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Abstract

Community ecology recognises today that local biological communities are not only
affected by local biotic interactions and abiotic environmental conditions, but also by
regional processes (e.g. dispersal). While much is known about how metacommunities
are organised in space in terrestrial, marine and freshwater ecological systems, their
temporal variations remain poorly studied. Here, we address the question of the
dynamics of metacommunities in highly variable systems, using intermittent rivers
(IRs), those rivers which temporarily stop flowing or dry up, as a model system. We
first review how habitat heterogeneity in space and time influences metacommunity
organisation. Second, we compare the metacommunities in IRs to those in perennial
rivers (PRs) and develop the idea that IRs could undergo highly dynamic shifts due to
the temporal variability in local and regional community processes. Third, we develop
the idea that in IRs, metacommunities of the wet and dry phases of IRs are closely
intertwined, thereby increasing even more their respective temporal dynamics. Last, we
provide a roadmap to stimulate further conceptual and empirical developments of
metacommunity research and identify possible applications for improving the

management of IRs and other highly dynamic ecological systems.
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1. Introduction

Community ecology has progressed rapidly in recent years owing to the recognition
that local communities are not spatially closed and temporally stable (Leibold et al.
2004; Ricklefs 2008). Current views thus emphasise that local communities are not only
affected by local abiotic environmental conditions and biotic interactions, but also by
processes external to local ecological systems and operating at a regional scale, such as
speciation, extinction, immigration and emigration (Hubbell 2001). Although the
foundation of this idea dates back several decades (MacArthur & Wilson 1967), a shift
from purely local views of community organisation to those that also acknowledge the
importance of regional processes has been increasingly evident in the past years
(Hubbell 2001; Leibold et al. 2004). Sets of local communities linked by dispersal, or
metacommunities (Table 1), have been studied intensively in various ecological
systems (Logue et al. 2011), including terrestrial (e.g. Meynard et al. 2013), marine (e.g.
Moritz et al. 2013), and freshwater (e.g. Heino 2013) systems, and the number of
studies on the topic continues to increase rapidly (Heino et al. 2015). The
metacommunity framework has thus become a conceptually sound and empirically

well-explored framework to study the spatio-temporal organisation of communities.

As an outcome of developments in spatial and dispersal ecology, different
metacommunity models have been proposed to explain how both environmental
filtering (i.e. local biotic interactions and abiotic environmental conditions, Table 1),
and dispersal processes (i.e. the movement of individuals from one site to another
within a region, Table 1), interact to shape local community structure (Vellend 2010,
Logue et al. 2011; Winegardner et al. 2012). For example, “mass effects” models

predict that high rates of dispersal can obscure the effect of environmental filtering,
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while the “patch dynamic” models assume that the best dispersers arrive first and
occupy the patches (sensu Logue et al. 2011) as long as no more competitive species
have arrived (Logue et al. 2011). Although the potential differences between these
various models have often been emphasised (Leibold et al. 2004; Logue et al. 2011;
Winegardner et al. 2012), very few observational studies have succeeded in offering
unambiguous explanations for their relative importance in nature (Cottenie 2005;
Beisner et al. 2006; Bonada et al. 2012). One explanation stems from the fact that it is
highly difficult to measure dispersal directly and that separating the effects of
environmental filtering vs. dispersal processes is complex since most environmental
factors are spatially autocorrelated (Legendre et al. 2005; Tuomisto & Ruokolainen
2006; Jacobson & Peres-Neto 2010, Gilbert & Bennett 2010; Bonada et al. 2012).
Another explanation is that a number of metacommunity studies considered spatial
patterns of local communities as static within a given landscape (Leibold et al. 2004;
Presley et al. 2010), while communities can be very dynamic with abrupt and constant
change in richness and composition over very short scales (Chesson & Huntly 1989;
Azeria & Kolasa 2008; Eros et al. 2012; Aiken & Navarette 2014; Fernandes et al.

2014).

Logue et al. (2011) suggested that broadening the types of focal habitats and
organisms in metacommunity studies would provide a better understanding of the
variability of metacommunity organisation (Table 1). They specifically pointed out that
metacommunity studies should go beyond those focusing on insular habitats with
discrete boundaries and those using large organisms as models. Different types of
aquatic systems (e.g. marine, coastal, temporary ponds, estuaries, and running waters)

provide excellent opportunities for such additional studies because they harbour highly



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

disparate organismal groups, vary widely in their degree of connectivity, and exhibit
wide spatial and temporal variability in local habitat conditions (Heino et al. 2015).
However, previous focus on purely aquatic communities has provided limited
perspectives on highly dynamic ecological systems, such as intermittent rivers (IRs), the
rivers which cease to flow or dry up in time and space. IRs provide especially suitable
arenas for examining metacommunity organisation in highly dynamic ecological
systems because they are mosaics of aquatic and terrestrial habitats shifting constantly
in time and space (Larned et al. 2010; Datry et al. 2014a). This dynamism, combined
with the fact that nearly 50% of lengths of rivers across the globe are characterized by
intermittent flow (Acufia et al. 2014; Datry et al. 2014a), calls for addressing

metacommunity organisation in IRs and other highly dynamic systems.

