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Abstract

Mediterranean temporary streams are characterized by high hydrological variability that
climate change is expected to intensify, increasing drought frequency and severity. These
conditions represent a major threat to freshwater mussels, an imperiled group with limited
mobility and strict habitat and host requirements. This study explored key factors shaping
freshwater mussel community structure, including the spatial distribution, species compo-
sition and abundance of coexisting species, in two temporary streams of the Guadiana river
basin (southwestern Iberian Peninsula). Pool systems in both streams were characterized
and compared under average dry season and extreme drought conditions using aerial
imagery, whereas mussel abundance patterns and host-mussel relationships were assessed
in the larger and more hydrologically stable stream. Results showed that drought severity
had different effects on pool refugia persistence, longitudinal distribution and host fish
availability between streams. The smaller stream experienced extensive pool desiccation
during extreme drought, causing widespread mussel mortality, whereas the larger stream
retained numerous pools that allowed mussel persistence. Mussel abundance showed
no relationship with pool size. However, Unio tumidiformis abundance was positively
associated with native fish abundance, particularly in upstream reaches. These results
highlight hydrological stability and host availability as key drivers of freshwater mussel
persistence in Mediterranean temporary streams.
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1. Introduction

Mediterranean-type streams are naturally prone to high variability in hydrological
conditions, experiencing severe droughts in summer, which reduce flow to isolated pools,
and substantial flooding in winter [1,2]. Moreover, total flow also varies markedly be-
tween wet and dry years particularly in southern basins and temporary rivers, where the
relation between the mean annual flow (m3/s) of wet and dry years can vary by more
than 200x [3,4]. Climate change is driving a trend towards rising temperatures and de-
clining rainfall, which is expected to exacerbate the frequency and intensity of drought in
this area [5-8]. While freshwater organisms inhabiting Mediterranean-type ecosystems
have developed strategies that enable them to successfully cope with the extreme events
characteristic of the region [9], the increasing unpredictability of water availability can
disrupt species dispersal, reproduction, and survival, ultimately increasing the risk of local
extinctions [10].

Freshwater mussels (order Unionida) are widely distributed around the world and
considered the most imperiled group of mollusks, facing multiple threats such as habi-
tat degradation, invasive species proliferation, and climate change [11]. In the Iberian
Peninsula, water scarcity has become one of the main pressures affecting freshwater ecosys-
tems [12]. It results from the combined overexploitation of water resources (superficial and
groundwater), often linked to agricultural intensification, and climate change, which has
increased the frequency and severity of extreme events such as droughts. These pressures
have contributed to the loss and degradation of riverine habitats, increased water pollution,
and the spread of alien invasive species. Consequently, Iberian freshwater mussels face
a situation of extreme vulnerability [13,14]. Despite their vulnerability, they continue to
play a crucial role in freshwater ecosystems by filtering water, cycling nutrients, and sta-
bilizing sediments [15,16]. Freshwater mussels have a unique life cycle and reproductive
strategy, which includes an obligatory parasitic stage (glochidia) that usually depends on
fish as hosts [17]. The glochidia encyst on a suitable host, where they metamorphose into
juveniles before detaching, drifting through the water column, and eventually settling
on the streambed as sedentary filter feeders [18]. Because adult freshwater mussels have
extremely limited mobility, effective dispersal occurs mainly during the parasitic larval
stage and shortly after juvenile release, being strongly dependent on host fish movement
and hydrological conditions such as stream flow [19]. As a consequence of this restricted
mobility and their reliance on specific host fish for reproduction and dispersal, freshwater
mussels are particularly vulnerable to environmental disturbances. They are among the
organisms most severely affected by environmental changes that increase the frequency
and intensity of droughts, as their survival depends on permanent water bodies and the
persistence of stable host fish populations [20-22], being remarkable bioindicators and
important sentinel species [23,24]. In fact, mussels cannot withstand long periods of des-
iccation, making recurring drying streambeds one of the primary drivers of their patchy
distribution in temporary Mediterranean-type streams. In these systems, mussel beds
are typically found at the locations of permanent water pools, where their probability of
survival is higher [23].

