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• We assessed the impact of dams on the
pearl mussel M. margaritifera.

• Pearl mussels were much more abun-
dant upstream of dams.

• Juveniles were mostly found upstream
of dams.

• Most significant alterations are related
to changes in sediment and water
chemistry.

• Dams significantly affected the abun-
dance and size structure of pearl
mussels.
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Freshwatermussels are undergoing rapid global declines due to habitat loss and fragmentation, among other fac-
tors, but little is known about the effects of small hydropower plants. Here we assessed the impact of small hy-
dropower plants on the abundance and size structure of the imperilled pearl musselMargaritifera margaritifera.
For this, we sampled 66 sites in three Portuguese rivers (Mente, Rabaçal and Tuela) located upstream and down-
stream of dams andwithin the reservoirs. Pearl musselswere significantlymore abundant upstream than down-
stream of dams (97.4% more) or within reservoirs (98.5% more). In addition, juveniles were mostly found
upstream of dams. Themost significant environmental alterations that explained the observed patterns were re-
lated to changes in sediment characteristics (accumulation of fine sediments and organic matter in reservoirs)
andwater chemistry, most notably suspended solids (highest values in reservoirs) and dissolved oxygen (lowest
values in reservoirs). Overall, results show that small hydropower plants can deeply affect pearl mussel popula-
tions: specimens almost disappeared from the areas within the reservoirs and sites located downstream only
retained adults without signs of recent recruitment. Future management measures devoted to the conservation
of pearlmussels should take into account the results reported here to avoid the construction of newdams in pearl
mussel rivers; improve management of the river flow in downstream areas; and consider the decommissioning
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of dams in pearl mussel rivers with a particular attention devoted to the re-naturalization of river sections under
the influence of the reservoir and downstream areas.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Humans have extensively altered rivers through the construction of
dams and other physical infrastructures to meet their water, food, en-
ergy, transportation and security needs (Baxter 1977; Nilsson et al.,
2005). Water infrastructures are responsible for major changes in habi-
tats that include: habitat fragmentation and loss of connectivity; alter-
ations in channel geomorphology and floodplain disconnection;
changes in abiotic conditions (e.g. depth, oxygen, sediment, current ve-
locity, temperature, water transparency, and nutrients); modifications
in the magnitude and timing of critical high and low flows; release of
greenhouse gases; alterations in the continuity of matter and energy;
among others (Baxter 1977; Poff et al. 1997, 2007; Nilsson et al., 2005;
Fearnside and Pueyo 2012; Grill et al. 2019). All these environmental
changes are responsible for modifications in aquatic (and also adjacent
terrestrial areas) biota that include homogenization of communities,
loss of functional diversity, increased mortality in lotic organisms, dis-
ruption of reproductive cues, interrupted migration, and changed food
webs (Allan and Flecker 1993; Lytle and Poff 2004; Nilsson et al.,
2005; Gallardo et al. 2008; Gallardo and Aldridge 2018; Moran et al.
2018; Anastácio et al. 2019).

The above mentioned ecological impacts are mainly studied during
and immediately after the construction of large dams. In comparison,
the potential ecological impacts due to the presence of small hydro-
power plants are less considered and very few studies assess ways to
mitigate their effects (Sutherland et al., 2020); this situation can be
problematic because there is a major increase in support of these
smaller infrastructures (Couto and Olden, 2018; Lange et al., 2018;
Muller, 2019). The definition of small hydropower plants vary im-
mensely from country to country and broadly refers to facilities that
produce less electricity and operate in smaller rivers as compared to
large hydropower plants (Couto and Olden, 2018). In the same vein,
small hydropower plants have a myriad of operation modes, flow con-
trol structures, and environmental impacts, turning the definition very
ambiguous. In this study we consider a small hydropower plant an in-
stallation with b10 MW of generation capacity (Couto and Olden,
2018; Lange et al., 2018).

A recent global assessment advances a staggering number of 82,891
small hydropower plants that are operating or under construction in
150 countries and these numbers will probably increase further in the
next decades (Couto and Olden, 2018). Usually, small hydropower
plants are located in the upper parts of river basins (Zarfl et al., 2015;
Lange et al., 2018), which are crucial for the maintenance of hydrologic
connectivity, providing habitat for many species and important ecosys-
tem services to humans. In addition, upstreamareas are usually less dis-
turbed by human activities and therefore constitute important areas for
biodiversity conservation (Vörösmarty et al., 2010). Because of their rel-
evant and unique ecological impacts, the transferability of knowledge
and application of mitigationmeasures from large to small hydropower
plants is not straightforward (Couto and Olden, 2018).