Here, we address the question of how communities are organized in time and space
in highly dynamic systems. We use IRs as model ecological systems because of their
high dynamism and apply the metacommunity concept because of the possibility to
distinguish between local and regional processes in river systems (e.g. Brown & Swan
2010; Logue et al. 2011; Heino 2013). We first review the effects of habitat variability
on metacommunities in various dynamic systems. Second, we compare
metacommunities in IRs to those in perennial rivers (PRs) and develop the idea that IRs
could undergo constant and severe shifts due to the variability in environmental filtering
and dispersal processes. Third, we develop the idea that in IRs, metacommunities of the
wet and dry phases of IRs are closely intertwined, which enhances their respective
temporal dynamics. Last, we provide a roadmap to stimulate further conceptual and
empirical developments of metacommunity research and identify possible applications

for improving the management of IRs and other highly dynamic ecological systems.
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2. The importance of spatial and temporal dynamics for metacommunity

organisation

In the metacommunity framework, landscapes are considered as networks of
interconnected focal habitats in a matrix of unsuitable habitats, i.e. they are spatially
heterogeneous (Leibold et al. 2004; Holyoak et al. 2005). However, many conceptual
and empirical developments have considered metacommunities as relatively stable
entities (e.g. Leibold et al. 2004; Presley et al. 2010; Carrara et al. 2012; Altermatt
2013), although local communities and their environments can be temporally variable
(Azeria & Kolasa 2008; Eros et al. 2012; Aiken & Navarette 2014; Fernandes et al.
2014). Factors that control metacommunity organisation, including habitat availability,
local environmental conditions, and spatial connectivity, vary in space and time (Aiken
& Navarette 2014). The most extreme aquatic systems are arguably those that alternate
between aquatic and terrestrial conditions on a short time scale, for which high
variability may be the predominant rule. This category includes rocky marine
shorelines, tidal zones, small freshwater rock pools, temporary wetlands, vernal pools,
floodplains, and IRs. In such systems, environmental conditions vary both spatially and
temporally on a short-term basis. For example, the surface areas and connectivity of
floodplain aquatic habitats vary considerably during periods of weeks to months
between alternating wet and dry phases (Fernandes et al. 2014). Tide cycles generate
short pulses of aquatic habitat expansion and contraction on a daily basis (Kirwan &
Murray 2007). In such systems, and more generally in other systems exhibiting high
environmental variability, a static view of metacommunity organisation is likely to be

Inaccurate.
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In dynamic systems (i.e., systems experiencing constant and severe changes) the
various mechanisms shaping local communities, as well as their respective importance,
are constantly varying. For example, the contribution of dispersal will increase heavily
after a disturbance to allow for recolonization of a given patch (defined as a discrete
area with favourable environmental conditions, typically a flowing section in a river for
a fish or aquatic invertebrates, but see Cavanaugh et al. 2014). Yet, after most colonists
have reached the patch, environmental filtering will become more important in
explaining the local community organisation in the absence of mass effects. In systems
experiencing variable environmental conditions, such shifts between environmental
filtering vs. dispersal processes may be common and generate dynamic patterns in
community structure including short-term instabilities (Drake 1990; Chesson & Huntly

1989; Aiken & Navarrete 2014).

Understanding and predicting the dynamics of metacommunities will be essential to
managing, conserving, and restoring biodiversity in all ecological systems, including in
freshwater ecological systems which have been drastically altered by global changes
(Dudgeon et al. 2006). Because extreme climatic events and disturbances to ecological
systems are occurring more frequently (Easterling et al. 2000; Parmesan, 2006), current
static views of community organisation are becoming less and less useful and, given
these limitations, we may fail to predict biodiversity loss accurately in disturbed
systems. Moreover, most current management, conservation and restoration applications
do not fully recognize the fact that maintaining the spatial and temporal dynamics of
entire ecological systems is essential (Heino 2013; Tonkin et al. 2014). This recognition
is certainly very important in the context of highly dynamic systems, where

communities are restructured again and again within a short period of time.
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3. Intermittent rivers as model systems to explore the dynamics of

metacommunities

IRs occur under all types of climates on all continents, including Antarctica, and
make up the majority of river networks in terms of length in many regions (Acuiia et al.
2014; Datry et al. 2014a). Globally, IRs represent 69% of the low-order streams south
of 60°N latitude and from 30 to 40% of the larger river basins (Raymond et al. 2013). In
the coming decades, the number and length of IRs will increase in many regions that
experience drying trends due to climate and land-cover change, and increasing water
abstraction for irrigation and other economic uses (Palmer et al. 2008; Larned et al.

2010).

Most conceptual and empirical developments in freshwater ecology, including the
application of metacommunity models (e.g. Brown & Swan 2010; Altermatt et al. 2011;
Heino et al. 2015), have emerged from and been produced for perennial river systems
(Datry et al. 2014a). Consequently, metacommunity ecology is still in its infancy in IRs,
and this contrasts with temporary lentic systems which have been widely used to test
predictions from metapopulation and metacommunity ecology (e.g. Kolasa & Romanuk
2005; Vanschoenwinkel et al. 2007) or have provided new insights into these fields (e.g.
Smol & Douglas 2007; Vanschoenwinkel et al. 2010). One important difference with
temporary lentic systems is that rivers occur as dendritic networks, which consist of
linearly-arranged, hierarchical and branching habitat elements (Fagan 2002; Grant et al.
2007; Altermatt 2013). Headwaters are more isolated than mainstem reaches and this
possibly results in spatial differences in the relative importance of community assembly

processes (Brown & Swan 2010). Moreover, unidirectional flow and directionally-
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biased dispersal can exacerbate the effects of disturbance (drying) on species

coexistence (Altermatt et al. 2011).

IRs are dynamic shifting habitat mosaics of flowing, non-flowing and dry patches
(Figure 1), the extent and connectivity of which constantly vary across drainage basins
in response to river discharge and groundwater levels (Stanley et al. 1997; Jaeger et al.
2014; Datry et al. 2015, Figure 2). This spatially complex and temporally dynamic
habitat template is inhabited by both aquatic (e.g. fish, invertebrates, microbes, fungi,
algae) and terrestrial (e.g. birds, mammals, arthropods, microbes, fungi) organisms, the
communities of which alternate, coexist, interact, and experience extreme disturbances
in terms of drying and rewetting phases (Stanley et al. 1997; Datry et al. 2014a).
Aquatic and terrestrial communities can show intense biotic interactions. Predation by
terrestrial organisms on aquatic organisms trapped in drying pools can be an important
mortality factor in addition to interactions among fully aquatic organisms (Larned et al.
2010). Some large, lentic specialist predators, such as giant water bugs or diving
beetles, can also colonize the pools to prey on the stranded organisms, thereby
enhancing aquatic interactions (Gasith & Resh 1999; Boulton 2003). Altogether, local
environmental conditions, biotic interactions and accessibility to patches vary
continuously in IRs, challenging the current static views of metapopulation and
metacommunity approaches. Here, we make the case that IRs provide suitable arenas to
explore the temporal dynamics of metacommunities and notably the idea that
communities can experience highly dynamic shifts in structure and composition due to