In the Iberian Peninsula, a severe decline in the number of known populations of all
species has been recently reported [13,25]. Unio tumidiformis Castro, 1985, an Iberian pro-
tected endemic species that lives exclusively in Mediterranean-type streams, has lost 80% of
its known populations in the last 20 years [13], and distribution models projecting species
distributions according to IPCC climate predictions show a future decline of all species,
including the potential extinction of U. tumidiformis in the next 15 years [14,21]. Notwith-
standing, local-scale studies assessing the effects of drought on the community structure of
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freshwater mussels in the Iberian Peninsula remain scarce, despite being essential for the
development of effective conservation strategies in such water-stressed environments.

The main objective of this study was to explore the key factors influencing freshwater
mussel community structure, defined here as the spatial distribution, species composition,
and abundance of coexisting species, which reflect how mussel assemblages are organized
along stream systems and respond to environmental and biological drivers [26]. Specific
objectives were (1) to characterize, in different hydrological years, the dry-season pool
system where freshwater mussel communities dwell; (2) to assess the importance of fish
hosts in determining the distribution and abundance of mussels along streams; and (3) to
examine the vulnerability of freshwater mussels to extreme drought events.

2. Materials and Methods
2.1. Study Area

This study was conducted in two natural watercourses belonging to the Guadiana
river basin, located in the Southwest of the Iberian Peninsula (Figure 1): the Vascao stream,
which is about 105 km long and has a drainage area of 470 km?, discharging into the
Guadiana River about 47 km from its mouth; and the Sao Pedro stream, a small 10 km
long tributary in the Ardila stream basin, a tributary of the Guadiana river, having a
drainage area of 45 km?. The climate in this region is typically Mediterranean, with
annual rainfall showing a considerable inter- and intra-annual variation [27]. Most of the
annual precipitation (about 80%) occurs between October and March, while in the summer
months (June-August), it is practically non-existent. This climatic pattern significantly
influences the hydrological regime of streams within the region, particularly smaller streams
such as those examined as case studies, which exhibit pronounced seasonality. During
the dry season, streamflow may cease entirely, resulting in the loss of connectivity and
fragmentation into isolated pools, whereas winter rainfall events can generate rapid flow
increases and occasional flooding [1,2]. Data from the Vascao gauging station (available at
the Portuguese Information Systems on Water Resources, SNIRH, http://snirh.apambiente.
pt, accessed on 2 February 2026), with complete monthly flow records for 29 years, showed
mean annual flow varying from 0.27 m3/s year (in 2004) to 8.5 m3/s (in 1969) and with
all but one year (1961) presenting zero flow months, varying from 1 to 5 months/year. No
gauging station exists in the Sao Pedro stream, but the hydrological regime should be even
more variable.

In addition to this pronounced seasonality, the study period was selected within years
of contrasting drought severity (2005-2007 for the Sao Pedro stream and 2017-2020 for
the Vascao stream). According to the Portuguese Institute for Sea and Atmosphere, 2005
was the driest year recorded in Portugal since 1931, with most of the territory receiving
less than 60% of the 1961-1990 climatological average, particularly in southern Portugal,
where the Guadiana basin is located [27]. In contrast, 2007 showed slightly wetter con-
ditions, with an unusually high summer precipitation that partially alleviated drought
conditions [27]. Similarly, 2017 recorded precipitation totals of about 60% of the 1971-2000
climatological average, whereas 2020 reached approximately 85% of the same reference,
indicating substantially less severe dry conditions [27]. Such interannual contrasts are
consistent with the high hydroclimatic variability described for the Lower Guadiana basin
and with broader long-term trends indicating increasing drought tendency across the
Iberian Peninsula and southern Europe, associated with rising temperatures and increasing
atmospheric evaporative demand [28-30].
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Figure 1. Location of the Vascao (a) and Sao Pedro (b) streams within the Guadiana basin, in the
Iberian Peninsula. Sampling sections are numbered according to river code (SP for Sao Pedro, VA for
Vascao) from upstream to downstream. Each section includes a variable number of pools.

