts to constrain dispersal
may help limit invasions, the importance of dispersal for
metacommunity persistence in frequently disturbed systems
suggests that restricting dispersal may be detrimental to the
metacommunity, especially if dispersal among patches (e.g.,
through corridors) is critical for maintaining metacommunity
diversity (Östman et al., 2006). Better understanding of how
disturbance theory and metacommunity theory intersect may
help guide corridor construction that promotes metacommunity
persistence while managing for invasive species. Species
invasions may also be influenced by the timing of seasonal
activity (Wainwright et al., 2012) and have the potential to
alter otherwise predictable temporal patterns in metacommunity
structure (Erős et al., 2014). Both insights suggest that phenology,
and therefore the temporal dynamics of metacommunities, are
important factors to consider for the development of successful
restoration strategies and invasive species management.
Temporal dynamics also point to the need to consider the
presence of dormant or long-lived life stages as traits that
are relevant to management strategies. For example, being
long-lived or having a seed bank might allow species to become
successful invaders, as these individuals may be less vulnerable
to stochasticity and better able to cope in novel environments
(Sol et al., 2012). Ultimately, where invasive species management
is particularly important, better management practices may be
developed through the integration of insights learned from the
study of metacommunity spatiotemporal dynamics.

Understanding if dispersal or dormancy are required for
species coexistence and how they contribute to species diversity
is potentially of great importance to conservation (McPeek
and Kalisz, 1998). If high temporal predictability is coupled
with habitat heterogeneity (low spatial autocorrelation) dispersal
is favored over dormancy, whereas high spatial predictability
but low temporal predictability favors dormancy over dispersal
(Buoro and Carlson, 2014). Such insights are relevant to the
construction of permanent (fixed-location) nature reserves,
which may favor species exhibiting dormancy traits that can
buffer against temporally variable conditions. However, where
long-lived individuals have been disproportionately removed,
such as the overfishing of older individuals, the buffering effect
they provide against temporally variable conditions may be lost
(Buoro and Carlson, 2014), and populations may become more
vulnerable to large fluctuations and local extinction. In this
way, such systems might necessarily switch to become more
dependent on dispersal, and trophic interactions (e.g., bycatch)
may extend well beyond the target species of fisheries or other
harvesting schemes.

Finally, regular seasonal variation in dispersal, environmental
filtering, and species interactions underlines the necessity to
conduct surveys in all seasons, rather than assuming that the
structure observed and management decisions made during
one period are applicable to future periods. Recognition that
temporal variation in dispersal, environmental filtering, and
species interactions exists could improve the accuracy of
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biomonitoring methods and help guide effective ecosystem
management strategies (Cid et al., 2020). Additionally, long-
term dynamics such as ENSO and NAO are known to alter
metacommunity structure, but the implications of these changes
for conservation are unknown because existing studies typically
present correlational rather than causational evidence. However,
managers should still be aware that conservation strategies may
have different impacts along climatic indexes.

Future Research Needs
We have focused on metacommunities at the mesoscale,
conceptualizing metacommunities as dynamically fluctuating
around some kind of equilibrium set by dispersal, environmental
filtering, and species interactions. Indeed, plant metacommunity
structure in an English woodland was the same at two points
in time, seven decades apart (Keith et al., 2011). However, over
longer timescales, metacommunities may not be characterized by
such an equilibrial view and may be on a continuous trajectory
of change. For example, metacommunities may be undergoing
systematic decline (e.g., slow-acting extinction debt that cannot
be easily measured in an empirical study) – after all, all
species do go extinct eventually. Conversely, metacommunities
may be expanding and growing as species continue to spread
geographically since the last glacial period, or because of
increased primary productivity from anthropogenic fertilization.
Just as there are both short-term population studies that
investigate demographic processes and long-term studies of
population trends, one could envisage short-term studies of
metacommunities at the mesoscale and long-term studies
as more extensive metacommunity datasets become available.
For example, disturbance and seasonality create short-term
fluctuations in the structure of metacommunities, but these
drivers may operate within multi-year climate cycles and occur
in tandem with the removal or emergence of dormant propagules
over multi-year periods. This overlap in temporal drivers can
shape the trajectory of metacommunities over time in complex
ways through synergistic interaction or time-lags (Blanchard
et al., 2020). Accordingly, metacommunities are not structurally
static at any time scale, but long-term datasets may be required
for dynamic patterns to emerge.

