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some combination of these forces. Here, we define the combined effect of all local-scale deterministic processes
(e.g., interspecific interactions driving biotic sorting, and environmental sorting) on community composition in a given
habitat as that habitat's “local sorting strength.” This and other important definitions are organized in Table 1.

A concept central to metacommunity theory is that local scale processes may be constrained by regional scale pro-
cesses and thus local communities may not simply reflect local processes (Patrick & Swan, 2011; Poff, 1997). The relation-
ship between the relative effects of local sorting and dispersal is expected to be unimodal (Figure 1a). When the number
of immigrants colonizing a habitat is very high resulting from source-sink dynamics, local-scale processes such as preda-
tion, competition, and abiotic environmental sorting may be less important in explaining local community composition
than the identity of the colonizing immigrants (e.g., a mass effects assembly process). Conversely, at very low dispersal,
demographic stochasticity is expected to be more important than interspecific interactions (Leibold et al., 2004). Further-
more, at low dispersal, well established inferior competitors may maintain populations in sub-optimal sites due to lack of
competition, causing local communities to fail to match environmental conditions and remain in a state of disequilib-
rium, while also allowing regional coexistence and, thus, higher � -richness. For example, Patrick and Swan (2011)
observed that spatially isolated streams that had experienced major anthropogenic disturbance did not recover original,
diverse benthic communities even decades after water quality conditions had improved, presumably due to lack of
recolonization. At intermediate levels of dispersal, the local community composition is expected to closely match local
conditions. One general hypothesis for streams and rivers is that the importance of local sorting, particularly for passive
in-network dispersers, declines with downstream position because connectivity and associated propagule pressure
increases, leading to mass effects, while environmental conditions simultaneously become more moderate and exert less
selective pressure as stream size increases (Brown & Swan, 2010; Swan & Brown, 2014; Tonkin et al., 2018).

Applied ecologists working in riverine ecosystems are well positioned to incorporate metacommunity theory into man-
agement actions because the types of data needed are, in many cases, already being collected. Analyses to quantify the
drivers of metacommunity structure and temporal dynamics require spatially explicit species composition and environmen-
tal data from multiple communities. For example, one commonly used statistical analysis is variation partitioning, which is
used to estimate the degree to which local environmental effects versus regional dispersal-driven effects account for observed
patterns of community assembly (Legendre et al., 2005; Legendre & Legendre, 2012). The wealth of large-scale riverine bio-
monitoring datasets collected by local, state, and federal agencies (Carlisle et al., 2010) is ideal for metacommunity analyses
(Hampton et al., 2013). As a result, the literature on metacommunity dynamics of streams and rivers encompasses a dispro-
portionately large proportion of published metacommunity studies (Tornwall et al., 2015). Leveraging available data with
these methods allows investigators to draw inferences about the spatial distribution and the importance of dispersal in shap-
ing community assembly across landscapes, opening the door to many management applications.

3 | MANAGEMENT APPLICATIONS

In this section, we highlight opportunities where metacommunity theory can be used by applied ecologists and manage-
ment professionals seeking to enhance the tools currently available in the field of river management. We focus on the
specific areas of biomonitoring, restoration, conservation, and invasive species management, as these encompass
the majority of management activities. The concepts we describe are encapsulated in a holistic conceptual diagram
(Figure 1). We also provide an analysis of biomonitoring data as a case study for how these ideas may be applied. Where
possible, we provide concrete suggestions for applications, and where knowledge gaps persist, we identify future areas
of study we believe may be fruitful. These suggestions and research needs are summarized in Table 2. Our recommen-
dations provide an expanded set of management strategies that capture both local and regional influences on
metacommunity dynamics.

3.1 | Biomonitoring

In biological assessments, inferences regarding ecological status are based on ecological quality indices that reflect the
magnitude of departure of observed communities from those expected to occur under reference (baseline) conditions
(Hawkins et al., 2010). The utility of biological assessments depends on how accurately and precisely assemblage com-
position expected under reference conditions (or the values of derived assemblage-level metrics) can be predicted from
a combination of regional (e.g., climate, geology) and local factors (e.g., water chemistry, stream size,), and whether
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TABLE 1 Definitions

Category Term Definition

Biological organization Metacommunity A set of local communities that are linked by dispersal of multiple
interacting species

Community The individuals of all species that potentially interact within a habitat
at the local scale

Population All individuals of a single species within a habitat at the local scale

Spatial scale Local scale Scale corresponding to a single habitat capable of holding a community

Regional scale Scale corresponding to a large area containing multiple local habitats
and capable of supporting a metacommunity

Biogeographic scale Scale corresponding to area containing multiple regions, where
evolutionary processes driving patterns in diversity and composition
become easily recognizable

Theory Niche theory Conceptual framework organized around defining an organism's role in
an ecosystem and the factors that dictate whether an organism will
persist in an ecosystem

Metacommunity theory Conceptual framework that integrates the concepts within niche theory
with additional regional processes including habitat connectivity and
organism dispersal ability

Local and spatial processes Environmental sorting The process by which environmental conditions within a local scale
habitat prevent colonists from establishing local populations

Biotic sorting The process by which organisms present within a local scale habitat
influence whether colonists establish local populations via
interspecific interactions such as competition and predation

Local sorting The combined effects of environmental and biotic sorting occurring
within a local scale habitat. Also referred to as “niche selection”

Mass effects The process by which continual dispersal (immigration) of organisms
influences population abundance of species within a local scale
habitat. This process may offset local sorting processes, allowing
species to persist in habitats where they would otherwise be absent