2.2. Data Collection and Sampling

Data collection was conducted within the scope of two research projects that re-
quired complete surveys along the two studied streams: Atlas of Freshwater Bivalves
from Portugal (POA 1.100021) for the Sao Pedro stream and MUSSELFLOW (PTDC/BIA-
EVL/29199/2017) for the Vascao stream. Data were collected, respectively, in 2005 and
2020, following the specific requirements of each project.

2.3. Pool Inventory

We characterized the pool systems of both streams using aerial orthophotos obtained
from Google Earth. To ensure that mussel data reflected pool conditions, we used imagery
acquired within five years of the fieldwork surveys. This period is shorter than the lifespan
of the shortest-lived mussel species in the region (Unio tumidiformis), ensuring that mussel
populations’ structure responded to these conditions. Climatic data from 2005 to 2023
were used to assess annual precipitation patterns [27]. These data were crossed with
the available Google Earth imagery to identify, for each system, the images showing the
lowest water levels within this period (“extreme drought”: 2005 for Sao Pedro and 2017 for
Vascao). Using the same criterion, an average-precipitation year was selected (2007 for
Sao Pedro and 2020 for Vascao). For each stream and hydrological condition (extreme
drought and average dry season), all pools were identified and georeferenced. Pool length
(used as a measure of pool size) and pool distance to the stream mouth were calculated
using a Geographic Information System (QGIS Development Team. 2025, version 3.40.5.
QGIS Geographic Information System. QGIS Association. https://www.qgis.org). Pool
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inventories were subsequently used to define sampling sections (Figure 1), each consisting
of a stream reach containing a variable number of pools and clearly separated from adjacent
sections by at least 100 m of completely dry streambed.

2.4. Mussel Sampling

Due to the harsh dry conditions encountered during mussel sampling in the Sao Pedro
stream, extremely dense and small mussel beds were found, caused by the retraction of the
water level, limiting methodological options. Mussels were therefore sampled using a total
of 13 quadrats, 1 m? in area each, distributed randomly along the stream [31]. Individuals
inside quadrats were identified at the species level, counted, and measured (maximum
shell length). The abundance at each section was calculated as the average number of
mussels per quadrat.

In the Vascao stream, mussel beds were usually scattered in much lower densities on
larger pools; hence, an alternative sampling method was applied, consisting of a random
search carried out by two researchers, with a sampling effort of 30 min per pool [31].
Pools were selected based on the analysis of multi-year aerial imagery, prioritizing those
that consistently persisted over several years. Whenever possible, a visual search was
performed using an aquascope or snorkeling (according to depth), but at various sections,
given the high turbidity of the water, it was necessary to replace this method by hand
searching the streambed. The individuals collected were counted, identified at the species
level, and measured (maximum shell length). Abundance at each section was calculated as
average Captures per Unit Effort (CPUEs) across all pools, given as the average number of
mussels captured per 30 min by two researchers.

Once the data recording was finished, the mussels were returned to their origi-
nal location.

2.5. Fish Sampling

Fish sampling was conducted only in the Vascao stream, in 2020, where one fish
sampling site was considered within each study section. Because mussel species are long-
lived, changes in their fish host populations only reflected in the mussel population several
years later, as adult mussels can persist for several years after recruitment has ceased [32].
For this reason, one may consider that a certain mussel population reflects, among other
factors, the fish host populations that occurred during a period as long as the longevity of
the target mussel species. Taking this into account, fish data from the annual monitoring
program conducted in the Vascao stream by the Portuguese National Authority for Nature
Conservation were used to check consistency of fish assemblages up to ten years prior to
mussel data collection, which matches the lowest known longevity of any mussel species
in the area [1].

