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Abstract

Accelerating the design and implementation of environmental flows (e-flows) is essential to curb the rapid, ongoing loss of freshwater
biodiversity and the benefits it provides to people. However, the effectiveness of e-flow programs may be limited by a singular focus on
ensuring adequate flow conditions at local sites, which overlooks the role of other ecological processes. Recent advances in metasystem
ecology have shown that biodiversity patterns and ecosystem functions across river networks result from the interplay of local (envi-
ronmental filtering and biotic interactions) and regional (dispersal) ecological processes. No guidelines currently exist to account for
these processes in designing e-flows. We address this gap by providing a step-by-step operational framework that outlines how e-flows
can be designed to conserve or restore metasystem dynamics. Our recommendations are relevant to diverse regulatory contexts and

can improve e-flow outcomes even in basins with limited in situ data.
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Rivers and streams contribute significantly to global biodiversity,
biogeochemical cycles, and human well-being and are concur-
rently among the most threatened ecosystems on Earth (Tickner
et al. 2020). To curb the decline of freshwater biodiversity and
the loss of benefits to people, environmental flows (e-flows) have
emerged globally as a central water resource management tool
(Arthington et al. 2018). E-flows are broadly defined as “the quan-
tity, timing, and quality of freshwater flows and levels necessary
to sustain aquatic ecosystems which, in turn, support human
cultures, economies, sustainable livelihoods, and well-being”
(Arthington et al. 2018). Accelerating the design and implementa-
tion of e-flows is recognized as a management and policy priority
to ensure ecologically sustainable water management both now
and into the future (Arthington et al. 2018, Tickner et al. 2020).
E-flow assessments have historically relied on ensuring mini-
mum instream flows for individual rivers below dams, but recent

decades have witnessed a shift to e-flow standards encompass-
ing multiple aspects of the flow regime and developed at the
regional scale rather than on a river-by-river basis (Poff et al.
2017). Nonetheless, regional e-flow planning remains focused on
species’ responses to the local flow regime, overlooking mounting
evidence that biodiversity and ecosystem functioningin river net-
works result from the interaction between ecological processes
at local to regional scales (Gounand et al. 2018, Poff 2018, Cid
et al. 2020, 2022). Standard e-flow prescriptions may therefore be
less effective, for example, when the population and community
dynamics within a river are strongly driven by regional processes
such as species dispersal. Local communities may not recover
following e-flow implementation if dispersal limitation due to
river fragmentation limits recolonization from source popula-
tions elsewhere in the river network (Brooks et al. 2011, Chester
et al. 2014). In such cases, adopting a metasystem perspective
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Box 1. Basics of metasystem theory.

The metasystem concept posits that landscape-scale variability in biodiversity and ecosystem functioning results from the interac-
tion of regional- and local-scale processes (Gounand et al. 2018, Cid et al. 2022). The regional structure of the physical landscape
regulates flows of materials, energy, and organisms among the subcomponents (e.g., sites, habitat patches) of a metasystem.
Each subcomponent is in turn characterized by local dynamics driven by abiotic conditions and biotic interactions. Local-scale
ecological processes (e.g., within a river reach) are influenced by ecological processes operating at the regional scale (e.g., across
multiple reaches in a river network or multiple basins) and vice versa, such that both scales require concurrent consideration to
understand metasystems. Metasystem dynamics exist across levels of biological organization from populations to ecosystems. A
metapopulation consists of multiple populations of a single species connected by dispersal (Hanski 1998). Such spatially structured
populations may form metacommunities, whereby a set of local communities are connected by the dispersal of multiple potentially
interacting species (Leibold et al. 2004). Finally, energy and materials, such as inorganic and organic matter or nutrients, also move
through metaecosystems in which patches exhibit heterogeneous ecosystem functions (Gounand et al. 2018).

From a metacommunity perspective, the distribution and abundance of species across the landscape are driven by three
mechanisms: trait-by-environment matching, dispersal, and stochastic ecological drift (Leibold and Chase 2017). These processes
are in turn influenced by three factors: habitat heterogeneity, connectivity, and scale (Leibold and Chase 2017).

Trait-by-environment matching operates when organisms differ in their fitness (e.g., growth rate) across gradients of abiotic and
biotic conditions (Leibold and Chase 2017). This is related to the concept of a species’ niche, incorporating both environmental
filtering (whereby the abiotic environment prevents the establishment or persistence of certain species) and the effects of biotic
interactions such as competition and predation. Dispersal refers to the movement of individuals from one site (emigration) to another
(immigration), which connects populations and communities (Leibold et al. 2004). Ecological drift describes the stochastic dynamics
of events such as births, deaths, immigration and emigration that lead to random changes in population sizes and, therefore,
species’ relative abundances (Vellend 2010). All three processes structure metacommunities simultaneously. Their interactions
and relative strength shape the diversity of species in space and time.

Variability within and among metacommunities is influenced by habitat heterogeneity and species identity. The relative strength
of trait-by-environment matching, dispersal, and ecological drift in driving the abundance and distribution of species varies
across patches, through time and among species (Leibold et al. 2022). System connectivity alters dispersal and ecological drift; low
connectivity can have similar effects to poor dispersal ability, limiting community diversity and ecosystem functioning (Leibold
and Chase 2017). Finally, the relative importance of metasystem processes and drivers varies across temporal and spatial scales.
For example, spatial scale influences the environmental gradients organisms experience and the patchiness of the environment,
whereas the connectivity of a metasystem, the dispersal ability of organisms, and ecological drift vary across both spatial and
temporal scales (Leibold and Chase 2017).
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Figure 1. Processes and factors driving the distribution and abundance of species in metacommunities (on the basis of Leibold and Chase 2017).
Rates of dispersal (arrow thickness) vary among habitat patches (circle size represents species or community abundance). Metacommunity
processes are modulated by heterogeneity in space and time (the circle colors represent habitat heterogeneity among sites linked by dispersal);
connectivity among sites, driven by habitat (e.g., continuous and dashed lines represent perennial and nonperennial river segments, respectively)
and instream barriers (e.g., dams, represented by triangular prisms, creating reservoirs); and scale.
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(see box 1 for background) that considers links between river
flows and diverse ecological processes across local and regional
scales could enhance the success of e-flow practices.

The potential for the metasystem perspective to strengthen
the management, conservation, and restoration of river networks

is increasingly recognized (Chase et al. 2020, Cid et al. 2020, 2022,
Patrick et al. 2021), and greater integration of advances in ecology,
including metacommunity ecology, into e-flow science has been
widely called for (Auerbach and Poff 2011, Poff 2018). However, a
framework to guide e-flow design from a metasystem perspective



and bridge the current gap between theory and practice remains
elusive. In this article, we discuss how metasystem concepts and
tools can be incorporated into the science and implementation of
e-flows. We first demonstrate how riverine metasystem processes
mediate ecological responses to flow alteration. We then provide
an operational framework for designing e-flows to conserve or
restore metasystem dynamics. Recognizing that the effectiveness
of e-flow programs can be limited by unexamined ecological
processes, our aim is to provide a conceptual basis and empirical
examples, and to discuss available tools with which researchers
and managers can broaden the set of ecological processes in-
tegrated into the design, implementation, and monitoring of
e-flow programs and, therefore, enhance the likelihood of positive
outcomes.

We focus predominantly on the metapopulation and meta-
community scales for the next generation of e-flow design (see
box 1 for definitions) but stress the need for future developments
in e-flow science to assess and protect metaecosystem dynamics
(Gounand et al. 2018) in river networks. In addition, we focus
strictly on the ecological benefits of e-flows but recognize the im-
portance of integrating sociocultural objectives into these efforts
(Anderson et al. 2019). Throughout, we illustrate the relevance of
adopting a metasystem perspective for e-flow programs using ex-
amples from freshwater conservation and restoration programs,
with a particular focus on the basin-wide e-flow program of the
Murray-Darling Basin (MDB; box 2).