There is also a need for models that explicitly include temporal
dynamics and evaluate the emergent types of metacommunity
dynamics. The framework of dispersal, environmental filtering,
and species interactions, or similar axes adopted by Thompson
et al. (2020), offers a promising approach for the evaluation of
metacommunity structuring mechanisms, with a few caveats.
Certainly, the use of the traditional metacommunity paradigms
(Leibold et al., 2004) to categorize empirical and model systems
can be problematic, as many of these systems do not neatly fit
the archetypal types (e.g., Logue et al., 2011; Brown et al., 2017).
However, these paradigms do capture both interactions among
dispersal and environmental filtering and among dispersal and
species interactions in mass effects that could easily be overlooked
if we did not use the traditional paradigms. Further, interspecific
or individual variation such as competition-colonization trade-
offs are essential for patch dynamics, and they could also be
passed over by only considering mean or variance of dispersal

per species or modeling using dispersal kernels. Studies such
as Wisnoski et al. (2019) stand out in reviewing the effect
of combining dormancy and dispersal on metacommunity
dynamics and structuring mechanisms.

Most work to date investigating the temporal dynamics of
metacommunities is theoretical or focuses on invertebrates and
protists in highly dynamic aquatic systems (e.g., intermittent
rivers, tidal zones). This is especially prevalent in studies that
examine the temporal drivers of disturbance and seasonality.
Future research that explicitly tests metacommunity organization
at different points in time is needed in various taxa, especially
large, terrestrial species (Table 3). Further, investigation focusing
on these taxonomic groups should explore how temporal changes
in species’ physiology (e.g., metabolic rate; Scantlebury et al.,
2005; Chamane and Downs, 2009; Lang et al., 2012; McClune
et al., 2015) and behavior (e.g., migration, foraging; Ben-
David et al., 1997; Schmidt et al., 2008; Davidson et al., 2013)
influence metacommunity organization. Additionally, empirical
study in more systems will help address questions regarding the
generalizability of the temporal patterns identified in simpler,
aquatic systems.

While many studies identifying temporal variation in
metacommunity structure highlight the biological processes of
environmental filtering and dispersal, far fewer explicitly test and
quantify the importance of species interactions (Supplementary
Table S1). However, metacommunity assembly may be primarily
driven by biotic interactions (García-Girón et al., 2020). How
disturbance may change the importance of species interactions
is unknown. Though seasonality is known to alter competition
and predation, few studies extend these ideas to quantify
structural changes in metacommunities in different seasons
(Supplementary Table S1). Further, though facilitation and
positive interactions can be important in community assembly
(Bruno et al., 2003), they have not typically been included in
metacommunity studies (Biswas and Wagner, 2012; but see
Hoopes et al., 2005).

Despite mounting evidence that human activity affects both
local and regional processes, few studies have attempted to apply
metacommunity theory to human-modified landscapes (but see
Swan et al., 2011; Johnson et al., 2013), especially in terrestrial
systems. Urbanization frequently fragments habitat and impedes
connectivity (McKinney, 2002), and, accordingly, theory predicts
that dispersal and mass-effects may be especially relevant in
human-modified landscapes (Parris, 2006; Johnson et al., 2013).
Cities may act as an environmental filter (Swan et al., 2011),
eliminating some species (e.g., apex predators) with potential
cascading effects on species interactions, but, within a city,
successful species may be buffered from environmental extremes
(Rodewald and Gehrt, 2014). Accordingly, the environmental
conditions associated with seasonal variability may become
more subdued and temporal homogenization of metacommunity
structure in urban ecosystems may be possible. Alternatively,
highly seasonal human behavior exhibited by urban residents
(e.g., pesticide use, water use, etc.) may reinstate temporal
fluctuations, but these fluctuations would be moderated by
anthropogenic activity, therefore linking socioeconomic patterns
and processes to ecological theory. Much remains unknown,
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TABLE 3 | Suggested future work to advance thinking about the effects of temporal dynamics on metacommunities.