Freshwater mussels (Bivalvia, Unionida) may be highly impacted by
the presence of hydropower plants (Vaughn and Taylor, 1999). These or-
ganisms rely on their benthic habits and so any change in the sediments
and hydrology can severely impair their survival. Interest in the conser-
vation of freshwater mussels has increased enormously in the last de-
cades due to their significant and rapid decline (Lopes-Lima et al.,
2014, 2017, 2018), and because they are seen as good indicators of the
ecological integrity of aquatic ecosystems (Santos et al., 2015; Ferreira-
Rodríguez et al., 2019). For example, Lopes-Lima et al. (2020) emphasize
the role of these organisms as indicator species and the importance of
knowing the basic biological features of freshwater mussels given their
fundamental ecological role, but also high sensitivity to habitat, water,
and sediment quality, making these species important targets for envi-
ronmental monitoring and conservation. Yet, the number of studies ad-
dressing the effects of dams on freshwater mussels is still insufficient
(but see for example Vaughn and Taylor, 1999). This is alarming because
the presence of dams or other types of physical infrastructures is almost
always mentioned as a key threat to freshwater mussels (Strayer et al.,
2004; Lopes-Lima et al., 2017, 2018; Zieritz et al., 2018a).

The freshwater pearl mussel Margaritifera margaritifera (Linnaeus,
1758) is listed as Endangered globally and Critically Endangered in
Europe by the IUCN (Moorkens et al., 2017). Although its European dis-
tribution extends from Portugal to Russia, pearl mussel numbers have
been declining extensively in the last decades (Geist, 2010; Lopes-
Lima et al., 2017). This species depends on salmonids to complete its
life cycle since their larvae (glochidia) have to pass a stage parasitising
trouts or salmons for a few months before metamorphosing into juve-
niles (Geist, 2010; Modesto et al., 2018). Pearl mussels are mainly pres-
ent in oligotrophic rivers with coarse sediments comprising cobbles,
gravel, and sand with very low organic matter content (Varandas
et al., 2013). For this reason, changes after the construction of small hy-
dropower plants in rivers inhabited by pearl mussels may negatively af-
fect their distribution, abundance and size structure due to direct
mortality or negatively affecting reproduction and/or recruitment. Im-
pacts can be completely different in organisms inhabiting the reservoir
compared to those in downstream and upstream areas. For example,
negative effects are expected in the reservoirs because lotic habitats
will become progressively more lentic, with the associated changes in
waterflow, temperature, accumulationoffine sediments, increase in or-
ganic matter content in the sediments, decrease in oxygen concentra-
tions, among other factors. As natural flow is usually changed by these
infrastructures, areas downstream of the dam can also be significantly
affected due to changes in hydrology, sediments, temperature, and
other abiotic features. Only areas upstream of the reservoir may main-
tain their abiotic conditions for the presence of pearlmussels. Neverthe-
less, pearl mussels may still be negatively affected due to the impact of
hydropower plants on fish hosts, given that even small dams may re-
strict the distribution of fish hosts and in this way contribute to the de-
cline or even extirpation of freshwater mussel species (Watters, 1996;
Schwalb et al., 2011; Haag, 2012).

AlthoughM.margaritifera has been the subject of a growing number
of ecological studies (for a review see Geist, 2010) and is a major target
of applied conservation projects (Life projects) in Europe (Lopes-Lima
et al., 2017), we are not aware of any study addressing the possible
long-term effects of hydropower plants on this species at the basin or
population scale. Therefore, the main aims of this study were to:
i) assess how small hydropower plants may affect population features
(abundance and size structure) of pearl mussels; ii) identify the main
environmental factors responsible for possible changes in the studied
population features, and iii) discuss the possible conservation implica-
tions of small hydropower plants on pearl mussel populations and pro-
pose measures to mitigate potential negative effects. We hypothesize
that the abundance (including the presence of juveniles) of pearl mus-
sels will be much lower in areas within the reservoir when compared
to upstream and downstream areas. We also hypothesize that the
main mechanism responsible for these differences will be the presence
of fine sediments, enriched with organic matter, within the reservoirs
when compared to upstream and downstream areas.