the variability in environmental filtering and dispersal processes.
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4. Uniqueness of intermittent rivers and implications for metacommunity

dynamics

IRs have some unique features that challenge current views of metacommunity
organisation in river systems, which are mostly derived from research in PRs. While
Table 2 synthesises these features and their possible implications for metacommunity
organisation, the different hydrological phases through which IR communities have to
persist are presented below.
Flow cessation: shifts from lotic to lentic conditions

The most striking difference between PRs and IRs is that the flow ceases
periodically in IRs, and surface water can disappear completely from IR channels
(Figure 1, Table 2). Flow cessation gradually converts flowing river channels into
chains of disconnected pools of standing waters, which face increased water
temperatures and solute concentrations, and decreased pH and dissolved oxygen levels
(Boulton 2003). As these pools decrease in size, the densities of organisms can increase
dramatically, leading to strong intra- and interspecific interactions, such as competition
or predation. Some large pools can persist throughout dry phases and represent essential
refugia for aquatic organisms (Sheldon et al. 2010) and can be important “stepping
stones” facilitating the continued existence of populations and communities across an
IR network by connecting refuges and allowing recolonization of re-wetted sites by
actively flying or passively dispersing aquatic organisms (Bogan & Boersma 2012:
Cafiedo-Argiielles et al. 2015). These shifts from lotic to lentic conditions occurring in
many IRs challenge the view that riverine systems, in general, are dominated by
physical constraints related to unidirectional flow (e.g. water velocity, shear stress)

(Fagan 2002; Altermatt et al. 2011). During the lentic phase, biotic interactions may be

10



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

the dominant processes structuring aquatic communities (Gasith & Resh 1999; Boulton
2003).
Streambed drying

In many IR systems, riffles dry first, after which remnant pools progressively dry
up, thus converting river channel into terrestrial habitat and leading to the disappearance
of aquatic communities (Table 2). Physiological tolerance to loss of water has been
well documented in organisms of temporary ponds and pools (Wiggins et al. 1980) and
a variety of species have also evolved physiological resistance strategies to cope with
desiccation in IRs (Table 2). This “invertebrate seedbank™ contributes to community
recovery upon flow resumption, although its efficiency in such contribution is variable
and not completely understood (Warner & Chesson 1985; Snyder 2006; Stubbington &
Datry 2013). Described as the storage effect (Table 1), this mechanism contributes
strongly to species coexistence when resources are limiting and recruitment fluctuates
(Warner & Chesson 1985; Snyder 2006), thus promoting the resistance (defined as the
capacity to persist unchanged through a disturbance) of IR communities to drying.
During these dry phases, dry riverbeds are also being colonised by rich and abundant
terrestrial biotas, including microbes, plants, arthropods, birds, and mammals (Steward
et al. 2012). In spite of a recent increase in research on dry riverbed communities, they
still represent ferra incognita from an ecological perspective (Steward et al. 2012).
Rewetting

Rewetting of previously dry patches is often sudden and unpredictable and can take
the form of impressive flood bores (a video can be found here: www.irstea.fr/en/datry).
Myriads of terrestrial invertebrates have been reported on these advancing fronts, with
densities typically reaching > 5000 individuals/m® (Corti & Datry 2012; Rosado et al.

2014). Many of these organisms have the ability to float or resist submersion for short
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periods of time and are thus deposited alive further downstream. Such events could be

mass dispersal events for terrestrial organisms.

5. A dynamic view of metacommunities

The above features (Table 2) and resulting effects on environmental filtering and
dispersal processes can be used to build a new conceptual model of metacommunity
organisation in highly dynamic systems. We propose that (1) metacommunities are very
dynamic owing to temporal variations of habitat availability, environmental
heterogeneity, and connectivity between patches; (2) these dynamics vary spatially
within systems, depending on where environmental variability is the highest, where
potential sources of colonists are located, and how much their dispersal is limited by
distances between patches; and (3) metacommunities from aquatic and terrestrial phases

interact and may have intertwined dynamics.

5.1. Metacommunity organisation can be very variable

Alternating wet and dry cycles create contrasting terrestrial and aquatic habitat
phases in IRs (Figure 3a). As presented above, each of these phases is associated with
the predominance of community processes operating locally or regionally. For example,
shifts from lotic to lentic conditions are followed by an immediate increase in the
importance of environmental filtering processes, including adaptions to lentic
conditions, enhanced biotic interactions within contracting pools and very strong
predation pressure by terrestrial organisms (Table 2). Later, the relative importance of
dispersal processes to explain community structure and composition increases with the
arrival of large specialist predators such as dragonflies (Odonata), diving beetles

(Coleoptera) and some true bugs (Heteroptera), which are generally strong fliers and
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colonize suitable habitats rapidly (Bogan & Boersma 2012; Bonada et al. 2012).
Conversely, upon rewetting, dispersal processes may first predominate to allow
colonisation of rewetted habitats by dispersal from refuges (Datry et al. 2014b). Soon
after, the communities may be influenced by storage effects from the emergence of
desiccation-resistant forms from the rewetted sediments (Stubbington & Datry 2013).
After the initial colonisation events, environmental filtering should become gradually
more important (Figure 3b). High dynamism may also characterize terrestrial
communities in IRs, although community-structuring processes involved during each

phase shift have been inadequately explored.