Demographic stochasticity Random variation in the sizes of populations due to the discrete and
probabilistic nature of individual births, deaths, and dispersal
movements. Important in small populations, where population
variation can lead to extinctions that obscure local sorting processes

Metrics of community state Local control The state in which a community within a local scale habitat is
composed of species that reflect local environmental conditions

Disequilibrium The state in which a community within a local scale habitat is
composed of species that do not reflect local environmental
conditions

Sorting strength The relative strength of local sorting in a local scale habitat when
compared to other similar habitats

Spatial definitions Spatial context Comprehensive understanding of the multi-scale processes and
characteristics in a region, including but not limited to, connectivity,
network structure, dispersal, spatial patterns in local sorting strength,
community composition, and diversity

Connectivity Scale dependent measurement of potential for movement by species
among local habitats, considering mode of movement, distance to
travel, and ease of movement

Network centrality Measure of connectivity for a single local habitat, representing how
connected a local habitat is to other local habitats within network

Colonization Process by which populations become established at sites from which
they were previously absent
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assemblage composition changes in response to anthropogenic disturbance. Both of these requirements rely on the
assumption that local environmental and habitat conditions are the primary factors determining the specific taxa that
occur in each waterbody. The tighter the association between local sorting and assemblage composition, the more accu-
rately reference values can be predicted (Figure 1b). Prediction errors are often thought to be caused by failure to
include important local environmental predictors, inaccuracies in the modeling method used to make predictions, or
the inherent stochastic temporal variability of assemblage composition in natural ecosystems.

By contrast, metacommunity theory predicts that the underlying assumption of strong local sorting is only expected
to be true at intermediate levels of dispersal (Figure 1a). Therefore, measurements of dispersal or site connectivity can
help clarify both the sources and magnitudes of prediction error. For example, in sufficiently connected sites, strong
local sorting is expected to promote high predictability, whereas limited dispersal in poorly connected sites may reduce
the precision of predictions. Strong dispersal, including mass effects, may also decrease predictability, but the effect on
model precision is likely to be more variable (Ron et al., 2018; Vannette & Fukami, 2017) depending on how closely the
composition of the colonizing organisms match the predicted composition of the sink community. These predictions
are supported by a small but growing body of evidence. For example, recent analyses show that the precision of multi-
taxa distribution models used to predict the taxa expected to occur at a site under natural conditions is higher in

TABLE 1 (Continued)

Category Term Definition

Dispersal Movement of individuals from a site (emigration) to another
(immigration)

Regional species pool The species inhabiting a watershed or nearby watersheds in a region
that have the potential to colonize a local habitat

Statistical analysis terms Multivariate niche volume The volume in n-dimensional space occupied by the species in a
community at the time of sampling. A community with a large
volume is inferred to have more wide spread generalist species

Volume deviation The difference between the observed multivariate niche volume for a
community and that expected for the community based on random
community assembly from the regional species pool. Negative values
indicate that the community is experiencing environmental filtering,
reducing the volume relative to random assembly

Variation partitioning Statistical analysis designed to partition explainable variation in a
response variable into components (E, S, E-S) that can be attributed
to different predictors in isolation or in tandem. E is the proportion of
variation explained by the nonspatial environment. S is the
proportion of variation explained by spatial variation in the response
variable not shared by the measured environmental variables. E-S is
the proportion of variation explained by spatially structured
(nonrandom) environmental variation

Management terms Biomonitoring Performance of surveys of biological communities for the purposes of
assessing the health of the surveyed sites and/or the region in which
those sites occur

IBI Index of Biotic Integrity, an index developed to assess the health of a
local scale stream reach from the identity and numbers of the
resident species found there

Reference condition Criteria used for determining whether a habitat meets the definition of
a site in best available condition. May include both environmental
and community information. Is derived from data collected at
undisturbed, least disturbed, or best available habitat site

Ecological restoration The practice of manipulating an ecosystem to achieve management
goal such as returning to reference condition, restoring lost
ecosystem functions, or enhancing native biodiversity. Differentiated
from ecological engineering by an intent to enhance the ecological
condition of the system rather than solely benefit human user groups
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landscapes where waterbodies are more connected (Hawkins unpublished data). Model precision in more connected
landscapes is higher than that in less connected landscapes (Hawkins unpublished data). Consequently, for predictive
models developed for a large region, differences among sub-regions in connectivity could result in either type I or type

FIGURE 1 Conceptual diagram of the factors driving metacommunity dynamics and impacts on various aspects of stream and river

management. (a) Regional scale factors (dotted box, cream text boxes) affect connectivity among habitats, which interacts with dispersal

ability of resident organisms to influence the total amount of dispersal among habitats. Dispersal among habitats has a unimodal

relationship with local sorting strength, defined as the amount of variation in community composition that local environmental variables

can explain. Sorting strength is predicted to have positive relationships with b. biomonitoring precision (inset: electrofishing for aquatic life

uses assessment), c. restoration success (inset: examples of restoration projects changing channel morphology), and d. conservation success

(inset: individual enjoying ecosystem services provided by a healthy river). In contrast, local sorting is predicted to have a negative

relationship with e. habitat invasibility when regional processes are not considered (inset: examples of non-native taxa, rusty crayfish

(Orconectes rusticus) and western mosquitofish (Gambusia affinis). Arrow colors denote the sign of the expected relationship among factors

(red = negative, green = positive) with gradient arrow indicating nonlinear relationships. Inset graphs display the functional form of the

expected relationships
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