Metasystem processes mediate ecological
responses to flow alteration and influence
environmental flow outcomes

E-flow design currently relies on the premise that local habitat
conditions, governed primarily by the flow regime, define the
distribution and abundance of species through environmental
filtering. Environmental filtering (see box 1, figure 1) implies that
resident species that are adapted to a local flow regime become
less abundant and less likely to persist at a site as flows increas-
ingly differ from the original flow regime (Poff et al. 1997). To
evaluate environmental filtering, e-flow assessments often rely on
flow—ecology relationships which relate ecological responses (e.g.,
abundance of a species, taxonomic richness, recruitment) across
sites or through time to various facets of the flow regime (e.g.,
figure 2; Poff et al. 2010, Freeman et al. 2022). However, metasys-
tem dynamics other than environmental filtering, such as biotic
interactions (as part of trait-by-environment matching; see box
1), dispersal, and ecological drift can cause ecological responses
to altered flow regimes to deviate from those expected in isolated
populations or communities. The influence of habitat hetero-
geneity, scale, and connectivity on these metasystem processes
can also strongly mediate the observed response of species to flow
alteration (box 1). Flow—ecology relationships and the resulting
e-flow prescriptions are always uncertain because of the inher-
ent complexity and stochasticity of ecosystems, but deviations
resulting from overlooked metasystem processes and influenc-
ing factors can further blur or bias standard assessments and
compromise the effectiveness of subsequent flow management.
Few programs monitor the outcomes of e-flow implementation
and even fewer investigate the processes behind these outcomes
(Souchon et al. 2008). In addition, e-flow recommendations
and post-implementation evaluations are rarely published in
accessible databases (Tonkin et al. 2014a). However, a few cases
are documented in which metasystem factors, such as limited

dispersal strength and connectivity (Reinfelds et al. 2010, Brooks
et al. 2011, Chester et al. 2014, Growns 2016), may have limited
the effectiveness of e-flow implementations. For example, Rein-
felds and colleagues (2010) found that historical e-flow releases
provided insufficient water depths for riffle passage by Australian
bass (Macquaria novemaculeata), a migratory fish, but that small
increases in flow releases could increase water depths and ef-
fectively promote connectivity. By contrast, targeted e-flows have
enabled fish movement in the MDB (Beesley et al. 2014, Koster
etal. 2017). Spring-summer freshes resulting from e-flow releases,
for example, supported spawning-related movements by golden
perch (Macquaria ambigua; Koster et al. 2017). Several instances
also exist in which biotic interactions altered species’ responses
to flow alteration (Stefferud et al. 2011, Gido and Propst 2012)
or to e-flow implementation (Marks et al. 2010) or where e-flow
implementations have proved more beneficial to nonnative than
to native species (Conallin et al. 2012). In Fossil Creek (Arizona,
United States), native fish abundance did not respond to e-flows
where nonnative fish were present, whereas a 50-fold increase in
abundance was observed where e-flows were combined with non-
native fish removal (Marks et al. 2010). Leveraging multi-objective
optimization models to design dam operation releases in the San
Juan River (United States), Chen and Olden (2017) concluded that
novel e-flow regimes could more efficiently benefit native species
while controlling nonnative species when compared with e-flows
designed to resemble historical flow conditions.

Below, we summarize how metacommunity processes, mod-
ulated by habitat heterogeneity, connectivity, and scale, may
influence e-flow outcomes, and we propose a set of solutions
(table 1) that we embed in an operational framework in the
following section. We focus on flow—ecology relationships, but
these considerations apply equally to hydraulic-habitat models,
which also emphasize local conditions (Lamouroux et al. 2017).

Trait-by-environment matching: Biotic
interactions

E-flow designs seldom explicitly account for biotic interactions,
but competitive, trophic, and host-commensal interactions can
modulate species’ responses to flow alteration at local and re-
gional scales (figure 4; Dewson et al. 2007, Bogan and Lytle 2011).
Flow alterations can directly or indirectly shift the outcomes
of competitive interactions, altering species’ abundance and
distribution. For example, the local extinction of competitors
following a shift from a perennial to an intermittent flow regime
was the likely cause of an 11-fold increase in the abundance of
two diving beetles in a desert stream (Bogan and Lytle 2011).

The widespread occurrence of nonnative species in freshwa-
ter systems can also interact with flow alterations and funda-
mentally change the abundance and spatial distribution of native
species (Ruhi et al. 2019), confounding flow—ecology relationships.
In some cases, flow alteration can facilitate the invasion and dom-
inance of nonnative species, which can be mitigated by e-flows.
For example, nonnative riparian Tamarix sp. shrubs have become
most dominant over native Populus deltoides in flow-regulated river
reaches of the southwestern United States (Merritt and Poff 2010),
but targeted e-flows could help to reverse this trend (Lytle et al.
2017). Equally, e-flow implementations that disregard the flow
preferences of nonnative species may have a net negative effect
on the ecological targets of conservation actions. For example,
e-flows designed to reduce the incidence of low-flow periods in
southern Victorian streams (Australia) benefitted nonnative trout
at the expense of the native fish roundhead galaxias (Galaxias
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Box 2. Existing e-flow program with a metasystem approach in the Murray-Darling Basin.

The Murray-Darling Basin (MDB) drains 1 million km? of southeastern Australia (figure 3), supports 40% of Australian agriculture
production and is home to more than 40 First Nations. The basin supports 50 native fish and 120 waterbird species (Murray-Darling
Basin Authority 2020a). Rivers across the basin are degraded by many anthropogenic stressors, including widespread overallocation
of water entitlements for irrigation. The Millennium Drought (1996-2011) was a turning point in Australian river management,
prompting the drafting of the Water Act (2007), which, in turn, established the Murray Darling Basin Authority (MDBA). Since 2012,
the MDBA has overseen the implementation of a plan for basin-wide coordination of water resource management (Australian
Government 2021). The Basin Plan establishes water diversion limits and e-flows objectives for each of the MDB’s subcatchments
and groundwater basins, depending on storage levels and weather conditions. Achieving the diversion limits entails the recovery
of approximately 15% of average total annual water withdrawals prior to the Plan. From 2014 to 2020, a total of 9510 x 10° cubic
meters of e-flows were delivered in the basin through 666 actions (Barbour et al. 2021b, figure 3).

The MDB e-flows program (MDBA 2020b, Barbour et al. 2021a, Commonwealth Environmental Water Office 2022) broadly aligns
with the metasystem approach and framework we present herein. First, the MDB Plan takes a basin-scale perspective. It relates
local outcomes of e-flow events to large-scale objectives and accounts for the interactions of various metacommunity processes
and influencing factors at local and regional scales (box 1). Second, the program covers multiple main ecological targets with
varying flow requirements: flow and connectivity, native fish, vegetation, and waterbirds (figure 3). Third, the program was founded
on an adaptive management approach with a strong e-flow Monitoring, Evaluation and Research Program (Flow-MER; Barbour
et al. 2021a), which collects spatially explicit data on hydrology, ecology and river—floodplain structure at sites across the basin,
including information on longitudinal and lateral connectivity and the dispersal of species. Finally, a variety of e-flow management
levers are spatially coordinated depending on the degree of regulation of rivers and management objectives.

Nonetheless, the coordination of e-flow allocations and monitoring across the basin may benefit from greater integration of
concepts and tools from the field of metacommunity ecology described in our framework. For example, although efforts exist to
understand the metapopulation dynamics of native fish and waterbirds, and multiple population and flow—ecology models have
been developed for the fish species of the MDB, spatially explicit models that account for the role of dispersal and biotic interactions
in structuring metapopulations and metacommunities are still largely missing (but see Stoffels et al. 2015 for an example). These
models could inform the prioritization of water allocations for recruitment in keystone sites while promoting connections that allow
fish to move among populations (see framework section). In addition, the expected outcomes of the program are mostly species and
area specific and do not yet incorporate basin-wide indices of biodiversity. Several of these limitations are slated to be addressed
through the Flow-MER program. The most recent evaluation and research plan outlines several projects that aim, for example, to
develop a multiscale approach to evaluate biodiversity, to further evaluate flow triggers for local and regional scale fish movement,
and to develop integrative models of interactions among species, basin-scale and multispecies responses (Barbour et al. 2021a).

anomalus, Leprieur et al. 2006). Finally, when flow alterations cause
aquatic habitats to shrink, biotic interactions tend to intensify, es-
pecially if partial streambed drying occurs. During drying, organ-
isms become confined to pools, amplifying predation and compe-
tition for declining food resources (Magoulick and Kobza 2003).

Dispersal

The relative strength of dispersal and local processes of environ-
mental filtering and biotic interactions influences the predictive
power of flow-ecology relationships. Both dispersal surplus and
dispersal deficit can decrease the precision of standard flow-
ecology relationships established through correlative studies
(figure 4). If dispersal among sites is high, source-sink or mass
effects may override local-scale processes (Leibold et al. 2004). In
cases of mass effects, species may occupy sites in which they are
inferior competitors or maladapted to local habitat conditions
if they can continuously immigrate from nearby source sites
where conditions are more favorable (Mouquet and Loreau 2003).
If dispersal is limited, species may be unable to track their
preferred abiotic conditions to access sites in which they would
exhibit high fitness or be superior competitors (Leibold et al.
2004). Similar to situations of high dispersal, some species may
persist in suboptimal sites, in this case because superior com-
petitors are unable to colonize and outcompete them owing to
dispersal limitation. For instance, an analysis of the relationships
between flow magnitude and fish species richness for large-river

specialists in the tributaries of the Missouri and Mississippi rivers
showed that flow magnitude alone underrepresented richness
in lower-flow sites accessible to dispersers and overrepresented
richness in isolated sites (Dunn and Paukert 2021). Low dispersal
is often thought to limit the success of local efforts to restore
physical habitat (Stoll et al. 2013, Tonkin et al. 2014b), water
quality (McManamay et al. 2016), and e-flows (Brooks et al. 2011).