Over time, the structure of metacommunities should show imprints of the high
temporal variability in the relative roles of community assembly processes. The most
obvious example is probably the respective portions, at a given location, of lotic, lentic,
and terrestrial species (Figure 3¢). Community structure may thus vary sharply during
the different phases, with notable dominance by lotic species during flowing phases,
dominance by lentic species during non-flowing phases, and dominance by terrestrial
species during dry phases (Figure. 3c¢). Although this is speculative, there are some
datasets supporting these ideas in IRs (e.g. Bonada et al. 2007; Anna et al. 2008; Corti
& Datry 2015). For example, Corti & Datry (2015) described how aquatic and terrestrial
successions alternate following hydrological phases in one French IR. Other metrics of
community structure, such as taxonomic richness, species abundance, or the proportion
of predatory species should also change abruptly and include “a step-change” following

phase shift.
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The strong temporal variability in the relative roles of community assembly
processes should also generate predictable spatial patterns of metacommunities. During
phases dominated by dispersal processes from patches to other patches, communities
should be predominantly nested, particularly for weak to moderate dispersers, while
species turnover may dominate in phases dominated by environmental filtering
operating locally to determine species coexistence (Figure 3d). However, these patterns
are likely to alternate on short time scales, jeopardizing attempts to infer on
communities processes from snap-shot spatial views of metacommunities. Lines of
evidence from various systems support these predictions. For example, frequent
hurricanes temporarily reduce the degree of nestedness of gastropod assemblages in
tropical wet forests (Bloch et al. 2007). Fish in seasonal floodplains show differences in
the metacommunity structure between the initial and late phases of the flooding period
in response to a shift in the importance of connectivity versus local environmental
conditions in structuring local communities (Fernandes et al. 2014). In PRs, different
metacommunity models apply along a gradient of disturbance level (Campbell et al.
2015). In temporary ponds, shifts from terrestrial to aquatic phases modulate
community processes, and the importance of environmental filtering decreases with

inundation time (Vanschoenwinkel et al. 2010).

5.2. The temporal dynamics of metacommunities in dendritic structures

In dendritic structures experiencing drying events, the spatial scale of
metacommunities can be defined through the competitive process and/or the spatial
scale of the disturbance, if wet and dry phases occur more rapidly than competitive
exclusion (Massol et al. 2011). In this context, the dynamics of metacommunities likely

varies spatially within ecosystems with hierarchical structure, notably in case of
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directionally-biased dispersal (Brown & Swan 2010; Altermatt et al. 2011). For
example, in the case of IR networks, the temporal variability of communities may differ
according to where drying events (i.e. disturbance) prevail. There are five types of
spatial drying configurations in river systems (Figure 4), each being potentially
associated to a different spatial structuration of the temporal community dynamics.
Contrary to the paradigm that headwater communities are being driven purely by
environmental filtering and those of downstream, lowland reaches by mass effects due
to convergence of all branches and downstream water flow (Brown & Swan 2010),
more complex patterns may emerge for each drying configuration. For example, rivers
drying completely or partly in their headwaters should have headwater communities
driven essentially by dispersal (and perhaps by storage effects), as the source of
colonists may be located downstream or in the saturated or dry underlying sediments
(see section 3). For the different drying configurations, the degree of connectivity and
resulting dispersal rates between patches is probably a key factor, as very high dispersal
rates may decouple communities from purely local environmental control (Mouquet &
Loreau 2003; Ng et al. 2009; for riverine systems, see also Heino & Peckarsky 2014).
At the river network scale, the communities may show contrasting spatial patterns, with
community nestedness being more predominant in mid-reach or downstream drying
systems (e.g. Datry et al. 2014b), and environmental filtering dominating in headwaters
or complete drying systems (e.g. Grant et al. 2007; Clarke et al. 2008; Brown & Swan

2010).

5.3. Terrestrial and aquatic metacommunities have intertwined dynamics
Biotic interactions between species forming aquatic and terrestrial communities in

IRs are localised in space (i.e. drying and rewetting sections) and time (i.e. drying and
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rewetting phases) (see section 4). These discrete and punctuated interactions may
enhance the temporal variability in the structure of both aquatic and terrestrial
metacommunities. For example, aquatic species in drying reaches may be heavily
preyed upon by terrestrial predators (e.g. beetles, spiders), further reducing the number
of species able to survive flow cessation events (McHugh et al. 2014). Conversely, the
myriad of terrestrial invertebrates colonising dry riverbeds are entrained by advancing
rewetting fronts to downstream river sections, where they may provide subsidies to
aquatic food webs and influence aquatic community dynamics (Corti & Datry 2012;
Rosado et al. 2014). From a terrestrial perspective, these mass dispersal events could
also homogenize terrestrial metacommunities, which could thus be dominated by
dispersal processes in IRs rather than by local processes. Yet, aquatic and terrestrial
metacommunities show contrasting spatial organisations in IRs, with aquatic
metacommunities being longitudinally organised along river networks and terrestrial
metacommunities being laterally organised by riparian and upland processes away from
river channels (Corti & Datry 2015). Understanding the complex interaction between
the respective temporal dynamics and spatial organisation of aquatic and terrestrial
metacommunities offers a unique opportunity for integrating aquatic and terrestrial

ecology (Datry et al. 2014a).

6. A roadmap for future research on metacommunities in intermittent rivers and
other highly dynamic ecological systems

As a first step, the questions associated with our conceptual models shown above
should be tested, particularly because datasets may be now or will be soon available
following the growing interest in IRs (e.g. Larned et al. 2010; Datry et al. 2014a, Acufia

et al. 2014). Below, we list specific research questions and indicate their relevance to
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furthering our understanding of metacommunities in IRs. Most of these research

questions could be also adapted to other highly dynamic ecological systems.

How temporally variable are metacommunities of dynamic systems?

