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ABSTRACT

Intermittent rivers and ephemeral streams (IRES) are the most common fluvial ecosystems in the
world. They will become even more abundant in the future due to climate change and increased
water abstraction. IRES are rivers that cease to flow (seasonally or sporadically) at some point(s)
along their course. Despite the importance of IRES and their unique biodiversity, there are
important aspects of their ecology and management that remain poorly understood. For example,
few studies have investigated the rewetting period, i.e., the moment of flow resumption that occurs
after the dry period. Here, we tested the response of taxonomic and functional features along
hydrological and spatial isolation gradients across eight IRES in a Mediterranean region during
the rewetting. We found a strong influence of hydrological isolation (i.e., low flow permanence)
and a lower (yet significant) effect of spatial isolation on the macroinvertebrate communities.
Those sites with lower hydrological and spatial isolation showed higher taxonomic richness (also
EPT and OCH richness), functional richness, functional redundancy and functional dispersion. In
contrast, we found poor communities dominated by Chironomidae and other Diptera with high
mean functional similarity in the most intermittent and ephemeral sites. Moreover, the results of
spatial isolation and dispersal traits analyses suggested that the recolonisation of
macroinvertebrates to the rewetted sites was mainly produced through the river network,
especially through long-distance dispersal events by drift favoured by preceding flash floods. The
amount of water bodies located at one kilometre around the sites (i.e., surrounding water bodies)
did not show any significant correlation with any of the community metrics, suggesting that aerial
recolonisation through overland dispersal from nearby refugia was not important.

RESUM

Els rius intermitents i les rieres efimers (IRES) son els ecosistemes fluvials més comuns del mon.

En el futur seran encara m®s abundant scagacic ausa del
dbébai gua. ElI's ITRES s-n aquells rius que deixen de f

alguns punt(s) al llarg del seu curs. Malgrat la importancia dels IRES i la seva singular
biodiversitat, hi ha aspectes importants de la seva ecologia i gesti6 que encara queden per
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forta influencia de l'aillament hidrologic (és a dir, baixa permanencia del flux) i un menor (pero
significatiu) efecte de l'aillament espacial sobre les comunitats de macroinvertebrats. Aquelles
localitats amb menor aillament hidrologic i espacial van mostrar una major riguesa taxonomica
(tamb® | a riqguesa dOEPT i O @tgip funcionals. Engcanei,sesvan r edund ™ n
trobar comunitats pobres dominades per Chironomidae i altres Diptera amb una semblanca
funcional mitjana alta entre taxons a les localitats més intermitents i efimeres. A més, els resultats

de | 6der "6laipd il aaoi irdels tretsde dispersioé van suggerir que la recolonitzacié dels
macroinvertebrats durant aquest moment es produia principalment a través de la xarxa fluvial,
sobretot a trav®s dobéesdeveni ments de di splesrsi - a |1
grans riuades succeides. La quantitat de masses dobdaigua situade
cada | ocalitat ( ®s a dir, |l es masses déaigua <circ

significativa amb cap de les métriques de comunitat, cosa que suggereix que la recolonitzacio
aéria mitjancant la dispersio terrestre des de refugis propers no va ser important.
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1. INTRODUCTION

Despite being largely ignored in the past, river ecosystems that recurrently cease to flow
of dry up at some point in time and space (hereafter Intermittent Rivers and Ephemeral
Streams, IRES) constitute more than half of the length of the global river network (Datry
et al., 2014a). They are complex mosaics of terrestrial and aquatic habitats that vary
greatly through time and across landscapes (Bogan et al., 2017). In the coming decades,
the number and length of IRES will increase in many regions due to climate, land-cover
changes and increasing water abstraction for irrigation and other economic uses (Palmer
et al., 2008, Larned et al., 2010).