The fish community was characterized in each stream section according to the sam-
pling protocol established in Portugal by the Water National Authority [33]. Fish were
sampled on 100 m long stretches of stream for a minimum of 20 min by using single-pass
electrofishing. The electrofishing devices Hans Grassl™ 1G200, Schonau am Koénigssee,
Germany and SAMUS 725MP, Olomoucm, Czech Republic were manipulated by wading
upstream in a zigzag direction during daylight. Voltage was selected according to the char-
acteristics of the sampling site, particularly the conductivity and water depth. Specimens
were identified to species level, counted and released back into the stream, except for exotic
species that were sacrificed according to instructions of ICNF (Portuguese National Au-
thority for Nature Conservation). Fish abundance was quantified as catch-per-unit-effort,
CPUE (individuals collected per 100 m?).
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2.6. Data Analyses

Overall, non-parametric statistics were used because the assumptions for parametric
tests were not fulfilled. Differences in pool length among stream sections were evaluated
with Kruskal-Wallis tests for each stream and year, and overall differences between streams
were assessed using Mann—-Whitney tests. Summary statistics were computed for each
stream, period and section to characterize the spatial distribution of pool dimensions. To
evaluate temporal changes in pool dimensions at specific locations, the Wilcoxon signed-
rank test was used to compare pool lengths between average dry season and extreme
drought. To test whether the relative size rankings of pools were preserved across years,
Spearman’s rank correlation was performed between the pool’s length in both periods.
This assessed whether larger pools in the average dry year tended to remain among the
largest during the extreme drought conditions, thus evaluating spatial consistency in
potential refuge.

Because mussel abundance was obtained using different sampling approaches in each
watercourse, analyses were conducted separately for the two streams. Mussel presence
and abundance were examined across the sampled sections to describe spatial variation
within each stream. Formal statistical analyses were performed only for the Vascao stream
because data availability for the Sao Pedro Stream was limited.

The relationship between species-specific mussel abundance per section, calculated as
the average abundance across all pools within each section, and the average pool length
was evaluated for both hydrological periods, since pool length represents a proxy for
water permanence. In addition, the relationships between mussel abundance and key
environmental variables, including distance from the stream mouth and the abundance of
different host-fish groups, were assessed.

All previous statistical analyses were performed using R software (version 4.3.0, R
Core Team, Vienna, Austria, 2023).

Finally, Canonical Correspondence Analysis (CCA), run with CANOCO [34-36], was
used to explore the influence of several explanatory variables on the structure of the fresh-
water mussel community in the Vascao stream. This analysis is inherently correlative and
therefore useful for describing patterns and exploring potential underlying mechanisms,
but it does not allow causal relationships to be inferred. For the analysis, two matrices were
developed: mussel abundance x pool (dependent variable) and explanatory variables x
pool (independent variables). Mussel abundance data were log transformed [y = log(y + 1)]
to reduce the influence of species in extremely high abundance [35]. The following explana-
tory variables were initially considered: pool length during average dry season and extreme
drought conditions (m), abundance of Squalius spp. (CPUE), abundance of Luciobarbus spp.
(CPUE), abundance of native fish species (CPUE), abundance of exotic fish species (CPUE),
and distance to mouth (m). The variables gathered from the fish sampling for each section
were used to characterize all the pools in that section.

The best predictors of mussel community variation were selected by a forward se-
lection procedure, a multivariate extension of the stepwise regression method, with a
significance cut-off point of 0.05. Variation explained in the CCA was obtained by dividing
the canonical eigenvalues of the CCA (trace) by the total inertia, that is, the sum of all
eigenvalues of a correspondence analysis of the mussel abundance matrix. Monte Carlo
simulation tests of both the first axis eigenvalue and trace (1000 permutations) were used
to evaluate the statistical significance of the association under analysis.
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3. Results
3.1. Pool System Characteristics

Pool number, length, and distance to mouth varied among streams, sections, and
periods. The number of pools per km in an average year was smaller in the Vascao stream
(1to0 3.8, average £ SD = 0.71) than in the Sao Pedro stream (0 to 18.2, average + SD, = 5.33)
and decreased during the extreme drought in both watercourses (Figure 2). Considering
the pools identified during the average year as a reference, 49 out of 78 pools (63%) dried
out in the Sao Pedro Stream during the extreme drought, while only 36 out of 195 pools
(18%) dried out in the Vascao stream.