The greatest ability to predict ecological responses to flow may
manifest in metacommunities with intermediate levels of disper-
sal and strong environmental filtering (i.e., species sorting; Leibold
etal. 2004). In such networks, species can disperse across the land-
scape into habitats in which environmental conditions maximize
their fitness but where the local communities are not swamped
by colonists from the regional species pool. Beyond accounting
for dispersal in flow—ecology relationships, the effectiveness of
e-flow programs could be improved by considering dispersal in
their overall design (see the framework in the next section).

Flow alteration can also affect dispersal. Changes in flow
regimes can either increase or decrease dispersal rates, depend-
ing on species traits and instream physical barriers with flow-
dependent passability (e.g., low-head dams, natural knickpoints).
Increases in discharge can boost dispersal by promoting instream
drift (Naman et al. 2016), inducing nonmigratory and upstream
migratory movement by fish (Taylor and Cooke 2012), increasing
the passability of instream barriers by drowning them out (Mar-
shall et al. 2021), enhancing the connectivity among river reaches
during low-flow periods (Rolls et al. 2012), or providing access
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Figure 2. Standard examples of empirical flow-ecology relationships
derived from monitoring data in the Murray-Darling Basin. Source: The
data are from Colloff and colleagues (2018). (a) For the native fish golden
perch (Macquaria ambigua), relationship between catch per unit effort
and extent of maximum inundation in each year from 1984 to 2003,
River Murray (South Australia), with line of best fit from linear
regression (R? = .571, p < .05); (b) for waterbirds, attempted breeding by
ibis (Threskiornis spp.) from 1978 to 2005, Lake Merreti (South Australia).
The lines show logistic model fits predicting breeding success from
maximum flow in the month of September.

to side channels and floodplain habitats if overbank flows occur
(Stoffels et al. 2016). If increases in discharge are accompanied by
high flow velocities, downstream hydraulic forces can reduce up-
stream dispersal or create velocity barriers, particularly in road
culverts (Warren and Pardew 1998). Lower discharge generally de-
creases connectivity and, therefore dispersal, particularly when
surface water is lost and the river network becomes fragmented,
although flow decline may also trigger dispersal away from
shrinking aquatic habitat (Rolls et al. 2012, Naman et al. 2016).

Beyond flow magnitude, the timing, duration, frequency, and
rate of change in flow events also affect dispersal. Fish migration
(Jonsson 1991), plant seed transport (Kehr et al. 2014), and insect
emergence and adult dispersal (Lytle 2003) may be synchronized
to coincide with (or avoid) flow events at specific times. An earlier
onset of drying, for instance, may prevent access to refuges (Hwan
and Carlson 2016), dispersal to spawning grounds (Scoppettone
et al. 2015), and emergence of the terrestrial adults of insects
with aquatic life stages (Drummond et al. 2015).

Ecological drift

Small and dispersal-limited populations and communities are
often more susceptible to demographic stochasticity, genetic drift,

and inbreeding, potentially reducing the effectiveness of standard
e-flow implementation to below what would be expected (Gido
etal. 2016). In isolated communities composed of few individuals,
ecological drift may override environmental filtering or alter
the outcome of competitive interactions driving community
composition (Ron et al. 2018, Siqueira et al. 2020). Flow-ecology
relationships may therefore be particularly uncertain when eco-
logical drift is dominant. In turn, flow alterations that isolate or
shrink populations put them at a greater risk of stochastic decline
and local extinction. Providing adequate local flow conditions
may be insufficient to sustain small, isolated populations (e.g., in
the MDB; Pavlova et al. 2017), such that a species may be driven to
local extinction unless flow management increases its dispersal
rates or is complemented with population augmentation (Ryman
and Laikre 1991) or barrier removal. Alternatively, naturally iso-
lated populations may have adapted to local habitat conditions,
resulting in population viability despite small numbers and
limited dispersal potential (Phillipsen and Lytle 2013). Even in
such situations, particularly when selection pressures are strong
and divergent across populations, the transferability of standard
flow-ecology relationships and the effectiveness of the resulting
e-flow management program may be limited by independent
evolution among local populations.

Controlling factors: Scale and heterogeneity

The effects of scale and spatiotemporal variation in the relative
strength of trait-by-environment matching, dispersal, and eco-
logical drift are important to recognize in e-flow assessments.
Flow—ecology relationships developed from data at small spa-
tial scales and in metacommunities from networks in which
habitat heterogeneity is low may be more uncertain than those
developed with sites spanning a greater extent and flow gradient
(figure 4; Colloff et al. 2018, Viana and Chase 2019). At large
scales that span river basins with separate regional species
pools, the transferability of relationships between species and
environmental factors may also be limited by biogeographic
barriers and recent speciation events (Heino et al. 2015). For
example, whereas flow—ecology relationships developed for fish
species exhibit as much transferability within as among river
basins in the southwestern United States (Chen and Olden 2018),
ecoregions are more effective than river classifications derived
from hydrology alone for explaining the variation in fish traits
across the United States (McManamay et al. 2015).

The mechanisms that shape riverine metacommunities vary
over time (box 1, figure 1; Datry et al. 2016, Sarremejane et al.
2017a, Perkin et al. 2021), so e-flows designed from snapshot or
seasonal ecological data may overlook important metacommu-
nity dynamics. For example, snapshot studies may not capture
the temporal synchronization of species and trait composition
across sites by flow alterations such as hydropeaking, which
increases the risk of population and community collapse (e.g.,
across the Colorado River Basin; Ruhi et al. 2018). Flow—ecology re-
lationships are often derived from data collected during only one
or two specific seasons rather than year-round—during summer
or fall in temperate regions when rivers are more easily wadable
(Harper et al. 2022, Morgan et al. 2022). Low-flow statistics are
often strong predictors of taxonomic community composition
and species’ abundances during these periods of strong environ-
mental filtering (Rolls et al. 2012, Arthington et al. 2014). However,
the roles of other flow events that promote connectivity (e.g., with
floodplains), flood disturbances, and community composition
following recolonization in intermittent reaches are often over-
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looked. Temporal variability particularly influences flow—ecology
relationships in dynamic river systems, including those with ex-
tensive nonperennial river reaches (Ruhi et al. 2017, Sarremejane
et al. 2017a). When a river stops flowing and dries, aquatic disper-
sal ceases, and the strength of environmental filtering and biotic
interactions increases in remaining wet habitats. When flow re-
sumes, dispersal and ecological drift then prevail until sufficient
colonists have reached previously dry patches and environmental
filtering regains dominance, provided intermediate dispersal (Da-
try et al. 2016, Sarremejane et al. 2017a). Sampling perennial sites
in river networks with nonperennial river reaches during low-
flow conditions may even yield counterintuitive results. In prairie
streams, for example, the abundance of stream fish was lower dur-
ing wet years compared with dry years in the same river reaches:
During dry years, individuals dispersed from intermittent to
perennial reaches at the onset of drying and returned to intermit-
tent reaches when flow returned (Hedden and Gido 2020). Smaller
upstream sites did not fit this pattern, potentially because of
limited connectivity. Greater consideration of intra- and interan-
nual flow variability is therefore required to capture the temporal
dynamism of lotic metacommunities when building flow-ecology
relationships.

Integrating a metasystem approach to
environmental flow design and
implementation: An operational framework

No e-flow implementation exists, to our knowledge, that explic-
itly aims to protect or restore metacommunities, and relatively
few implementations have targeted metapopulation dynamics (
box 2; e.g., Norton et al. 2010, Kendy et al. 2012, in the MDB). The
prerequisites for e-flow programs to more effectively maintain
or restore metasystem dynamics include focusing on preserving
multiple populations or communities, incorporating spatially
explicit biological and environmental information, and imple-
menting spatially explicit management of water flows. However,
achieving these requirements does not imply that e-flows main-
tain or restore metasystem dynamics. To do so, e-flow programs
must be explicitly tailored to this objective and must encompass
more factors than local abiotic conditions. Below, we propose
a framework to operationalize metasystem ecology in e-flow
programs, from program definition and e-flow design to imple-
mentation and monitoring (figure 5). Because e-flow programs
operate under uncertainty, and because adopting a metasystem
perspective adds another level of complexity to e-flow design, this
framework functions as an adaptive management cycle. Accord-
ingly, e-flow assessments function as near-term forecasts that
are iteratively improved through implementation, monitoring,
evaluation, and reporting (Webb et al. 2017, Dietze et al. 2018). In
developing the framework, we build on standard methodological
workflows for e-flow design (e.g., ELOHA; Poff et al. 2010) and
previous proposals for adopting a metacommunity perspective in
freshwater conservation and restoration (see in general, Bond and
Lake 2003, Rolls et al. 2018, Chase et al. 2020, Patrick et al. 2021,
Cid et al. 2022 and, specifically in riverine bioassessment, Cid et al.
2020). Our recommendations are also broadly consistent and
complementary with other recent conceptual e-flow frameworks,
such as the strictures and promoters framework by Lester and
colleagues (2020) and the climate-informed ecological resilience
principles and associated indicators proposed by Grantham and
colleagues (2019).