IRES are especially common in Mediterranean climates (Cid et al., 2017). In these
regions, stream ecosystems are hydrologically diverse and highly dynamic shifting-
habitat mosaics (Bonada & Resh, 2013; Acuia et al., 2015). They are subjected to
seasonal and predictable natural disturbances, such as floods and droughts (McElravy
et al., 1989; Gasith & Resh, 1999), which are considered to be evolutionary pressures
that constrain plant and animal communities (di Castri, 1981; Stamou, 1998). At the
temporal scale, intra- (i.e., seasonal) and inter-annual variability in precipitation and
temperature influences flow dynamics. At the spatial scale, spatial variability in
precipitation and temperature patterns combined with topographic variation lead to
spatial variation in hydrologic patterns and habitat connectivity (Cid et al.,, 2017;

Sarremejane et al., 2017hb).

Three stream types can be distinguished in Mediterranean streams: perennial (flowing
waters), intermittent (mostly isolated pools during the dry season that may persist to the
end of summer) and ephemeral (dry stream beds in the dry season or even for longer
periods) (Bonada et al., 2007). These stream types comprise a gradient of hydrological
isolation (i.e., the different duration of no-flow or no surface water), from null isolation in
perennial streams, seasonal isolation in intermittent streams, and prolonged (i.e., inter-
annual) isolation in highly ephemeral streams. In intermittent streams, seasonal
hydrological variability can be divided into four different periods: 1) a period of
hydrological stress relief during winter and spring with connected riffles and pools; 2) a
drying period with isolated pools between late spring and early summer; 3) a dry period
with dry riverbeds between mid-summer and early autumn; and 4) a rewetting period in
early autumn (Hershkovitz & Gasith, 2013; Sarremejane et al., 2017b) (Fig. 1).




Between late spring and early summer, the loss of riffles, the increase of water
temperature and the decrease of oxygen concentrations eliminate many lotic taxa, such
as EPT (Ephemeroptera, Plecoptera and Trichoptera) (Boulton & Lake, 2008). With
increasing drying, pools decrease in size and the densities of organisms can increase
dramatically, leading to strong intra- and interspecific interactions, such as competition
or predation (Datry et al., 2016). At this moment, pool conditions are uninhabitable by
many stream insects, so lentic taxa as OCH (Odonata, Coleoptera and Hemiptera) and
certain Diptera, such as Chironomidae, increase their relative abundances (e.g., Acuiia
et al., 2005; Bogan & Boersma, 2012, Bonada et al., 2012). These pools may dry-out
completely although flow may continue through hyporheic sediments below the
streambed (Costigan et al., 2017). If drying continues, hyporheic flows may also cease.
Mediterranean river species have several morphological (e.g., small size, soft body) and
physiological (e.g., crawling, borrowing) adaptations that can withstand these conditions,
activating resistance strategies to desiccation (Hershkovitz & Gasith, 2013), exploiting
on-site refugia (Chester & Robson, 2011) or sheltering in the hyporheic zone (del Rosario
& Resh, 2000) or in the dry riverbed (Verberk et al., 2008) (Fig. 1).
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Figure 1. Transition between flowing, isolated pools and drying phases in Mediterranean intermittent streams along the
different seasons of the year. Flow cessation begins in late spring and flow resumption starts in early autumn.
Macroinvertebrate groups represented: Ephemeroptera (Leptophlebiidae), Plecoptera (Perlidae), Trichoptera
(Limnephilidae), Coleoptera (Dytiscidae), Hemiptera (Gerridae), Diptera (Culicidae) and Gastropoda (Planorbidae).
Drawings: Pau Fortufio Estrada. Not to scale.

In early autumn, localised precipitation can lead to rewetting (i.e., flow resumption, Fig.
1) and dry riverbeds shifting to a series of riffles connected to pools (Datry et al., 2014a).

Rewetting usually coincides with the onset of the first autumn rainfalls although in some




IRES, there may be seve r a | Aifalse startso if r aet a.f al

2017). Nevertheless, rewetting in Mediterranean rivers is usually triggered by increased
precipitation and runoff in the headwaters, sometimes intense enough to cause flash
floods that increase connectivity among habitat patches (Thomaz et al., 2007) and swiftly
transform channels from completely dry to flowing strongly (Jacobson et al., 2000; Cohen
& Laronne, 2005). Community recovery upon rewetting is gradual over time and the
temporal dynamics of drying events (including their frequency and duration) induce a
wide range of recovery patterns (Larned et al., 2010). Species richness generally
increases through time, with some species returning quickly and others colonising later,
depending on its life-cycle duration and synchronisation with flow resumption (Bogan et
al., 2017).