Temporal driver Direction for future research Suggested research questions

Disturbance Explore disturbance and metacommunities in
terrestrial, complex systems

• Most work to date has been theoretical or in aquatic protists and invertebrates. Are similar
patterns found in other taxa, biomes, and regions?

• How does the relative importance of metacommunity structuring processes change with
time since disturbance?

Distinguish between frequency and intensity of
disturbance

• How do different severities of disturbance (e.g., loss of some vs. all individuals in a local
patch) change metacommunity structure?

Species interactions • Does disturbance change the importance of species interactions?

Human-induced rapid environmental change
(Sih et al., 2011)

• How might the importance of dispersal and environmental filtering differ in urban
environments?

Seasonality Explore seasonality and metacommunities in
terrestrial, complex systems

• Is seasonal variation in environmental filtering and dispersal widespread outside of
intermittent aquatic systems?

Species interactions • How do positive interactions and facilitation influence metacommunity organization over
time and space?

Migration • Does the presence of seasonal migration result in cyclical patterns in metacommunity
structure?

Human-induced rapid environmental change • How do seasonal patterns in human activity (e.g., pollution, water-use) disrupt seasonal
variation in metacommunity structuring mechanisms and dynamics?

• How do climate change-induced mismatches among interacting species and their
environments affect patterns of temporal variation in metacommunity structure, and are
these effects generalizable?

• How do disruptions to the predictability or severity of seasons caused by climate change
influence the temporal dynamics of metacommunities?

Multi-year temporal
dynamics

Human-induced rapid environmental change
(Sih et al., 2011)

• How do multi-year climate cycles such as ENSO events influence temporal variation in
metacommunity structuring mechanisms and dynamics?

• For how long after their occurrence do El Niño and La Niña events effect local and regional
metacommunity dynamics?

• Beyond increased synchronization of community dynamics across space, what are the
effects of climate-change driven alteration of ENSO and NAO on the temporal dynamics of
metacommunities and metacommunity structuring mechanisms?

Dormancy Empirical research on metacommunities • What are the effects of manipulating the presence of dormant propagules vs. dispersal on
local and regional dynamics in metacommunities?

Management of metacommunities • How will having fixed location nature reserves increase the frequency of or select for species
with dormant propagules at the expense of gene flow?

and further empirical study is needed to bridge metacommunity
theory and urbanization research (Table 3).

Finally, global climate change requires scientists to consider
how climate impacts on both local and regional dynamics
synergistically interact to affect metacommunity persistence
(Table 3). Metacommunity theory has been conceptualized
without the explicit consideration of changing climate.
Acknowledging how temporal drivers such as disturbance,
seasonality, multi-year climate fluctuations, and dormancy
influence the spatiotemporal dynamics of metacommunities
is an important first step to add ecological realism to
simplified theory. However, global climate change presents
an immense challenge to our ability to extrapolate findings
on the spatiotemporal dynamics of metacommunities in a
contemporary context. The insights that metacommunity
theory has provided on the consistency and patterns of
temporal variation in metacommunity structure may not be
relevant in a world defined by global climate change. We have
suggested various ways in which a changing global climate
has the propensity to disrupt predictions about the temporal
dynamics of metacommunities – but what exactly these dynamic
changes look like is a critical yet unanswered question for the
conservation of metacommunities globally.
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