Sao Pedro Vascao

18

—_
[\v]

=y
o

Pools per kilometer
[ee]

[s2]

i

[\

.*-h

average dry extreme drought average dry extreme drought
Period
Figure 2. Distribution of pool density (pools km™!) in the Sao Pedro stream (left) and the Vascao
stream (right) during the average dry season (green) and the extreme drought (red). Boxes represent
the interquartile range (Q1-Q3), the horizontal line indicates the median, and whiskers extend to
values within 1.5 times the interquartile range.

Pools in the Vascao stream were significantly longer than those in the Sdo Pedro stream
in both seasons (average dry season U = 83, p < 0.001; extreme drought U = 2055, p < 0.001).
Pool length during the extreme drought showed a significant reduction compared to the
average dry season in both watercourses (Vascao: U = 27,627, p < 0.001; Sao Pedro: U = 4585,
p < 0.01) (Figure 3). Pool length also varied along each stream, although with no clear
spatial trend (Figure 4).

Correlations between pool length during the two sampling periods showed no associ-
ation in the Sao Pedro stream (rho = —0.144, p = 0.2084), while a positive relationship was
found in the Vascao stream (rho = 0.555, p < 1 X 107%) (Figure 5).
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Figure 3. Distribution of pool length (m) in the Sao Pedro stream (left) and the Vascao stream (right)
during the average dry season (green) and the extreme drought (red). Boxes represent the interquartile
range (Q1-Q3), the horizontal line indicates the median, and whiskers extend to values within
1.5 times the interquartile range.
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Figure 4. Pool length (m) by stream section along the Sao Pedro stream (a) and the Vascao stream (b)
during the average dry (green) and extreme drought (red) periods. Boxes represent the interquartile
range (Q1-Q3), the horizontal line indicates the median, whiskers extend to values within 1.5 times
the interquartile range, and points indicate outliers. Stream sections are numbered according to
stream code (SP for Sao Pedro, VA for Vascao), from the upstream section to the section closest to the
stream mouth.
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Figure 5. Relationship between pool lengths during average dry season and extreme drought in the
Sao Pedro and Vascao streams. Each point represents an individual pool; red points indicate pools
that completely dried during the extreme drought conditions. Lines represent linear regressions
with 95% confidence intervals. The dashed 1:1 line denotes equal pool length between periods. The
Spearman correlation coefficient (rtho) and its significance level (p) are shown for each stream.

3.2. Freshwater Mussel Abundance

Mussel species showed distinct distribution and abundance patterns between streams
and among stream sections (Figure 6). In the S. Pedro stream (Figure 6a), Unio delphinus
was present in all sections but at relatively low abundances, whereas Unio tumidiformis
dominated most sections, particularly in the middle and downstream reaches. Potomida lit-
toralis occurred mainly in intermediate sections, while Anodonta anatina was rare. In the
Vascao stream (Figure 6b), species showed a more heterogeneous longitudinal pattern:
U. tumidiformis was most abundant in upstream sections, P. littoralis reached its highest
abundances in upper—-middle sections, and U. delphinus became more abundant toward
downstream sections. Anodonta anatina remained scarce across the whole stream.

No significant correlations were detected between mean bivalve abundance and
either average or extreme pool length for any of the four species in the Vascao stream
(Figure 7). Unio tumidiformis showed a strong and statistically significant positive Spearman
correlation with distance from the mouth (rho = 0.89, p < 0.001), with higher abundance
values associated with the headwaters (Figure 8). No significant correlations were observed
for Anodonta anatina, Potomida littoralis or Unio delphinus.
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Figure 6. Distribution of freshwater mussel abundance (number of individuals captured) by stream
section in the Sao Pedro stream (a) and the Vascao stream (b). Boxes represent the interquartile
range (Q1-Q3), the horizontal line indicates the median, whiskers extend to values within 1.5 times
the interquartile range, and points indicate outliers. Stream sections are numbered according to
stream code (SP for Sao Pedro, VA for Vascao), from upstream to downstream. Colors indicate mussel
species: Anodonta anatina (AA, pink boxes), Potomida littoralis (PL, blue boxes), Unio delphinus (UD,
green boxes), and Unio tumidiformis (UT, yellow boxes).