In river networks, the unidirectional flow of water drives organism longitudinal dispersal
and material transport from upstream to downstream (Brown & Swan, 2010). However,
dispersal of organisms also occurs in lateral, vertical and temporal dimensions (Fullerton
et al., 2010), via water or air. In water, organisms crawl or swim actively, or drift passively
(Bilton et al., 2001), depending on the presence and amount of water, as well as slope
and other geomorphological characteristics (Datry et al., 2017). Aerial dispersal occurs
actively by flying stages of insects or passively by wind or biotic vectors (Bilton et al.,
2001). The different proportions of these dispersal events shape the different processes
of colonisation of the new rewetted habitats and, therefore, the recovery time after drying.
These processes include: (1) resistant strategies; colonisation of surface habitats from
the hyporheic zone through the emergence of desiccation-resistant forms (temporal
dispersal; Bonada et al., 2017) or through species that have survived in the isolated
pools, and 2) resilient strategies; recolonisation via dispersal of organisms from perennial
refuges via water or air (spatial dispersal; Datry et al., 2014b, Bonada et al., 2017) (Fig.
1). The first strategy was examined by previous authors assessing the potential of dry
streambed sediments as a refuge by rewetting dry sediment samples under controlled
conditions (e.g., Storey & Quinn, 2013). However, its efficiency in such contribution is
variable and not completely understood (Stubbington & Datry, 2013). In fact, temporal
dispersal does not seem relevant for macroinvertebrate community recovery in our study
area according to a recently performed sediment rewetting experiment (Folch, 2020). In
this experiment, no macroinvertebrates emerged from the dry sediment after its
rehydratation, suggesting the lack of drought-resistance strategies. Conversely,
resilience via spatial dispersal is frequently cited as the most important community
recovery strategy in IRES (Acufia et al., 2005; Chester & Robson, 2011) and the ability

to disperse between and within streams (via overland flight, crawling, drift dispersal and
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swimming) is widely documented among IRES taxa (e.g., Williams & Hynes, 1976; Lake,
2011).

One important factor which represents a high constraint on recolonisation due to
dispersal limitation in headwater intermittent sites is spatial isolation. The position of a
given site within the stream network (e.qg., its geographical proximity to perennial refuges
and intermittent reaches) is a primary driver of macroinvertebrate diversity and
community composition in IRES, due to its regulatory effect on aerial and aquatic
colonisation (Bogan & Boersma, 2012; Bogan et al., 2013; Cafedo-Arguelles et al.,
2015). This colonisation rate occurs as a function of distance to perennial refuges, with
faster recovery corresponding to shorter distances (Robson et al., 2011). There is a
wealth of I|iterature about the wuse of river ne
(Petersen et al., 2004), although more recent studies (e.g., Cafiedo-Argielles et al.,
2015; Razeng et al., 2016) found that overland pathways, using perennial refuges as
stepping-stones, might be the main connections to sources of recolonists in fragmented

stream networks (i.e., including dry stream reaches at some point in time).