Define
Ecological target(s)

Once the overall objectives of an e-flow program have been
determined (King et al. 2015), the first step of this framework
is to select the ecological target for which to develop e-flow
recommendations and the associated indicators to monitor the
outcome of e-flow implementation. This selection should be made
as part of a participatory process involving diverse stakeholders
(Mussehl et al. 2022) and should reflect scientific, socioeconomic,
and cultural requirements (Finn and Jackson 2011, Anderson
et al. 2019). Possible ecological targets range from one or more
species (conservation targets such as the endangered Colorado
pikeminnow Ptychocheilus lucius, or a small suite of umbrella
species whose conservation is expected to benefit numerous
co-occurring species; Obester et al. 2022) to communities (e.g.,
macroinvertebrates, fish), and entire ecosystems (e.g., ecosystems
providing cultural value; First Nations Fisheries Council of British
Columbia 2020). Current e-flow programs are usually tailored to
one or a few species rather than to entire communities, species
assemblages, or ecosystems (Olden et al. 2014, Tonkin et al. 2021)
and to local rather than regional measures of biodiversity.

Careful selection of ecological targets is particularly important
for designer e-flow programs (Acreman et al. 2014), which tailor
flow regimes to specific ecosystem objectives, as opposed to
e-flow approaches that attempt to mimic a natural flow regime.
Designer e-flows that target only one or a few specific species risk
benefiting one ecosystem component at the expense of others
(Tonkin et al. 2021). From a metasystem perspective, even if two
ecological targets require the same local flow regimes, their dis-
persal ability, refuge use, and life cycle and seasonal movements
may differ. For example, the New Zealand fish Canterbury galax-
ias (Galaxias vulgaris) and upland bully (Gobiomorphus breviceps)
differ in their refuge use and, therefore, their flow needs: Both
species move upstream as flows decline prior to channel drying,
but bullies migrate from riffles to deeper runs whereas galaxiids
burrow into the moist substrate (Davey et al. 2006, Lake 2011).
Therefore, slow but long-term drying may be more detrimental
to galaxiids, whereas rapid drying would be more detrimental
to bullies, even if in the short term (Lake 2011). In general,
long-lived and less-mobile species are more sensitive to local flow
conditions whereas strong dispersers with life stages dependent
on multiple habitat types are more sensitive to impairment of
flow connectivity (Patrick et al. 2021). Beyond individual species,
the metapopulation dynamics and metacommunity structure
of different guilds (e.g., upstream versus mainstem fish species;
Ferreira et al. 2019) and organism types (fish versus macroinver-
tebrates; Hastings et al. 2016) may reflect contrasting levels of
environmental filtering, biotic interactions and dispersal.

To avoid relying on an ecological target whose conservation
or restoration does not extend to other potential targets, one
option is to use multiple target organisms with varied dispersal
abilities and local flow requirements (Cafledo-Argielles et al.
2015). Using multiple organisms to develop e-flow standards may
be particularly relevant if some targets are selected primarily for
their socioeconomic or cultural values (Finn and Jackson 2011)
with potentially little information on the metasystem dynamics
driving their distribution and abundance. Databases listing the
biological traits of species (e.g., macroinvertebrates, Sarremejane
et al. 2020; fish, Mims and Olden 2012; diatoms, Riato et al. 2022),
including dispersal traits, can help guide this choice.

Indicators of biodiversity at multiple levels may also be used to
monitor the effectiveness of e-flow implementation on local and
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Table 1. Possible implications of metacommunity processes other than environmental filtering and influencing factors for environmental

flow (e-flow) design and proposed solutions.

Possible implications for
flow-ecology relationships and
e-flow outcomes compared with
standard expectations

Metasystem
processes or factors

Example for native fish in the
Murray-Darling Basin

Proposed measures that may
improve the e-flow program
outcomes

Dispersal (enabled
by network
connectivity)

High or low dispersal can blur
flow—ecology relationships and
limit effectiveness of standard
e-flow design.

Different ecological targets of
e-flow design (e.g., species,
guilds) may have different
dispersal needs.

Biotic interactions Competitive or trophic interactions
(e.g., from nonnative species)
modulate species’ responses to

flow.

Ecological drift Small, isolated populations and
communities are vulnerable to

stochastic processes.

Isolated populations may have
developed divergent
flow—ecology relationships.

Scale and
heterogeneity

Flow—ecology relationships
developed at too small a spatial
scale and in hydrologically
homogeneous areas may not
capture species’ responses to a
range of flow conditions.

Flow—ecology relationships
developed at too large a spatial
scale may span separate regional
species pools and be blurred by
divergent adaptations of
individual species to flow
regimes.

Metacommunity processes can
vary in time and among different
areas of a river network.

Stocks and colleagues (2021):
difficulty relating hydrological
conditions to recruitment
because of dispersal of juveniles
in golden perch.

Thiem and colleagues (2021):
contrasting dispersal patterns
among fish species calls for
diverse management actions to
promote population recovery
and persistence.

Stoffels and colleagues (2015):
immigration of competitor
following flow pulse reduces
floodplain population of
eel-tailed catfish despite
favorable local conditions.

Rolls and colleagues (2013): boost
in golden perch recruitment is
probably mediated by
flow-induced increase in prey
production.

Pavlova and colleagues (2017):
Macquarie perch populations are
small and vulnerable to
stochasticity. Despite flow
restoration, recolonization is
impeded by insufficient physical
connectivity.

Zampatti and colleagues (2021):
substantial variability in age
structure, recruitment source
and movement patterns of
golden perch across the basin is
potentially related to reduced
connectivity.

Colloff and colleagues (2018): of 11
flow—ecology relationships for
phytoplankton, invertebrates,
fishes, waterbirds and
vegetation, those developed at
small spatiotemporal scales are
weaker than at larger scales.

Huey and colleagues (2011):
Golden perch populations are
usually highly connected by
dispersal, but drying of normally
perennial refuges can cause
strong spatial genetic structure
via genetic drift.

Quantify relative strength of
dispersal in structuring a
metacommunity.

Account for dispersal among sites
when modeling species’
responses to flow.

Design e-flows to maintain, restore
or limit dispersal for ecological
targets.

Select multiple ecological targets
with varied dispersal traits.

Account for biotic interactions
when modeling species’
responses to flow.

Design flow regime to benefit
native species at the detriment
of invasive species (or balance
these two objectives if trade-offs
exist).

If possible, design e-flow to limit
dispersal of invasive species.

Complement e-flow programs with
invasive population reduction.

Design e-flows to restore dispersal
if populations and communities
were naturally more connected.

Complement e-flow programs with
population augmentation
programs or restoration of
instream connectivity.

Develop separate flow—ecology
relationships with time-series
analysis rather than through
comparison across sites.

Limit e-flows that promote
dispersal among naturally
isolated populations and could
jeopardize metapopulation
resilience.

Collect hydrological and ecological
data in heterogeneous flow
conditions, across river networks
(both in mainstem and
headwater reaches), and
throughout the year.

Assess spatial autocorrelation in
flow—ecology relationships.

Note: See box 1 for a description of the processes and factors.
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Figure 3. Distribution of e-flow releases across the Murray-Darling Basin. Spatial distribution of e-flow releases from 2014 to 2021 across (a) the river
network and (b) its floodplain. (c) E-flow volumes allocated to different ecological purposes (2013-2019; one event could have multiple purposes). The
data were provided by the Commonwealth Environmental Water Office of the Australian Government and are available at https://data.gov.au/home.

regional processes. Taxonomic richness (alpha diversity) is com-
monly monitored but may fail to indicate substantial turnover in
community composition and may partly misrepresent ecological
responses to the local flow regime in cases of dispersal surplus or
dispersal deficit (Cid et al. 2020). In addition, taxonomic richness
cannot track basin-wide heterogeneity in community compo-
sition, changes to source-sink dynamics, or altered temporal
synchrony among communities that could weaken metasystem
resilience (Ruhi et al. 2017). Beta diversity describes variability in
species composition in space or over time, which is particularly
relevant in monitoring the effect of e-flows on metasystem
dynamics (Ruhf et al. 2017). A suite of other metrics in addition
to beta diversity exists to characterize regional ecological fea-
tures (Cid et al. 2022). Whereas those indicators are common in

metacommunity research (Perkin et al. 2021, Larsen et al. 2021a),
they are seldom used for e-flow design and monitoring. Because
successful e-flow implementation depends on the involvement
of multiple types of stakeholders and their coproduction of
management objectives (Mussehl et al. 2022), communicating the
relevance of seemingly arcane metacommunity processes and
associated indicatorsis crucial to enable their inclusion as targets.