Fine-scale descriptions of the temporal dynamics of metacommunities during
typical flowing/non-flowing/dry/flowing phase cycles (Figure 3a) are necessary to
identify if high dynamism of local communities and metacommunities is a general rule.
This would be useful for both aquatic and terrestrial communities and address current
limitations in the static view of metacommunities (Erds et al. 2012, 2014). Such
temporal descriptions of communities across multiple systems would help to determine
if thresholds in phase duration, frequency or timing leading to alternative states of
community organisation exist (Bogan & Lytle 2011). Describing and understanding
such thresholds is crucial to predict biodiversity change in the context of climate change
(Parmesan, 2006; Palmer et al. 2008; Jaeger et al. 2014). Empirical developments
should in turn foster conceptual development of metacommunity models suitable for

highly dynamic systems.

How the dendritic nature of river systems influences the dynamics of metacommunities?

Previous attempts to explore the spatial dynamics of communities in ecosystems,
including rivers (e.g., Brown & Swan 2010) have been limited due to the low power of
distance matrix-based approaches (Legendre et al. 2005). The development of spatial
modelling in the context of constrained ordination (Cottenie 2005; Legendre et al. 2005;
Muneepeerakul et al. 2007; Heino et al. 2015) and in particular those accounting for
directionally-biased dispersal (Blanchet et al. 2008) provide better opportunities to

understand the spatial organisation of communities in dynamic ecosystems. Yet,
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constrained ordination and associated spatial models assume a sort of equilibrium in
communities, and further developments, such as cost distance-based methods used to
model the dispersal of large terrestrial species (Larkin et al. 2004; LaRue & Nieslen

2008; Erés & Campbell Grant 2015), represent a more relevant alternative approach.

How significant is the storage effect in promoting community dynamics in IRs?

The contribution of the invertebrate seedbank to community recovery has been
shown to be significant, although highly variable across IR systems (Stubbington &
Datry 2013). Yet, its role in driving metacommunity dynamics in IRs is still unknown
and notably, whether or not it can compensate for dispersal is an open question (Snyder
2006). Manipulative approaches, such as common-garden experiments manipulating the
invertebrate seedbank and/or the dispersal of organisms in water and the air could be
helpful to address this question. Alternatively, cross-system comparisons of
metacommunity dynamics in systems with contrasting drying patterns (i.e. with and
without perennial refuges) may help disentangle the respective role of storage effects
and dispersal in promoting community dynamics. From a modelling perspective,
mechanistic approaches, for example using multi-occupancy models (e.g. Lamy et al.
2013) applied to more than one species, would allow accounting for storage effects in
estimating colonization and persistence rates, thus assessing the extent of cryptic

dormant stages in metacommunities.

Do interactions between aquatic and terrestrial metacommunities alter their respective
dynamics?
Understanding how biotic interactions between aquatic and terrestrial

metacommunities influence their respective temporal dynamics requires further
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quantification in IRs. Yet, studies describing synoptically aquatic and terrestrial
metacommunities in IRs or other aquatic-terrestrial systems (e.g. wetlands, tidal
marshes) remain scarce (but see Corti & Datry 2015). Considering simultaneously
aquatic and terrestrial metacommunities in IRs would provide a way forward to account
for the linkages between these two components, as well as to bring terrestrial and

aquatic ecologists together in metacommunity research.

Is there mass dispersal of terrestrial organisms during rewetting events?

While recent studies have reported how dramatic rewetting events in IRs can be and
how much large quantities of terrestrial organisms are being entrained downstream of a
river network, it is still unknown how strong roles these events play in terrestrial or
aquatic community dynamics (Corti & Datry 2012; Rosado et al. 2014). Typically, such
events could produce a mass effect for downstream riparian communities, thereby
obscuring local environmental filtering processes. To address this question, field
experiments could monitor the fate of the entrained organisms on downstream
communities using stable isotopes or molecular approaches. Also, the amount and type
of terrestrial inputs to these rewetting fronts could be manipulated to examine their

effects on aquatic and terrestrial communities.

How can the metacommunity perspective help managers to conserve the biodiversity of
IRs?

The metacommunity perspective is a mechanistic route to relating biodiversity
patterns to landscape features and exploring biodiversity conservation plans (Economo
2011). Identifying the relative roles of environmental filtering and dispersal processes in

metacommunities can help managers to better conserve these dynamic ecological

19



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

systems. If local communities are mainly governed by environmental filtering
processes, management initiatives to maintain local habitats should be prioritized. If
dispersal processes are predominant instead, management strategies should maintain
landscape connectivity and natural disturbance regimes to promote “source” patches of
biodiversity (Bengtsson 2010). In the specific case of IRs, this would require preserving
the natural mosaic of shifting habitat types (Datry et al. 2015) and the local conditions
of perennial headwater patches, which are considered as important sources of
biodiversity (Cafiedo-Argiielles et al. 2015). Additionally, the metacommunity
framework applied to IRs will help to pinpoint keystones species or habitat-patches in
the mosaic, on which managers should focus conservation and restoration efforts
(Mouquet et al. 2013). Empirical studies analysing the metacommunity processes in IRs
are thus urged to implement conservation actions specifically tailored to these dynamic

systems.

6. Conclusions

While community ecology has progressed rapidly in recent years owing to the
recognition that local communities are not spatially closed but form metacommunities
(Logue et al. 2011; Winegardner et al. 2012), empirical studies have often reported
ambiguous findings about the relative importance of underlying processes (Cottenie
2005; Beisner et al. 2006; Logue et al. 2011). This could be partly due to the common
consideration in metacommunity research that both biological communities and their
habitats as relatively stable, whereas many ecological systems are actually highly
dynamic in nature. Because IRs are common ecological systems across the globe and
are dynamic shifting mosaics of lotic, lentic, and terrestrial habitats, they are ideal