3.3. Fish Hosts

Fish collections at the 14 sampling sites in the Vascao stream included a total of 13 taxa,
comprising both native (from higher to lower total catch: Luciobarbus spp., Squalius al-
burnoides, Iberochondrostoma lemmingii, Squalius pyrenaicus, Pseudochondrostoma willkommii,
Cobitis paludica, Anaecypris hispanica, Anguilla anguilla, Salariopsis fluviatilis) and exotic
species (from higher to lower total catch: Micropterus nigricans, Lepomis gibbosus, and
Australoherus facetus).

Native species were clearly dominant in the fish assemblages, representing 92.9% of
the total fish sampled. The proportion of native species in the collections varied among
sampling sites, from 50% to 100%, with an average proportion of 89.4%.

Regarding the relationship between the abundance of freshwater mussels and host
fish (CPUE) in the Vascao stream (Figure 9), only U. tumidiformis showed a positive corre-
lation with fish groups. This species showed strong positive Spearman correlations with
Squalius spp. (p = 0.87, p < 0.001), Luciobarbus spp. (p = 0.78, p < 0.001), and with all native
fish species grouped (p = 0.82, p < 0.001).
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Figure 7. Relationship between mean freshwater mussel abundance and mean pool length in
sampling sections of the Vascao stream during the average dry season (left) and extreme drought
(permanent pools) (right). Spearman’s rank correlation coefficients (rho) and associated p-values
are shown for each species/season. The black line represents the correlation trend with a 95%
confidence interval (shaded area). (AA—Anodonta anatina, PL—Potomida littoralis, UD—Unio delphinus,
UT—U. tumidiformis).
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Figure 8. Relationship between mean freshwater mussel abundance and mean section distance from
the stream mouth in the Vascao stream. Each point represents the mean abundance recorded in one

https://doi.org/10.3390/d18030189


https://doi.org/10.3390/d18030189

Diversity 2026, 18, 189 12 of 18
stream section, ordered longitudinally from upstream to downstream (VA1-VA14), where VA1l
corresponds to the most upstream section and VA14 to the section closest to the stream mouth.
The black line represents the correlation trend, and the shaded area indicates the 95% confidence
interval. Red points indicate statistically significant correlations (p < 0.05). (AA—Anodonta anatina,
PL—Potomida littoralis, UD—Unio delphinus, UT—U. tumidiformis).
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Figure 9. Relationship between mussel abundance and fish abundance in the Vascao stream, grouped
by functional categories: native species, Squalius spp., Luciobarbus spp., and non-native species.
Each panel shows Spearman’s rank correlation coefficient (rho) and associated p-value for each site.
The black line represents the correlation trend with a 95% confidence interval (shaded area). Red
points indicate significant correlations (p < 0.05). (AA—Anodonta anatina, PL—Potomida littoralis,
UD—Unio delphinus, UT—U. tumidiformis).

3.4. Integrative Analysis

The first two axes of the CCA diagram are depicted in Figure 10. From all the ex-
planatory variables, three were retained by the forward selection procedure, accounting
for 25% of the total variation in the species abundance in pools (Monte Carlo permutation
test, p < 0.01). The first axis (19.5% of the total variation) was mainly related to distance to
the stream mouth and Squalius spp. abundance, with pools further from the stream mouth
(i.e., closer to the stream source) and with higher Squalius spp. abundance related to higher
U. tumidiformis abundance.

The second axis (5.5% of the total variation) was particularly influenced by pool length
during extreme drought conditions, with P. littoralis presenting higher abundances at the
larger pools. The other species presented an intermediate behavior in relation to the selected
explanatory variables.
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Figure 10. Canonical Correspondence Analysis (CCA) using pool data for mussel abundance
and selected explanatory variables in the Vascao stream. The gray points represent the sampling
sites, while the blue triangles indicate the position of different mussel species: Potomida littoralis,
Unio tumidiformis, Unio delphinus, and Anodonta anatina. Red vectors represent environmental vari-
ables, including pool length during extreme drought, distance to source, and Squalius spp. abundance.
The orientation and length of the vectors indicate the strength and direction of the relationships with
the species distribution across the sites.