3R. Sousa et al. / Science of the Total Environment 719 (2020) 137361
2. Material and methods

2.1. Study area

Mente, Rabaçal and Tuela Rivers, all located in the NE of Portugal
(Fig. 1), are tributaries of the Tua River (Douro basin). The three rivers
have a total length of 57, 88 and 102 km, respectively, and share a sim-
ilar climate, with precipitation and temperature having high seasonal
and inter-annual variability (Oliveira et al., 2012). Variability in precip-
itation is responsible for high river flows (even major floods) during
winter/early spring, with a gradual decline in the river flow throughout
the year, reaching minimal values in the late summer/early autumn
(Sousa et al., 2012, 2018).

Four small (b10 MW of generation capacity; Couto and Olden, 2018)
hydropower plants are present in the study area: two in theRabaçal basin
(Rebordelo and Bouçoais-Sonim), with the Rebordelo dam also influenc-
ing the lower section of the Mente River, and another two in the Tuela
basin (Nunes and Trutas). All four dams are considered non-diversion
with storage installations. The Rebordelo dam is operational since 2004,
has a generation capacity of 8.75 MW and a height of 35.5 m, with a res-
ervoir covering an area of 460,000m2 and a total extension (from the be-
ginning to the end of the reservoir) of 4 km. The Bouçoais-Sonim became
Fig. 1. Map showing the sampling site locations in
operational in 2004, has a generation capacity of 10.00 MW and a height
of 43.0 m, with a reservoir covering an area of 153,000 m2 and an exten-
sion of 2 km. The Nunes dam begun its operation in 1994, has a genera-
tion capacity of 9.90 MW, a height of 21.5 m, and an extension of
1.5 km. The Trutas dam became operational in 2009, has a generation ca-
pacity of 1.5 MW, a height of 9 m, and an extension of 0.6 km.

Mente, Rabaçal and Tuela basins have a low human density,
resulting in a low disturbance, high conservation value of the habitats
present, and high freshwater biodiversity (Oliveira et al., 2012; Sousa
et al., 2015, 2018). In fact, the upper catchments of the three rivers are
mostly within the Montesinho Natural Park and represent important
habitats (including the non-protected areas located downstream of
the park) for threatened aquatic species (Sousa et al. 2015 and 2018).
Recent studies showed that these three rivers present the largest, still
recruiting and well preserved, pearl mussel populations in Portugal
(Sousa et al., 2015).

2.2. Sampling strategy

In this study, Mente, Rabaçal and Tuela Rivers were surveyed during
the endof July and beginning of August 2017.We choose this time of the
year to conduct our sampling due to good visibility, low depth and
Rabaçal (R), Mente (M) and Tuela (T) Rivers.
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current velocity, which facilitate the detection of pearl mussels. In addi-
tion, earlier studies showed poor river bed quality, increased deposition
of fine sediments and low oxygen during late summer low flows (Sousa
et al., 2018, 2019), which should correspond to the worst-case abiotic
conditions (possibly except for the environmental stress caused by
high flows during winter conditions) for the presence of pearl mussels
(Geist and Auerswald, 2007).

A total of 66 sites were sampled along the three rivers: 6 sites in
Mente, 30 in Rabaçal and 30 in Tuela. Sites were chosen randomly, al-
though spaced uniformly, and include downstream areas, where the
distribution limit of pearl mussels is known (Sousa et al., 2015), and up-
stream areas located near the border with Spain. Sites were categorized
as “downstream” (located downstream of dams), “dam” (within the
reservoir) and “upstream” (located upstream the upper limit of the res-
ervoir). In total, we sampled 28 sites categorized as downstream, 14 as
dams and 24 as upstream.

River stretches of 50 m in length were sampled by snorkeling. Sam-
pling methodology consisted of a variable number of 5 min dives per-
formed by three or four experienced researchers. The number of dives
per site varied between 4 and 12, being sites with lower abundances
(i.e. we considered a low abundance site when after 30min of sampling
b5 individuals were collected) sampled with a higher effort. Even in
sites within reservoirs, it was possible to snorkel due to the very low
water level during the 2017 summer, in response to a severe drought
(see for details Sousa et al., 2018 and Nogueira et al., 2020). In all sites,
the number of pearlmusselswas counted and each individual wasmea-
sured using a digital caliper. Abundance was expressed by Catch Per
Unit of Effort (CPUE) corresponding to individuals caught within
5 min of diving. After measurements, all organisms were carefully
repositioned to their original locations.