arenas for addressing the spatio-temporal variability of metacommunities in highly
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dynamic settings. As developed here for IRs, the respective importance of
environmental filtering and dispersal processes may shift abruptly or gradually over
time in highly dynamic ecological systems, leading local community structure to vary
constantly. This temporal variability is certainly enhanced by discrete and punctuated
biotic interactions between aquatic and terrestrial communities in IRs and other coupled
aquatic-terrestrial systems. In the case of dendritic systems with directionally-biased
dispersal (Fagan 2002; Grant et al. 2007; Altermatt et al. 2011), the location and spatial
extent of disturbances, such as drying, may interact with the temporal variations in
community assembly processes to produce complex spatio-temporal variability in local
community structure. We contend that addressing these questions in IRs may 1)
substantially advance the metacommunity theory (Erds et al. 2012, 2014); 2) offer a
unique opportunity for bridging the gap between aquatic and terrestrial community
ecology (Datry et al. 2014a; Soininen et al. 2015); and 3) improve the management of
ecological systems (Heino 2013; Tonkin et al. 2014). In the context of increasing
extreme climatic events and ecosystem disturbances (Easterling et al. 2000; Parmesan
2006), understanding how metacommunities are organised in highly dynamic systems is
becoming a key research topic. Also, translating such research into efficient

management guidelines is urgently needed.

Acknowledgments

Earlier versions of this manuscript benefited from comments by Mike T. Bogan,
Tibor Erds, Bernard Hugueny, Adriano S. Melo, the Oikos Subject Editor Frangois
Massol and three anonymous reviewers. TD and NB were supported by the IRBAS
(Intermittent River Biodiversity Analysis and Synthesis) working group supported by

CESAB (Center for Synthesis and Analysis of Biodiversity), which is funded jointly by

21



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

FRB (French Foundation for Research & Biodiversity) and ONEMA (French National
Agency for Water & Aquatic Environments). JH was supported by a grant from the
Academy of Finland for the project entitled “Scaling biodiversity in tropical and boreal

streams: Implications for diversity mapping and environmental assessment”.

Reference list

Acuna, V., et al. 2014. Why should we care about temporary waterways? - Science 343:
1080-1082.

Altermatt, F. 2013. Diversity in riverine metacommunities: a network perspective. -
Aquatic Ecology 47: 365-377.

Altermatt, F., et al. 2011. Interactive effects of disturbance and dispersal directionality
on species richness and composition in metacommunities. -Ecology 92(4): 859-
870.

Anna, A., et al. 2009. Do intermittent and ephemeral Mediterranean rivers belong to the
same river type? -Aquatic Ecology 43(2): 465-476.

Azeria, E. T., and Kolasa, J. 2008. Nestedness, niche metrics and temporal dynamics of
a metacommunity in a dynamic natural model system. Oikos 117(7): 1006-1019.

Baselga, A. 2010. Partitioning the turnover and nestedness components of beta
diversity. -Global Ecology and Biogeography 19(1): 134-143.

Beisner, B. E., et al. 2006. The role of dispersal in structuring lake communities from
bacteria to fish. -Ecology 87: 2895-2991.

Bengtsson, J. 2010. Applied (meta)community ecology: diversity and ecosystem
services at the intersection of local and regional processes. In Community
Ecology: Processes, Models, and Applications (eds H. A. Verhoef and P. L.

Morin), pp. 115-130. Oxford University Press, New York Oxford.

22



548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

Blanchet, F. G., et al. 2008. Modelling directional spatial processes in ecological data. -
Ecological Modelling 275(4): 325-336.

Bloch, C. P., et al. 2007. Effects of large-scale disturbance on metacommunity structure
of terrestrial gastropods: temporal trends in nestedness. -Oikos 116(3): 395-406.

Bogan, M. T. and Lytle, D. A. 2011. Severe drought drives novel community
trajectories in desert stream pools. -Freshwater Biology 56(10): 2070-2081.

Bogan, M. T. and Boersma, K. S. 2012. Aerial dispersal of aquatic invertebrates along
and away from arid-land streams. -Freshwater Science 31: 1131-1144.

Bonada, N., et al. 2007. Taxonomic and biological trait differences of stream
macroinvertebrate communities between mediterranean and temperate regions:
implications for future climatic scenarios. -Global Change Biology 13: 1658-
1671.

Bonada, N., et al. 2012. Spatial autocorrelation patterns of stream invertebrates:
exogenous and endogenous factors. -Journal of Biogeography 39: 56-68.
Boulton, A. J. 2003. Parallels and contrasts in the effects of drought on stream

macroinvertebrate assemblages. -Freshwater Biology 48(7): 1173-1185.

Brown, B. L. and Swan, C. M. 2010. Dendritic network structure constrains
metacommunity properties in riverine ecosystems. -Journal of Animal Ecology
79: 571-580.

Cafiedo-Arguelles, M., et al. 2015. Dispersal strength determines meta-community
structure in a dendritic riverine network. -Journal of Biogeography

doi: 10.1111/jb1.12457.

Campbell, R. E., et al. 2015. Flow-related disturbance creates a gradient of
metacommunity types within stream networks. Landscape Ecology 30(4): 667-

680.

23



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

Carrara, F., et al. 2012. Dendritic connectivity controls biodiversity patterns in
experimental metacommunities. -Proceedings of the National Academy of

Sciences 109: 5761-5766.

Clarke, A., et al. 2008. Macroinvertebrate diversity in headwater streams: a review. -
Freshwater biology 53(9): 1707-1721.

Corti, R. and Datry, T. 2012. Invertebrates and sestonic matter in an advancing wetted
front travelling down a dry river bed (Albarine, France). -Freshwater Science
31(4): 1187-1201.

Corti, R. and Datry, T. 2015. Ecological ambivalence: aquatic and terrestrial
invertebrate communities in an intermittent river. -Freshwater Biology (In
press).

Cottenie, K. 2005. Integrating environmental and spatial processes in ecological
community dynamics. -Ecology letters 8(11): 1175-1182.

Datry, T., et al. 2014a. Intermittent rivers: a challenge for freshwater ecology. -
BioScience bit027.

Datry, T., et al. 2014b. Broad-scale patterns of invertebrate richness and community
composition in temporary rivers: effects of flow intermittence. -Ecography 37:
94-104.