4. Discussion

This study shows that in some cases, the size of pools in temporary Mediterranean-
type streams is a good proxy for how long they will hold water for, as indicated by the
direct correlation of the size of pools in the Vascao stream between both seasons. This is not
the case, however, for the S. Pedro stream. These facts are not surprising, as the location
and duration of pools are determined by a combination of multiple factors, including sub-
strate permeability, riparian vegetation, bedrock presence, groundwater upwelling, river
geomorphology and human water withdrawal [37]. In fact, water upwellings and bedrock
are relatively common in the Vascao river, while human pressure from agriculture and
cattle origin are greater in the S. Pedro stream, accounting from some of the differentiated
results despite sharing many features, including climate, geology and slope.

Our results for Iberian streams align with global research showing that freshwater
mussels are highly vulnerable to drought due to their limited mobility, and susceptibility
to emersion, hypoxia, and habitat desiccation that causes mass mortality events [26,38,39].
Differences in the pool system features of the two watercourses studied support eco-
hydraulic conditions as a fundamental driver of mussel distribution and survival. The Sao
Pedro stream, a much smaller and unstable watercourse, experienced a complete drying
out of many pools during the extreme drought event in 2005, leading to mass mortality
of the whole mussel community in that system, which is yet to recover 20 years on [13].
The complete extirpation of the mussel community was caused by the combination of dry
pools and high temperature and low oxygen of the remaining ones (unpublished data).
Furthermore, our data showed that the pools present during the extreme drought were
not all permanent, as some were dry during the normal dry season, as reflected in the lack
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of correspondence between the length of the pools in both periods at this stream. This
situation illustrates how the absence of stable refugia can drive local extinctions in these
small, temporary streams with high hydrological variability [37]. In contrast, the larger
Vascao stream, which showed more scattered but larger and more stable pools (as shown by
their persistence and length correlation between studied seasons), provided better refugia
for mussels, allowing populations to persist despite the dry conditions of more demanding
meteorological years. This suggests that the size and stability, rather than the quantity
of pools, may be the most relevant feature for the long-term freshwater mussel viability
in Mediterranean-type streams. In fact, local mussel mass mortality events are known to
be common in the Vascao stream during extreme drought events, according to periodic
monitoring conducted by the Portuguese National Authority for Nature Conservation, but
the populations can recover quickly from mussel beds that persist in permanent pools.

The abundance and distribution of freshwater mussels along the Vascao stream were
not significantly associated with pool size for any of the studied species, with both average
dry and extreme drought and pool length showing weak and non-significant correlations
with mean bivalve abundance across sections. These results are partially due to the fact
that the analyzed metric was standardized and not dependent on pool size (CPUE), but
also suggest that pool size alone does not act as a primary driver of mussel spatial patterns
in this system, and that other environmental variables, likely related to habitat quality,
hydrological stability, and biotic interactions, may play a more decisive role in shaping
mussel assemblage structure in intermittent Mediterranean streams [2,11,14,15]. This is not
unlike mussel spatial patterns in other fluvial systems, which respond to a complex and
interactive set of variables whose individual effects are difficult to access [26], and that may
include fish host distribution and abundance, refuge availability from high flow events, etc.