Numerous researchers examined macroinvertebrate communities in perennial rivers vs
IRES, or in isolated pools vs flowing reaches of IRES (e.g., Acufia et al., 2005; Bonada
et al., 2007). However, more recent studies (e.g., Schriever et al., 2015; Datry et al.,
2014b; Crabot et al., 2020) assessed flow permanence as a continuous variable (e.qg.,
the frequency and duration of zero-flow periods before flow resumption) showing spatial
and temporal gradients (Larned et al., 2011). Most studies have focused on taxonomic
metrics (e.g., taxa richness and abundance). However, these metrics typically provide
limited insight into the impacts of disturbance on ecosystem functioning (Mouillot et al.,
2013). In contrast, trait-based indices of community structure can be more informative in
describing ecological responses to environmental variability (Walker, 1992; Cadotte et
al., 2011). For example, Bonada et al. (2007) found no difference in macroinvertebrate
species richness between perennial and intermittent rivers but did find significant among-
site trait differences attributable to hydrology. Community functional diversity measures
such as functional richness and functional redundancy are often used and correlated
positively, where loss of species produced by natural stressors (e.g., hydrological
isolation) results in loss of functional diversity at the community level (Gutiérrez-Canovas
et al., 2015). Biological traits describe any morphological, physiological, or phenological
feature wusually measurable at the individual level (Mouillot et al., 2013).
Macroinvertebrates exhibit a great diversity of biological traits (Statzner et al., 2004; Poff

et al., 2006) since they are present over a wide range of environmental conditions




(Rosenberg & Resh, 1993; Merritt et al., 2008) and possess a wide range of dispersal

capacities (Bilton et al., 2001; Sarremejane et al., 2020).

The aim of the study was to characterise the macroinvertebrate communities established
during the rewetting period, after a high rainfall event that caused flash floods
reconnecting longitudinal flow. We analysed the relative importance of the preceding
hydrological conditions (i.e., hydrological isolation or flow permanence) and the effect of
spatial isolation on the composition and structure of the macroinvertebrate communities.
Considering taxonomic and functional metrics from IRES differing in hydrological and
spatial isolation, we tested the following hypotheses:

H1: Macroinvertebrate composition upon rewetting would be significantly
determined by antecedent flow duration due to both environmental filtering and
spatial isolation (Arscott et al., 2010; Larned et al., 2010; White et al., 2017). In
this sense, we expected that the effect of spatial isolation would be less important
than hydrological conditions, as the latter was considered previously a major
driver of stream macroinvertebrate communities (Datry et al., 2014b; Schriever

et al., 2015) and metacommunities (Cafiedo-Arguelles et al., 2020).

H2: Macroinvertebrate communities in perennial and spatially connected streams
would be characterised by higher taxonomic richness (Fig. 2a). A previous study
showed that taxonomic richness decreased linearly along gradients of flow
intermittence in several rivers around the world (Datry et al., 2014b). The most
perennial streams offer relatively stable environmental conditions (Sarremejane
et al., 2017b) and the less spatial isolation enhances the probability to be more
connected with nearby perennial waters that could act as a potential sources of

IRES recolonists (Bogan & Boersma, 2012).

H3: Flow permanence and EPT richness would be significantly and positively
correlated (Fig. 2b) due to a higher presence of riffles favouring lotic species.
Conversely, we expected a negative correlation between flow permanence and
OCH richness (Fig. 2c) due to less presence of pools. Also, we expected the
same negative relationship between flow permanence and % richness of
Chironomidae (Fig. 2d) and % richness of non-Chironomidae Diptera taxa (i.e.,
% richness other Diptera) (Fig. 2e) because these taxa are generalists and
ubiquitous, and in terms of relative richness, they would be more important than
EPT and OCH in the most intermittent and ephemeral sites (Stubbington et al.,
2017).




H4: Functional community structure would significantly change along hydrological
and spatial isolation gradients. In particular, at the whole-community level, we
expected an increase in functional richness (Fig. 2f), functional dispersion (Fdis)
(Fig. 2g) and functional redundancy (FR) (Fig. 2h) with higher flow permanence
and spatial connectivity (Schriever et al., 2015). Since both, local hydrological
conditions and spatial connectivity, should affect community structure, we
expected that these functional metrics would respond to combinations of both
gradients (Cafiedo-Arguelles et al., 2020). In IRES, drying can exert strong
environmental filtering (species with no drought adaptations are not able to
survive), thereby lowering functional richness. Conversely, in perennial streams
trait diversification could be promoted due to temporal stability of environmental
conditions, allowing for more species and functional traits to coexist through niche
partitioning (Villéger et al., 2011). Thus, we expected a higher functional
dispersion and functional redundancy in more perennial streams. At the taxon
functional level, we predicted that the mean functional similarity between taxa
(Fsim) (Fig. 2i) would be highest in temporary and spatially isolated streams, as
environmental filtering would be strongest and the chances for colonisation from

perennial streams would be lowest (Bogan & Boersma, 2012).