Datry T., et al. 2015. A landscape, mosaic perspective of intermittent rivers: ecological
implications. -Freshwater Biology (in press).

Drake, J. A. 1990. The mechanics of community assembly and succession. -Journal of
Theoretical Biology 147(2): 213-233.

Dudgeon, D., et al. 2006. Freshwater biodiversity: importance, threats, status and

conservation challenges. -Biological Reviews 81(2): 163-182.

24



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

Easterling, D. R., et al. 2000. Climate extremes: observations, modeling, and impacts. -
Science 289: 2068-2074.

Economo, E. P. 2011. Biodiversity conservation in metacommunity networks: linking
pattern and persistence. -American Naturalist 177: 167-180.

Erds, T., et al. 2012. Temporal variability in the spatial and environmental determinants
of functional metacommunity organisation—stream fish in a human-modified
landscape. -Freshwater Biology 57: 1914-1928.

Eros, T., et al. 2014. Quantifying temporal variability in the metacommunity structure
of stream fishes: the influence of non-native species and environmental drivers. -
Hydrobiologia 722(1): 31-43.

Erés, T., and Campbell Grant, E.H., 2015. Unifying research on the fragmentation of
terrestrial and aquatic habitats: patches, connectivity and the matrix in
riverscapes. -Freshwat Biol, in press.

Fagan, W. F. 2002. Connectivity, fragmentation, and extinction risk in dendritic
metapopulations. -Ecology 83(12): 3243-3249.

Fernandes, 1. M., et al., 2014. Spatiotemporal dynamics in a seasonal metacommunity
structure is predictable: the case of floodplain-fish communities. -Ecography
37(5): 464-475.

Fukui, D. A. L., et al. 2006. Effect of emergent aquatic insects on bat foraging in a
riparian forest. -Journal of Animal Ecology 75(6): 1252-1258.

Gasith, A. and Resh, V. H. 1999. Streams in Mediterranean climate regions: abiotic
influences and biotic responses to predictable seasonal events. -Annual Review
of Ecology and Systematics 51-81.

Gilbert, B., Bennett, J. R. 2010. Partitioning variation in ecological communities: do the

numbers add up? -Journal of Applied Ecology 47(5): 1071-1082.

25



622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

Grant, E. H. C., et al. 2007. Living in the branches: population dynamics and ecological
processes in dendritic networks. -Ecology Letters 10: 165-175.

Heino, J. 2013. The importance of metacommunity ecology for environmental
assessment research in the freshwater realm. -Biological Reviews 88: 166-178.

Heino, J. and Peckarsky, B. L. 2014. Integrating behavioral, population and large-scale
approaches for understanding stream insect communities. -Current Opinion in
Insect Science 2: 7-13.

Heino, J., et al. 2015. Metacommunity organisation, spatial extent and dispersal in
aquatic systems: patterns, processes and prospects. -Freshwater Biology 60: 845-
869.

Holyoak, M., et al. 2005. Metacommunities: Spatial dynamics and ecological
communities. University of Chicago Press, Chicago.

Hubbell, S. J. 2001. The unified neutral theory of biodiversity and biogeography.
Princeton University Press, Princeton.

Jacobson, B., and Peres-Neto, P. R. 2010. Quantifying and disentangling dispersal in
metacommunities: how close have we come? How far is there to go? -Landscape
Ecology 25: 495-507.

Jaeger, K. L., et al. 2014. Climate change poised to threaten hydrologic connectivity and
endemic fishes in dryland streams. -Proceedings of the National Academy of
Sciences: 10.1073/pnas.1320890111.

Kolasa, J., Romanuk, T. N. 2005. Assembly of unequals in the unequal world of a rock
pool metacommunity. Metacommunities: spatial dynamics and ecological

communities. University of Chicago Press, Chicago, Illinois, USA, 212-232.

26



645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

Kirwan, M. L. and Murray, A. B. 2007. A coupled geomorphic and ecological model of
tidal marsh evolution. Proceedings of the National Academy of Sciences 104:
6118-6122.

Lamy, T., et al. 2013. Metapopulation Dynamics of Species with Cryptic Life Stages. -
The American Naturalist 181: 479-491.

Larned, S. T., et al. 2010. Emerging concepts in temporary river ecology. -Freshwater
Biology 55: 717-738.

Larkin, J.L., et al. 2004. Landscape linkages and conservation planning for the black
bear in west-central Florida. -Animal Conservation 7: 23-34.

LaRue, M.A. and Nielsen, C.K., 2008. Modelling potential dispersal corridors for
cougars in midwestern North America using least-cost path methods. -
Ecological Modelling 212: 371-381.

Legendre, P. et al. 2005. Analyzing beta diversity: partitioning the spatial variation of
community composition data. -Ecological Monographs, 75(4): 435-450.

Leibold, M. A., et al. 2004. The metacommunity concept: a framework for multi-scale
community ecology. -Ecology Letters 7: 601-613.

Logue, J. B., et al. 2011. Empirical approaches to metacommunities: a review and
comparison with theory. -Trends in Ecology and Evolution 26(9): 482-491.

MacArthur, R. H. and Wilson, E. O. 1967. The Theory of Island Biogeography.
Princeton, Princeton University Press.

Massol, F., et al. 2011. Linking ecosystem and community dynamics through spatial
ecology. -Ecology Letters 14: 313-323.

McHugh, P. A., et al. 2014. Habitat size influences food web structure in drying

streams. -Ecography, doi: 10.1111/ecog.01193.

27



669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

Meynard, C. N., 2013. Disentangling the drivers of metacommunity structure across
spatial scales. -Journal of Biogeography 40(8): 1560-1571.

Moritz, C., et al. 2013. Disentangling the role of connectivity, environmental filtering,
and spatial structure on metacommunity dynamics. -Oikos 122: 1401-1410.

Mouquet, N. and Loreau, M. 2003. Community patterns in source-sink
metacommunities. -American Naturalist 162: 544-557.