Whether e-flows can be designed for broader targets than
individual species or locations depends largely on the legal
framework mandating the provision of e-flows. E-flow imple-
mentations in the United States often aim to fulfill mitigation
requirements for threatened and endangered fish species listed
under the federal Endangered Species Act (Harwood et al. 2018). In
Europe, the Water Framework Directive (WFD) does not mandate

€202 Joquieldag 0 Uo Jasn sIUIA Aq BEEBSZL/L90PBIG/IOSOIQ/EE0L " 0L/10P/3[0NE-80UBAPE/80USISO0IG /W00 dNO"OIUSPEIE//:SAY WO} POPEo|UMOd


https://data.gov.au/home

Not fragmented Fragmented (5 barriers)
=}
\ 100 5
(2]
751 5
— B
- S
QO ~ 501 o
52 s
© O 25 <
Te 23
-~ o
£8 o -
z® o =
© < 1004 2w
(o)} (]
c = 9
8 754 2
23 T
2 8' 50 g
2o g
o) =
82 25 g
g o
2D 0
m —_
273 9
- & 1004 3
[N o
© @ 8
QL 757 S T
20 S g
Ll 501 S
25+ <
(=)
0

g-

0 25 5 75 0 25 50 75 10
Standardized flow

Figure 4. Metacommunity processes can cause empirical flow-ecology
relationships to differ from relationships expected from only
environmental filtering. A general metacommunity model (Thompson
et al. 2020) was developed to simulate the population dynamics of two
interacting species across 100 river sites in a synthetic river network
(Carraro et al. 2020a) with spatiotemporally autocorrelated flow
conditions. This model shows how the presence of a predator (light
yellow) may decrease, shift, and blur the observed flow-abundance
relationship (the solid line) of a prey species (dark blue) compared with
its expected flow-population growth relationship (the dashed line). The
effect of biotic interaction is stronger with decreased dispersal ability
(modeled as decreased dispersal probability; panel (a) compared with
panel (c)) and greater fragmentation (panel (b) compared with panel (a)).
With high dispersal ability, mass effect may lead a species to be
abundant in sites where it is maladapted (the solid yellow line extending
beyond the dashed line in panels (c)-(d)). Flow—ecology relationships
derived from monitoring at a single site (e-f) may provide a biased view
of the flow preferences of species compared with relationships from
multiple sites (n = 20) (a)—(d). In a fragmented context, stochasticity may
even lead to the local extirpation of a species without possible
recolonization despite moderately favorable conditions (f). Individual
points in panels (e) and (f) represent the species’ relative population
abundance at different monthly time steps. The solid lines, lower and
upper uncertainty bounds show fits from quantile general additive
models (GAM) of population size for the 0.5, 0.1, and 0.9 quantiles,
respectively. The expected population growth as a function of flow (the
dashed line) was standardized from 0-5 to 0-100. The population size
(the solid line) was standardized separately for n = 20 sites and n = 1 site
by the maximum value across scenarios of the fitted median GAM.

the implementation of e-flows unless needed to prevent or re-
verse ecological degradation as indicated by indices representing
community health (it requires that riverine flow regimes provide
conditions “consistent with the achievement of the environmen-
tal objectives of the WFD”; European Commission 2015). Although
vague, this requirement broadly aligns with metasystem thinking.
In the MDB e-flow program, annual water management plans are
required by law to establish e-flow allocation priorities across four
main categories (river flows and connectivity, native vegetation,
waterbirds, and fish), but additional objectives are also included
in e-flow design (figure 3). These include, for example, supporting

populations of other native aquatic species (e.g., invertebrates,
amphibians, platypus) and ecosystem functions (e.g., nutrient
and carbon cycling, salt flushing). Widening the scope of e-flow
policies to explicitly include multiple species and communities
as ecological targets would help operationalize a metasystem
perspective in e-flow programs. However, if the regulatory context
requires that a narrow ecological target (e.g., a single species)
be used to design the e-flow program, other aspects of this
framework (e.g., metapopulation dynamics) can still be applied
to support or restore metasystem dynamics for this target.

Compile available data and define monitoring needs

Designing and implementing e-flow recommendations from
a metasystem perspective requires considerable data on the
structure, hydrology, and ecology of the river basin. Compared
with standard e-flow design frameworks, the main additional re-
quirement is for most data to be spatially explicit. In other words,
data should ideally be distributed across the region of study
and the spatial relationships among sites (straight-line and river
distances, structural and hydrological connectivity) considered.

Structural data consist of a ground-truthed map of river
reaches and other water bodies, natural and anthropogenic
instream barriers, flow-altering structures and water withdrawal
points, and land cover and land use. Information on the char-
acteristics of flow-altering features (e.g., dams, flow diversions,
wastewater treatment plants) is also important—for example,
their operating curves and release capacity, as well as permitted
and actual water withdrawals. This data compilation process
should produce a map of a diversity of management levers that
may be used for e-flow provision, depending on the financial and
legal tools available to water resource managers. Because most
e-flow assessments still deal with individual rivers downstream
of a dam (Olden et al. 2014, Ramos et al. 2018), such data on
spatially distributed water sources are rarely collected.

E-flow design requires a hydrological foundation: time series
representing simulated naturalized baseline conditions and
the current human-influenced hydrology of the system (Poff
et al. 2010). Hydrological models should ideally be developed
to generate discharge time series for all reaches in the river
network rather than for individual sites. In river networks with
extensive nonperennial reaches, long-term observational data
describing in-channel conditions (e.g., flow, low flow, no flow, dry)
of river reaches across a network can indicate how conditions
change in space and time. The resulting information on tempo-
rary fragmentation and ecologically important features such as
persistent aquatic refuges (Sefton et al. 2019) is key to conserve
metasystem dynamics. Historical observations of this type are
rare (Jaeger et al. 2021), but several citizen science initiatives (e.g.,
Allen et al. 2019), governmental programs (e.g., Sefton et al. 2019),
and improvements in remote sensing (e.g., Marshall et al. 2021)
and modeling (e.g., Yu et al. 2022) of surface water presence are
rapidly improving our ability to design e-flows for nonperennial
systems. Finally, projections of the future hydrology of the system
are useful to ensure that e-flow recommendations are climate
ready—that is, compatible with potential future water availability
(Judd et al. 2022).

Biological data are usually the most limiting type of data in e-
flow assessments. Spatially distributed community data depicting
the distribution or abundance of species across the river network
form the basis of metacommunity analyses that can underpin
e-flow design. Ideally, ecological and hydrological data collection
sites should be colocated. To capture the spatiotemporal vari-
ability of metacommunity processes, sampling should ideally be
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Figure 5. Operational framework for integrating a metasystem perspective in environmental flow (e-flow) design.

distributed in space and time with information on straight-line
and river distance among sites, across gradients of flow variabil-
ity, alteration, and connectivity, and spread from mainstems to
headwaters (with high dispersal often characterizing mainstem
reaches and environmental filtering being more dominant in
headwaters; Brown and Swan 2010). Time-series data describing
taxonomic community composition enable more advanced analy-
ses (see the next section; Ruhi et al. 2017, Jabot et al. 2020) and are
therefore preferable to static snapshots. Macroinvertebrate com-
munity data collected by biomonitoring programs can provide a
useful basis to conduct metacommunity analyses (Patrick et al.
2021) and can be supplemented with additional data collection
to meet these spatiotemporal criteria (see the monitoring step).

Although statistical methods can estimate the role of dispersal
in structuring metapopulations and metacommunities (in the de-
sign stage), quantitative measures of the dispersal rates of species
in a basin can provide valuable information for species- and site-
specific assessments (Heino et al. 2015). However, field-based
methods are costly and, therefore, mainly applicable to systems
with considerable resources or high conservation stakes (e.g.,
protected species). In most cases, dispersal metrics calculated
from species traits (e.g., fish, Radinger and Wolter 2014; macroin-
vertebrates, Sarremejane et al. 2017b) can serve as useful proxies
(Peredo Arce et al. 2021). In addition to quantitative estimates, trait
information on the mode (aquatic, aerial, or terrestrial; active or
passive), strength, timing, and direction (upstream, downstream,
lateral) of species dispersal can also inform e-flow designs from
a metasystem perspective (Sarremejane et al. 2017b).

Most rivers are insufficiently studied to determine the rela-
tive roles of metacommunity processes, the influence of flow
alterations on these processes, or the contribution of individual
river sites to metasystem health. However, intensive monitoring
is already taking place in many river networks and could be
adapted to meet the needs of the framework we propose. For
instance, 4 years of seasonal fish community data were sufficient
to estimate the effects of flow on local extinction, colonization,
and recruitment probabilities for the metapopulations of 42 fish
species across 23 streams of the karstic lower Flint River Basin,
Georgia (United States; Peterson and Shea 2015). In addition,
designing e-flows from a metasystem perspective can begin with-
out comprehensive data. Data availability inevitably constrains

analytical approaches, but simple methods can be informative
and guide initial e-flow recommendations (see the “Implement”
section). Additional monitoring can then generate new data as
part of an adaptive management approach (Webb et al. 2017)
whereby e-flow recommendations are periodically adjusted.
As such, this step of the framework both compiles available
knowledge and data and identifies gaps to fill.