Even though freshwater mussel distribution is known to be strongly related to their
host fish distribution [40], the presence and abundance of fish species along the Vascao
stream seems to be only related to the distribution of U. tumidiformis. This is not surprising,
as this is known to be the most host-specialized species in these systems, using exclusively
fish that belong to the genus Squalius spp. [1]; the other three mussel species are known
to be able to use a wide range of native fish host species, widely distributed along the
studied systems, which partially explains the lack of relation between them. Surprisingly,
no mussel species seems to correlate with the presence and abundance of invasive fish
species, although their relevance in the Vascao stream is smaller than in other Guadiana
tributaries [41-43]. Moreover, A. anatina and U. delphinus are known to be able to use non-
native fish species as hosts, although the success of glochidia attachment and transformation
is lower than on native hosts [44]. In fact, a considerable proportion of the spatial variation
in mussel assemblages in the Vascao stream remained unexplained by the selected variables
in the CCA. In ecological studies, multivariate direct gradient analyses often account for
relatively low proportions of the total biological variation due to the intrinsic complexity
and noise of ecological datasets, while still revealing ecologically meaningful patterns [45].
The low proportion of explained variation may also indicate that additional drivers not
included in the analysis influenced mussel assemblages, such as local groundwater inputs
maintaining refugial habitats during drought or water quality conditions. Further studies
are needed to assess the role of additional environmental and biotic factors affecting the
persistence of these vulnerable taxa.

Severe droughts have been known to cause significant mortalities by exposing mussels
to air or inadequate habitats [38,39], eliminating whole populations, which occurred in the
Sao Pedro stream, where the lack of hydrological refugia led to mussel die-off along the
whole of the stream. Recolonization of such areas can only occur after the rewatering of dry
streams, allowing the access of host fish to areas previously devoid of water that act as sinks
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for multiple sources located either upstream or downstream, as the process of hydrological
re-connectivity takes place [46]. In recent years, some specimens of U. delphinus have been
recorded from the S. Pedro stream (unpublished data), showing some degree of recovery,
at least of the most host-generalist species, likely originating from the river Toutalga
where it flows to. The mortality events may also be partially compensated for by high
recruitment patterns that originate from the higher infestation rates of fish hosts trapped
in reduced pools, provided some adult mussels are present [47], as seems to be the case
in the Vascao river. Likewise, it has been shown that other aquatic macroinvertebrates
are very resilient and able to recover if they are not eliminated in hydrological highly
variable streams [37,48]. This follows a “boom and bust” pattern described in temporary
and intermittent streams [49]. Also, these recurrent cyclic patterns of water availability
can also leave marks on the genetic diversity of strictly freshwater species, especially
due to isolation, genetic drift and bottleneck effects, as suggested for the sympatric fish
Anaecypris hispanica [50]. Despite the capacity of many of these species to cope with
environmental variability, the increased frequency and severity of dry events [7,9,51,52]
has, consequently, led to an increase in mussel mortality because more pools dry out during
summer. Mass mortalities such as the ones in the S. Pedro stream have been recorded in
similar sized systems, leading to the local extirpation of several populations [39]. This is
particularly worrying for U. tumidiformis, as very few and isolated populations remain,
making its natural recovery by migration from other streams impossible. In fact, Lopes-
Lima et al. (2023) [13] state that 80% of the populations of the species known at the
beginning of the century in Portugal have already disappeared, with droughts being one of
the main reasons suggested by the authors.

The above considerations emphasize the need to protect the fluvial ecosystem as a
whole, ensuring the integrity of the natural flow regimes and the fish communities, in order
to achieve efficient conservation of freshwater mussels. In particular, permanent water
refuges must be insured to allow the survival of the mussels (and their hosts) during dry
periods, as desiccation seems to be a major threat for almost all known populations.

Artificial habitats such as reservoirs and canals are known to provide refuge to mussels
during drought in a few cases [53,54]. However, this seems a side effect with little impact
on the protection of the fluvial ecosystem as a whole, essential for long-term conservation
of freshwater mussels.

Maintaining and restoring riparian vegetation to provide shaded refuges during
droughts and stabilize stream banks, enforcing strict water policies in dry seasons, im-
plementing stream engineering to enhance permanent water refuges, and restoration of
connectivity and natural flow are important strategies for conserving freshwater mussels
in Mediterranean systems. Additionally, captive rearing of juvenile mussels for population
reinforcement or reintroduction, once original threats have been addressed, is vital for
the recovery of species like Unio tumidiformis [14] and should be prioritized to prevent
further decline.
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