Mougquet, N. et al. 2013. Extending the concept of keystone species to communities and
ecosystems. -Ecology Letters 16: 1-8.

Muneepeerakul, R., S., et al. 2007. On biodiversity in river networks: A trade-off
metapopulation model and comparative analysis. -Water Resources Research 43,
W07426.

Ng, 1.S.Y., et al. 2009. Hierarchical zooplankton metacommunities: distinguishing
between high and limiting dispersal mechanisms. -Hydrobiologia 619: 133—-143.

Palmer, M. A., et al. 2008. Climate change and the world's river basins: anticipating
management options. -Frontiers in Ecology and the Environment 6(2): 81-89.

Parmesan, C. 2006. Ecological and evolutionary responses to recent climate change. -
Annual Review of Ecology, Evolution, and Systematics 37: 637-669.

Presley, S. J., et al. 2010. A comprehensive framework for the evaluation of
metacommunity structure. -Oikos 119(6): 908-917.

Raymond, P. A., et al. 2013. Global carbon dioxide emissions from inland waters. -
Nature 503(7476): 355-359.

Ricklefs, R. E. 2008. Disintegration of the ecological community. -American Naturalist
172(6): 741-750.

Rosado, J., et al. 2014. Mass dispersal of terrestrial organisms during first flush in a

temporary stream. -River Research and Applications: doi: 10.1002/rra.2791.

28



694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

Sheldon, F., et al. 2010. Ecological roles and threats to aquatic refugia in arid
landscapes: dryland river waterholes. -Marine and Freshwater Research 61: 885-
895.

Smol, J. P., and Douglas, M. S. 2007. Crossing the final ecological threshold in high
Arctic ponds. -Proceedings of the national Academy of Sciences 104(30):
12395-12397.

Snyder, R. E. 2006. Multiple risk reduction mechanisms: can dormancy substitute for
dispersal? -Ecology Letters 9(10): 1106-1114.

Soininen, J., et al. 2015. Towards more integrated ecosystem research in aquatic and
terrestrial environments. -BioScience 65: 174-182.

Stanley, E. H., et al. 1997. Ecosystem expansion and contraction in streams. -
BioScience: 427-435.

Steward, A. L., et al. 2012. When the river runs dry: human and ecological values of dry
riverbeds. -Frontiers in Ecology and the Environment 10(4): 202-209.

Stubbington, R. and Datry, T. 2013. The macroinvertebrate seedbank promotes
community persistence in temporary rivers across climate zones. -Freshwater
Biology 58(6): 1202-1220.

Tonkin, J. D., et al. 2014. Dispersal distance and the pool of taxa, but not barriers,
determine the colonisation of restored river reaches by benthic invertebrates. -
Freshwater Biology 59: 1843—1855.

Tuomisto, H., Ruokolainen, K. 2006. Analyzing or explaining beta diversity?
Understanding the targets of different methods of analysis. -Ecology 87(11):

2697-2708.

29



717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

Vanschoenwinkel, B., et al. 2007. The role of metacommunity processes in shaping
invertebrate rock pool communities along a dispersal gradient. - Oikos 116(8):
1255-1266.

Vanschoenwinkel, B., et al. 2010. Species sorting in space and time-the impact of
disturbance regime on community assembly in a temporary pool
metacommunity. -Journal of the North American Benthological Society 29:
1267-1278.

Vellend, M. 2010. Conceptual synthesis in community ecology. -Quarterly Review of
Biology 85: 183-206.

Warner, R. R., Chesson, P. L. 1985. Coexistence mediated by recruitment fluctuations:
a field guide to the storage effect. -American Naturalist: 769-787.

Wiggins, G. B., et al. 1980. Evolutionary and ecological strategies of animals in annual
temporary pools. -Archiv fur Hydrobiologie Supplement 58: 97-206.

Winegardner, A. K., et al. 2012. The terminology of metacommunity ecology. -Trends

in Ecology and Evolution 27: 253-254.

30



742

743
744

745

746

747

Table 1. Definitions of terms used throughout the manuscript.

Term Definition

Community (or local The individuals of all species that potentially interact within a single

community) patch or local area of habitat (Leibold et al. 2004).

Dispersal A regional process influencing metacommunity dynamics involving
the movement of individuals from one site (i.e., emigration) to another
(i.e., immigration) within a region (see also Leibold et al. 2004).

Storage effect A local process involving the recruitment of many individuals from a

single generation, allowing species coexistence in systems prone to
disturbance (see also Warner & Chesson 1985; Snyder 2006).

Flow intermittence

Proportion of a given period, generally a year, during which a site in a
river network is either under lentic or terrestrial phases (Datry et al.
2014).

Local community structure

A general term used to describe community characteristics resulting
from the processes involved in its formation (e.g. species richness,
dominance, etc.).

Metacommunity

A set of local communities that are linked by dispersal of multiple
potentially interacting species (Leibold et al. 2004).

Metacommunity dynamics

The dynamics that arise within metacommunities; these consist of
spatial dynamics, temporal dynamics, and community dynamics
(multispecies interactions or the emergent properties arising from
them within communities), and the interaction of these three dynamics
(see also Leibold et al. 2004).

Metacommunity
organisation

A term that refers to the processes that explain metacommunities, i.e.,
environmental filtering or dispersal (Heino et al. 2015).

Environmental filtering

A local, niche-based process influencing metacommunity dynamics
and encompassing (i) the effects of local abiotic factors on species
survival and (i) local species interactions (see also species sorting in
Leibold et al. 2004).

Nestedness

The species of communities with smaller numbers of species are
subsets of species-richer communities, reflecting a non-random
process of species loss or gain as a consequence of any factor that
promotes the orderly disaggregation (or aggregation) of community
(Baselga 2010).

Turnover

The replacement of some species by others between communities is a
consequence of environmental filtering or spatial and historical
constraints. Different from nestedness, the gain of one species is
necessarily accompanied by a loss of a second species (Baselga 2010).
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