Assess the relative need for e-flows

Although flow alteration is a ubiquitous cause of ecosystem
degradation, river systems are subject to multiple additional
stressors, which may undermine the effectiveness of e-flow pro-
grams if not also addressed (see Stewardson et al. 2017 for exam-
ples). Physical barriers to movement, invasive species, pollution,
overfishing, increasing temperatures, sediment regime disruption,
and riparian clearance may have additive or interactive (e.g.,
antagonistic, synergistic) effects with flow alteration (Birk et al.
2020). Targeted e-flows can alleviate the impact of some of these
stressors by, for example, providing passage over barriers, flush-
ing nutrients and other pollutants, regulating sediment load and
controlling invasive species. However, given the cost of designing
and implementing e-flows, it is critical to identify whether efforts
may be better allocated to addressing another overriding stressor
rather than flow alteration. If resources allow, managers can eval-
uate the benefit of complementing e-flows with other manage-
ment actions (as was suggested in table 1; Nicol et al. 2021) as part
of an integrated basin management approach (Stewardson et al.
2017). Such a multipronged approach is already being explored in
the MDB (Nicol et al. 2021) and other water-limited regions. In the
San Diego River basin of California (United States), for example,
multiple management actions were spatially prioritized in part-
nership with stakeholders to implement e-flows, protect habitat,
and improve water quality across the basin (Stein et al. 2017).

Design

Infer metacommunity structure

This step aims to determine the relative strengths of meta-
community processes structuring community composition
across the river network. Is the distribution and abundance
of species strongly driven by environmental filtering, biotic
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interactions, dispersal, and/or ecological drift? How strongly are
communities and populations linked, and are there source-sink
dynamics among sites? Which sites are refuges during ex-
treme flow events? Are species governed by different processes?
An increasingly diverse toolbox is available to address these
questions, depending on the quantity and characteristics of
observational data and the resources available for conducting
scientific analyses.

Most empirical studies infer metacommunity processes by sta-
tistically analyzing patterns of species distribution or abundance
among sites (Logue et al. 2011). An alternative approach involves
reproducing the focal metacommunity using a spatially explicit
mechanistic simulation model and testing a range of model
parameters that control the relative strength of metacommunity
processes, generating different scenarios of species distribution
(e.g., Valente-Neto et al. 2018). The parameters associated with
the scenario for which the generated patterns best match the
observations are considered to most accurately reflect the pro-
cesses structuring the system. Simulation models may better
disentangle the relative roles of processes in empirical data,
because similar ecological patterns can be driven by different
processes (Valente-Neto et al. 2018). Once calibrated, such models
can also simulate the effects of alternative water management
scenarios on the metacommunity (Freeman et al. 2013). However,
these models are currently too onerous for most management
contexts in terms of data, expertise, and setup time. Therefore,
we consider them unrealistic for a general operational e-flow
framework and do not discuss them further.

Because the relative strength of metacommunity dynamics
varies with spatial scale (see the “Controlling factors: Scale and
heterogeneity” section), the units of analysis must be delineated.
The biota of large basins such as the MDB is structured as poten-
tially discrete metapopulations and metacommunities, depend-
ing on the dispersal capacity of the ecological targets and the
connectivity of the system. In such cases, the basin must be di-
vided into separate management units. For instance, population
genetic studies have identified various levels of gene flow among
fish species in the MDB: Golden perch exhibit high contemporary
gene flow across most of the MDB, such that it should be managed
as a single metapopulation (Attard et al. 2018). Other species, such
as the eel-tailed catfish (Tandanus tandanus), exhibit genetic struc-
ture among catchments of the MDB but high levels of gene flow
within those catchments (e.g., the Moonie River catchment, 15,000
square kilometers [km?]), indicating that catchments of this size
likely represent an adequate scale of analysis for e-flows and other
management programs (Huey et al. 2011). Finally, for other species
with small and demographically isolated populations display-
ing low genetic diversity, such as the threatened river blackfish
(Gadopsis marmoratus), genetic studies can assist in the delineation
of small management units within which to prioritize restoration
measures (Lean et al. 2017). The scale of management must also
be considered within basins. Focusing only on the communities
within a fraction of the basin (e.g., only in the mainstem and larger
tributaries) could overlook crucial spatial links (e.g., with headwa-
ter reaches that provide propagules and spawning grounds). Data
describing the connectivity among reaches and subcatchments,
whether potential (inferred from the landscape structure and the
dispersal ability of ecological targets) or realized (inferred from
actual dispersal or genetic structure), can enable selection of an
appropriate scale (Hughes et al. 2013, Cid et al. 2022).

The method most widely applied to infer metacommunity
dynamics from observed patterns is variation partitioning
(Peres-Neto et al. 2006). This approach decomposes the variation
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in occurrence- or abundance-based taxonomic composition
among local communities into three components: nonspatially
structured environmental variation, spatially structured environ-
mental variation, and pure spatial variation. The purely spatial
component is hypothesized to reflect the effect of dispersal pro-
cesses and ecological drift, whereas the nonspatially structured
environmental variation expresses environmental filtering; and
the spatially structured environmental variation can result from
multiple processes (Peres-Neto and Legendre 2010). Although
straightforward, this method can present statistical biases
(Peres-Neto and Legendre 2010) and allows limited inference of
metacommunity processes if applied to a snapshot data set of
species distribution (Guzman et al. 2022). Analyzing temporal
variability in community composition, including through tem-
poral approaches to variation partitioning, is therefore crucial
to correctly infer metacommunity processes (Jabot et al. 2020,
Guzman et al. 2022). Furthermore, applying multiple methods
and analyzing multiple summary statistics, both descriptive (e.g.,
diversity metrics) and model-based (e.g., variation partitioning
fractions), strongly increases the ability to infer metacommunity
processes (Ovaskainen et al. 2019, Guzman et al. 2022).

Two promising approaches for informing e-flow design are
time-series analyses of spatial beta diversity and joint species
distribution models (JSDMs). Temporal analyses of spatial beta
diversity can be used both to infer the relative strength of meta-
community processes (e.g., through path analysis; Jabot et al.
2020) and to identify keystone sites (i.e., that consistently support
high local diversity and contributing colonists to other sites,
or containing unique species; Ruhi et al. 2017). Beta diversity
analyses only require data on community composition. JSDMs
are community-level extensions of standard species distribution
models that leverage correlation in abundance (or co-occurrence)
across taxa (Warton et al. 2015). As well as demonstrating high
predictive performance in inferring metacommunity structure,
JSDMs can reveal the potential strength of biotic interactions,
expressed as residual species-to-species correlations (Ovaskainen
etal. 2019, Guzman et al. 2022). In addition to data on community
composition, JSDMs require hydrological and other environmen-
tal data as predictors of species distribution.

Develop flow—-ecology relationships

Developing flow—ecology relationships requires flow regime
characteristics to be related to the ecological indicators of in-
terest while accounting for dispersal and biotic interactions.
First, indices describing the flow regime and flow alterations
are computed from discharge time series (e.g., Mathews and
Richter 2007). These metrics can be used as predictors of the
ecological responses following a statistical (Olden and Poff 2003)
or expert-based preselection process (e.g., the functional flows
approach; Yarnell et al. 2020). To capture the influence of disper-
sal, spatial autocorrelation in species composition is modeled by
the statistical tool used to develop the flow-ecology relationship.
Multiple model types can fulfill this requirement, notably JSDMs
(Warton et al. 2015), spatial stream-network (SSN) models (Isaak
et al. 2014), and multivariate autoregressive state-space (MARSS)
models (Holmes et al. 2012).

JSDMs provide a well-developed way to establish relationships
between flow statistics and species occurrence while accounting
for the spatial distribution of sites and interactions among species
(Ovaskainen et al. 2019). SSN models (Isaak et al. 2014), which
are beginning to be used to develop flow—ecology relationships
(Bruckerhoff et al. 2019, Larsen et al. 2021b), can account for
autocorrelation that arises along both straight-line and network
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distances and from different dispersal modes. Differences in
aquatic dispersal mode are modeled in SSNs by separately
considering network distances among flow-connected (unidirec-
tional flow, reflecting drift) and flow-unconnected sites (that are
potentially on different streams and reflecting active instream
dispersal; Isaak et al. 2014). Finally, MARSS models (Holmes et al.
2012) are particularly well suited to concurrently model the
effects of temporal autocorrelation, spatial autocorrelation, and
among-species correlation (provided sufficient sites and samples),
as is evidenced by studies linking river flow regimes to metapop-
ulation (Sarremejane et al. 2021) and metacommunity structure
(Ruhi et al. 2018). MARSS models can also characterize the re-
lationships between flow metrics and spatial beta diversity over
time, and between flow metrics and site-specific contributions
to beta diversity (Legendre and De Caceres 2013). Such analysis
can identify how flow variability may create phases in which the
metacommunity is dominated by regional dispersal versus local
environmental filtering (Datry et al. 2016, Ruhi et al. 2017) or
change the relative contribution of some sites to network-wide
diversity (e.g., sites acting as refuges in different seasons or years).