H5: Aquatic passive dispersal (Fig. 2m) would be more important than aerial
active dispersal during the rewetting (Fig. 2j), because high stream flows could
allow massive passive drift dispersal events of organisms from upstream
reaches. Aerial passive (Fig. 2k) and aerial active dispersal would respond
identically to both hydrological and spatial isolation gradients, and the same for
aquatic active (Fig. 2I) and aquatic passive dispersal. Although aerial dispersal
could be possible since all the sites sampled were near each other, some taxa
(e.g., Odonata) have relatively long life cycles (+1 year long) and require more
time in the water to emerge from eggs deposited by flying adults that recolonise
rewetted habitats from perennial refuges (Bogan & Boersma, 2012).
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Figure 2. A two by two matrix was used to represent the expected patterns occurring in macroinvertebrate communities
of IRES in space (spatial isolation) and time (hydrological isolation, here as low flow permanence). The X-axis corresponds
to spatial isolation, which includes both dispersal through the river network and aerial recolonisation from isolated
perennial refuges. The Y-axis corresponds to hydrological isolation. Both variables studied were categorised into two
levels, low (-) and high (+). Every response variable had 4 different levels represented by grayscale, from black (higher
values) to white (lower values). For example, in the upper-left cell, a sampling site would belong to a perennial and low
spatially isolated reach, whereas in the lower-right cell to an intermittent spatially isolated reach. Response variables
studied: (a) taxonomic richness; (b) EPT richness; (c) OCH richness; (d) % richness of Chironomidae taxa; (e) % richness
other Diptera; (f) functional richness; (g) functional dispersion; (h) functional redundancy; (i) mean functional similarity
between taxa; (j) % aerial active dispersal; (k) % aerial passive dispersal; () % aquatic active dispersal; (m) % aquatic
passive dispersal.




2. MATERIAL AND METHODS

2.1. Study area

The study was carried out in Sant LIl oren- del
area in the Valles Occidental region (Catalonia, NE Spain) (Fig. 3). The area has a
Mediterranean climate, with irregular and heavy rainfalls in the spring and autumn, and
a dry climate in summer (Rieradevall et al., 1999). The Park has a dominant karstic
geology with highly permeable substrates and, therefore, surface flow in streams may
cease in hours or days after rainfall. AlImost all streams within the park dry up during
summer (either with isolated pools or completely dry riverbeds), and the few that do not
dry have very low flows (Rieradevall et al., 1999). Perennial streams in this area are
mostly linked to springs that discharge from the karstic aquifer (the most permanent ones
are situated at low altitudes) (Bonada et al., 2007). The river network belongs to two
main river catchments that discharge into the Mediterranean Sea: the Besos River and
the Llobregat River.

Figure 3. Locations of sampling sitesatSant LIl oren- del Mu n The thicklgreed tine mdichtestthe r a | Par k
limitsofthe Park. St r eams sampl ed: AiRe(lCA)n,arfisWa [(IR)d 6 HioCratsatoe I (IH)0, A Muraodo ( MU)
(A), ATal amancaodo (T) an dnaiefca @) isrep@sertadfor efch €t¢ and was assessql hrough

temperature data-loggers (Valera, 2020).

2.2. Macroinvertebrate collection and processing

We sampled 8 pristine subcatchments (i.e., streams) comprising reaches that cover a
wide range of hydrological conditions, from ephemeral (<24% water permanence) to
perennial (100% water permanence) sites (Fig. 3). Samples were collected during the
rewetting, from 18™ to 215t November 2019. Previously to rewetting, a cold drop affected

Catalonia and caused extremely rapid rain episodes and flash floods (Fig. 4; Fig. 5) (e.g.,
























































