In river networks with extensive nonperennial reaches, in
which low-flow refuge sites may play a key role in structuring
metacommunities, temporary fragmentation among sites by
drying could be incorporated into flow-ecology models if obser-
vations of in-channel conditions (e.g., flow, low flow, no flow, dry)
are available (Sarremejane et al. 2021). Additional hydrological
metrics, such as time series of pool area and volume, could also be
used to predict ecological responses. If these additional predictors
are used to develop flow-ecology relationships, links between
discharge and in-channel conditions at monitored sites may need
to be established to implement e-flow conservation actions (e.g.,
the amount by which surface or groundwater withdrawal must
be reduced to maintain connectivity among pools). Finally, in
those systems in which baseflow is particularly influenced by
groundwater withdrawals and in which groundwater wells can
be regulated, groundwater simulations can establish links among
groundwater withdrawal, flow alterations, and community
responses (Falke et al. 2011).

Implement

Conserving or restoring metacommunity dynamics entails al-
locating water optimally across a river network and managing
for dispersal in addition to meeting species’ local flow needs—
the typical focus of standard e-flow design. Even small-scale
e-flows, when they are well targeted across a network, can fulfill
network-wide objectives (e.g., in the MDB, Gawne et al. 2018).

A few flow management projects already aim to maintain or
restore dispersal among habitat patches for a particular species
or to trigger fish migration, sometimes with explicit mention of
metapopulation dynamics. These are mainly documented for fish
in the United States and Australia, two countries with heavily al-
tered hydrology and a long history of e-flow implementations (Poff
et al. 2017). For example, e-flows have been implemented across
the Susquehanna River Basin (7.1 x 10* km?, northeastern United
States) to conserve brook trout (Salvelinus fontinalis) metapopula-
tion dynamics by promoting connectivity among habitat patches
during summer low flows (Kendy et al.2012). Similarly, e-flows
maintain summer baseflow for passage over shallow riffles by en-
dangered Colorado pikeminnow (Ptychocheilus lucius) in the Upper
Colorado River Basin (2.9 x 10°> km?; US Fish and Wildlife Service
2020). Such movement increases access to suitable habitat and
may contribute to maintaining gene flow between subpopula-

tions. In the Lower Canning River (Western Australia), flow pulses
(21.6 x 10° cubic meters per day over 5 days) during summer
aim to maintain water quality and provide sufficient depth over
barriers to enable upstream migration by the freshwater cobbler
(Tandanus bostocki; Norton et al. 2010). T. bostocki is the largest-
bodied freshwater fish species in southwestern Australia, so these
flows may also facilitate passage for other species. Across the
MDB, e-flows are commonly implemented to promote connec-
tivity and dispersal, including to enable access to refuges during
low flows, to drown out barriers, to trigger migratory movements,
to enable recolonization of river reaches from neighboring ones
after local disturbance, to facilitate gene flow among subpopula-
tions by long-distance dispersers, and to reconnect channels and
floodplains with high flows (Gawne et al. 2018, Commonwealth
Environmental Water Office 2022). Facilitating dispersal is there-
fore already an occasional objective of e-flow design in line with a
metasystem approach and could be included in more programs.

Appropriate target sites for e-flow provision depend on the
metacommunity structure. If analyses indicate naturally limited
dispersal among communities (or populations) and identify no
keystone sites, then e-flow design should focus on maintaining a
suitable flow regime across many sites (as determined by flow—
ecology relationships) and providing flows that support that level
of dispersal (Ruhi et al. 2017). But if analyses identify keystone
sites that play a central role in supporting the metacommunity,
then managers may prioritize e-flow provision at these crucial
sites while maintaining sufficient flow for dispersal to the rest of
the network. In the MDB, for instance, the Mid-Murray Floodplain
Recovery Reach fish recovery plan focuses on ensuring suitable
local habitat conditions for species whose populations are mainly
driven by local recruitment, whereas e-flows are designed to
trigger dispersal and ensure longitudinal connectivity for popu-
lations that rely on colonists from outside the local scale (Cornell
et al. 2021, Lyon et al. 2021). Dispersal corridors that connect
multiple sites through high dispersal rates, in particular, should
be targeted for e-flow provision that maintains suitable abiotic
conditions and connectivity for dispersal (Patrick et al. 2021). In
the theoretical case in which insufficient water is available for
e-flows to provide suitable conditions for two sites connected by
high levels of dispersal, it may be preferable to provide adequate
flow to one site—which can become a source of colonists for
the other—rather than to provide unsuitable flows to both sites.
Similarly, e-flow provision should prioritize promoting access to
dry-phase refuges (e.g., perennial pools in naturally nonperennial
rivers) during the drying period and their maintenance through-
out the dry period (Rayner et al. 2009). Additional refuges may
be restored (e.g., through targeted water pumping) to provide
dispersal stepping stones between communities (Archdeacon and
Reale 2020). During droughts, which reduce water availability in
river networks at a regional scale, even locally constrained e-flow
releases may reduce the synchronous pressure exerted by the
drought and enhance metasystem-wide viability (Marshall et al.
2021). Once sites have been selected, flow-ecology relationships
can inform selection of the flow regime elements to conserve
or restore.

In the same way that designer e-flows can meet the local
habitat needs of native species to the detriment of nonnative
invasive species (e.g., Chen and Olden 2017), designer e-flows
may be tailored to promote and impair the dispersal of native
and nonnative species, respectively. For example, restoring the
timing of high flows can benefit the waterborne seed dispersal
of native plant species whose phenology is adapted to a natu-
ral flow regime and limit the proliferation of invasive species
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(Lytle et al. 2017). If flow-dependent barriers to dispersal are
present (e.g., rapids, low-head dams), evaluating whether their
passability should be increased (e.g., to restore dispersal among
communities; Marshall et al. 2021) or decreased (e.g., to prevent
a nonnative species from expanding its range) through e-flow
provision, and when, is important.

E-flows may also be designed to support biotic interactions
other than competition and predation. For example, several mus-
sel species in the MDB depend on host fish to complete their life
cycle and colonize new sites, such that e-flows must be designed
both to support critical mussel life stages in synchronicity with
fish host species’ needs and also provide pathways for host fish
dispersal (Wright et al. 2022).

The choice of scenario depends not only on stakeholder input
(Mussehl et al. 2022) but also on the hydrology of the basin and
the available management levers of water provision. For example,
some perennial river pools that act as refuges in arid regions
depend on occasional surface flows to persist throughout the dry
season whereas others are primarily groundwater fed (Hamilton
et al. 2005). Regulation of upstream surface water withdrawal or
periodic releases from reservoirs may be needed for the former,
whereas limits to groundwater withdrawal could be used to
conserve the latter. The location of flow regulation structures, the
ability to regulate surface and groundwater withdrawals and to
alter land use will all influence where, how and at what cost e-
flows can be allocated. To move beyond a strictly local approach,
a diversity of management levers other than flow releases down-
stream of a single dam can be used for e-flow provision. Examples
already exist of alternative sources of water for e-flow provision
and include system-wide coordinated reservoir operation (Op-
perman et al. 2019); regulation of surface and groundwater with-
drawals (e.g., in the United States, Kendy et al. 2012; in the United
Kingdom, Gustard et al. 1987, implemented at least since 1963),
including switching from surface to groundwater sources (McCoy
et al. 2018); moving a diversion downstream (McCoy et al. 2018) or
modifying the timing of withdrawal (European Commission 2015);
land use planning (e.g., switching to crops requiring less water,
or temporarily or permanently taking land out of agricultural
production; McCoy et al. 2018); targeted improvements in con-
veyance or irrigation efficiency (Opperman et al. 2019); release of
wastewater treatment plant effluent (Hamdhani et al. 2020); di-
version of domestic water from urban or suburban water supply
networks (Norton et al. 2010); and even experimental storage
of spring runoff in aquifers for later instream use (McCoy et al.
2018). Which water source can more easily be used for e-flow
provision strongly depends on the legal and political context.
Water withdrawal limits can be legally imposed in some countries
and localities, whereas other administrations rely on the buyback
or leasing of water rights by government and nongovernmental
organizations from willing sellers (Opperman et al. 2019). Finally,
new coordination of e-flow releases across entire river basins can
be achieved by strategically targeting hydropower dams under-
going relicensing through a centralized process. In the United
States, for example, over 300 hydropower projects are expected
to undergo relicensing between 2016 and 2026 (Schramm et al.
2016), providing an opportunity to coordinate e-flow objectives
among dams with a metasystem perspective. In the MDB, envi-
ronmental water is recovered to meet both local and basin-wide
objectives with measures ranging from targeted infrastructure
investments (e.g., efficiency gains from off-farm conveyance
systems, on-farm irrigation, reservoir evaporation and seepage,
urban water management) to voluntary surface and groundwater
entitlement purchases (Murray-Darling Basin Authority 2018).
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Then, specific e-flow targets are achieved by timing reservoir
releases with unregulated streamflow, and by coordinating op-
erating rules and withdrawals within and among catchments
(box 2; Stewardson and Guarino 2018, Murray-Darling Basin
Authority 2020b). The increasing use of spatially distributed
sources of water for e-flow provision is both a departure from the
longstanding focus on single reservoir operation and another key
requisite for metasystem approaches.

Monitor

Monitoring of e-flow implementations is pivotal to improve future
management, to demonstrate the benefits of public investment
to decision-makers and the public, and to inform ecohydrological
science in general (King et al. 2015). E-flow programs are costly
and often contentious, so their legitimacy hinges on transparent
reporting of their benefits (O’Donnell and Garrick 2017). The MDB
plan, for example, will cost the Australian government approx-
imately US$9 billion from 2012 to 2026 (Ross and Connell 2016).
Despite their cost, most habitat and flow restorations go unmon-
itored, limiting the opportunities to develop evidence-informed
best practices (Souchon et al. 2008). Nonetheless, guidelines and
methods for monitoring the outcomes of standard e-flows are well
established (Souchon et al. 2008, King et al. 2015, Webb et al. 2017).
Within an adaptive management cycle, monitoring can contin-
uously contribute to reducing uncertainties and adjusting e-flow
recommendations and objectives (Webb et al. 2017). Analyses of
metacommunity dynamics and flow—ecology relationships can
provide quantitative forecasts that represent testable hypotheses
to iteratively refine e-flows as they are implemented (Dietze et al.
2018). Monitoring should therefore verify the actual delivery of
water allocations (i.e., were discharge objectives attained?), the
effectiveness of both short-term flow events (on, e.g., dispersal,
recruitment) and the long-term flow regime (on, e.g., species
distribution), and the validity of the assumptions and models
underlying e-flow design (Souchon et al. 2008, King et al. 2015).
In addition to previous assessments of stressors (see “Define”
section), the monitoring stage can include continued assess-
ment of whether nonflow stressors (e.g., water quality, instream
barriers) may be affecting the ecological targets, compromising
the evaluation of e-flow outcomes, and indicating the need for
complementary non-flow-based measures (Nicol et al. 2021).
Reflecting management targets, e-flow monitoring has histor-
ically focused on documenting the effects of discrete flow events
on local habitat conditions (Souchon et al. 2008, Olden et al. 2014).
To our knowledge, the only explicitly basin-scale, long-term e-
flows monitoring programs are the Glen Canyon Dam Adaptive
Management Program (although mostly focused on the mainstem
effects of e-flows from a single dam; Melis et al. 2015), the Victo-
rian Environmental Flows Monitoring and Assessment Program
(Webb et al. 2010), and Flow-MER in the MDB (see box 2; Gawne
et al. 2020, Barbour et al. 2021a). Flow-MER uses monitoring data
in seven areas across the MDB to assess both area-scale outcomes
for river reaches and associated wetlands within the area and
their contribution to the achievement of basin-scale objectives
(i.e., outside of the spatial scope of individual flow releases). E-flow
outcomes are compared with modeled scenarios that represent
what outcomes would have been without e-flows, accounting for
water availability each year. This annual evaluation considers
how e-flow design could be altered to improve flow management
outcomes. Additional funding is also allocated to novel research
on ecological responses to e-flows (box 2). The ultimate aim of the
program is to improve understanding of basin-scale processes
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by comparing outcomes from isolated e-flow events with coordi-
nated e-flow provision across areas (Gawne et al. 2020). Although
Flow-MER (2019-2022) and preceding monitoring programs in the
MDB (2014-2019) represent the largest e-flow monitoring effort
in the world, the budget for their 2014-2022 implementation was
approximately US$35 million (Hart and Butcher 2018, Barbour
et al. 2021a), or less than 0.5% of the overall MDB Basin Plan
15-year budget, underscoring the modest cost of monitoring
relative to the total investment for e-flow implementation.

Assessing the outcomes of e-flow programs beyond a few sites
across a river basin is cost prohibitive using traditional data col-
lection methods, but several novel data sources can be combined
to increase the spatial coverage and density of e-flow monitoring.
First, DNA-based monitoring could expand the spatial scope and
density of community sampling across river networks (Carraro
et al. 2020b). Second, citizen scientists could generate abundant
monitoring data to inform management and increase buy-in
by diverse stakeholders (Mussehl et al. 2022). Lastly, satellite
remote sensing can be used to track the delivery of e-flows
and their effects on the distribution of and connectivity among
habitats, and on the distribution and composition of riparian
plant communities across the river network. All three of these
approaches are already being trialed or implemented as part of
the e-flow monitoring and research program in the MDB (e.g.,
Watts et al. 2019, Murray-Darling Basin Authority 2020b). With
sufficient representative sampling, the results from high-quality
monitoring could be extrapolated to unmonitored sites for a truly
basin-scale assessment (Webb et al. 2017).

Applicability of the proposed framework

We do not propose that every e-flow program should or could
adopt all components of our proposed framework. It is unrealistic
to fully cater to the specific metasystem dynamics of every river
basin considering the cost of achieving this objective. Moving be-
yond simple hydrological rules of thumb (e.g., a fixed percentage
of mean annual flow) toward greater ecological realism is already
a major challenge for e-flow science (Poff 2018). The development
of transferable flow-ecology relationships is another key research
priority for regional e-flow implementation (Poff et al. 2010).
However, we contend that adopting a metasystem perspective
from program definition and design to monitoring and evaluation
could increase the effectiveness of most e-flow programs.

This framework best suits e-flow programs focused on pre-
serving multiple populations or communities linked by dispersal,
equipped with spatially explicit data and multiple water man-
agement levers. Examples of e-flow programs with substantial
resources already exist in many river basins, and system-wide
approaches are increasingly adopted (Opperman et al. 2019). The
substantial political and governance hurdles to integrating a
metasystem perspective and managing flows across scales will
probably be easiest to clear for such programs, which will then
provide proofs of concept for other basins. Nonetheless, benefits
can be gained from a metasystem perspective even when those
conditions are not met, or where resources are limited.

When a lack of data hinders analyses of metacommunity struc-
ture and processes, for example, managers still have multiple
options. They can synthesize knowledge from experts, including
local stakeholders, and existing research to develop conceptual
models that could guide target setting and identify potential eco-
logical processes and factors that may influence the effectiveness
of e-flow implementation. Planning can also be supported by con-
ceptual and practical consideration of key ecological questions,

such as: Do the species of interest require multiple habitats to
complete their life cycle? If so, when and at what scale? Are there
flow-dependent barriers to longitudinal or lateral movement? Are
there nonnative species that may benefit from e-flows? Network
analysis using topographic and remote sensing data can provide
a priori assessments of barriers and key sites acting as refuges
or connectivity hubs that could be targeted for more detailed
e-flow assessments (Marshall et al. 2021, Yu et al. 2022). These
assessments can be combined with knowledge of the life histories
of the ecological targets to infer potential dispersal structure
among populations or communities, which can help identify
relevant management units (as demonstrated for more than 100
Australian aquatic species by Hughes et al. 2013). In the absence
of ecological data, e-flows can also target natural spatiotemporal
variability in flow regimes across a river network, rather than us-
ing flow metrics at a single site, to promote regional heterogeneity
and resilience. In heavily fragmented systems, dispersal may still
be possible for some species (e.g., golden perch in the MDB; Huey
et al. 2011), and assessing the structure of the metasystem can
help prioritize e-flows among sites. Finally, even if management
is restricted to a single flow regulation structure for a single
species, e-flows can still be designed to account for more than
local habitat conditions, and trigger movement to other habitats,
facilitate passage over barriers, or control invasive species.

Conclusions

Growing human water demand and ongoing global changes
accentuate the competition for water among uses and make
long-term implementation of e-flows programs increasingly
uncertain. In most cases then, the main obstacle to e-flow im-
plementation will remain political, not scientific (Owusu et al.
2022, Dourado et al. 2023). This difficulty in implementing e-flows
further raises the stakes for program outcomes; whether the
objectives of using scarce water for the environment are met
affects the legitimacy of the programs and can determine their
continued viability (O’Donnell et al. 2019). Therefore, careful
design and robust monitoring that leverage advances in ecology
to maximize the effectiveness of e-flow implementations are key
to guaranteeing continued e-flows implementation. In this article,
we specifically propose that managing for metasystem dynamics
beyond local environmental filtering—namely, biotic interactions,
dispersal, and ecological drift—and accounting for connectivity,
scale, and heterogeneity can increase the effectiveness of e-flow
implementations. To achieve this objective, strong partnerships
among researchers and managers are required that facilitate
the integration of recent ecological research in management
and enable program codevelopment through multiple adaptive
management cycles (Webb et al. 2010). Incorporating metasystem
dynamics in e-flow design may even increase the transferability
of flow-ecology relationships by controlling for confounding
factors. Although applications of metasystem concepts and
models in conservation are still in their infancy (Chase et al.
2020, Patrick et al. 2021, Cid et al. 2022), we posit that increased
adoption of this perspective will in turn fuel the development
of streamlined methods and transferable knowledge that will
increasingly facilitate metasystem e-flow assessments.
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