In each sampling site, temperature, conductivity, dissolved oxygen,
and pH were measured using a YSI EXO 2 multi-parameter probe.
Water samples were also collected to determine total suspended solids
(TSS) as well as total organic suspended solids (OSS). For this, water vol-
umes of 1 L were filtered using GFC filters, which were dried at 60 °C for
48 h and then heated in a muffle at 550 °C for 8 h. TSS and OSS were de-
termined by weight difference (following Zieritz et al., 2016, 2018b).
These measurements and water samples were always made/collected
in the middle of the river near to the bottom at the end of the morn-
ing/beginning of the afternoon in four consecutive days at the beginning
of August 2017. In addition, sediments were also collected in each site to
determine the mean size granulometry and organic matter content, fol-
lowing themethodology described in Sousa et al. (2006, 2007). Sediment
samples were collected in each site near (2m) the left bank using a plas-
tic cylinder with 10 cm of diameter and 60 cm of total length. Following
Geist and Auerswald (2007) only the upper 10 cm layer was considered
and the granulometry of each site was determined using a Ro-Tap agita-
tor with a column of different sieves with different mesh sizes (from
b0.063 mm to N90 mm). Sediment of each class was expressed as a per-
centage of total weight. Organicmatter in the sedimentwas determined,
after combusting during 24 h at 550 °C, in a muffle furnace and values
were expressed in percentage relative to the weight loss on ignition.
2.3. Data analysis

Differences in abundance and size of M. margaritifera between sites
located upstream, downstream andwithin the reservoirs were assessed
with non-parametric analyses of variance (Kruskal-Wallis test) since
data depart from normality even after several transformations. Because
data from the three rivers may violate the assumption of data indepen-
dency, we calculated overall differences among upstream-dam-
downstream sites within each of the three rivers individually.
Fig. 2. Average (+standard deviation) abundance of Margaritifera margaritifera in Rabaçal (A),
As potential predictors of the abundance of M. margaritiferawe ex-
plored a total of 16 variables: eight related with water chemistry (tem-
perature, conductivity, dissolved oxygen, pH, TSS, and OSS) and
sediment characteristics (mean sediment size and percentage of organic
matter content); and eight with the landscape, including four climatic
(temperature seasonality, temperature of the warmest and coldest
months, precipitation of the wettest month) and four human variables
(distance to dams and roads, accessibility and the Human Influence
Index) (Table S1, Supplementary Material). For landscape variables,
we extracted the corresponding value from raster maps using the coor-
dinates of each of the 66 sampling sites using a Geographic Information
Systems (Q-GIS v 10.2). We summarized the mean and range of values
observed in sampling sites upstream, downstream andwithin the reser-
voirs to illustrate differences among the three categories (Table S2, Sup-
plementary Material). We conducted an exploratory Principal
Component Analysis (PCA) to look for major differences between sam-
pling sites located upstream, within and downstream of dams. Data
were scaled (mean = 0 and sd = 1) before analysis to avoid problems
related to differences in sampling units.

To find key environmental predictors explaining M. margaritifera
abundance,wefirst analysedpairwise Pearson's correlations and selected
10 variables with r b |0.7| for further modelling (Fig. S1, Supplementary
Material): Location (upstream, dam, downstream), five indicators of
water and sediment conditions (OSS, temperature, pH, conductivity and
mean sediment size), two climatic (temperature seasonality and temper-
ature ofwarmestmonth), and four human-related (distance to dams and
roads, accessibility and the Human Influence Index). To account for the
non-independence of observations among rivers, we fitted a Generalized
Linear Mixed Model using the log-transformed CPUE as response vari-
ables and the set of 10 potential fixed predictors. To fix the random
part of themodel,we tested a null (nofixed factors)modelwith three op-
tions: random River (Akaike's Information Criterion with small-sample
correction [AICc] = 241), random Location (AICc = 145), and random
Location nestedwithin River (AICc=139).We chose the latter as the op-
tion with the lowest AICc. We then used multimodel inference (‘MuMIn’
package in R; Barton, 2011) to explore all combinations of predictors and
rankedmodels using the Akaike Information Criterion corrected for small
sample size (AICc).We considered allmodel combinationswithΔAICc b2
as equally valid to explain variation in the abundance ofM. margaritifera
and ranked explanatory variables by their frequency of selection. Finally,
we used results from the first ranked model and checked the model fit,
including any potential spatial correlation of the residuals through: nor-
mal Q-Q plots, residuals vs fitted values plot, and a semi-variogram to
test for the spatial correlation of model residuals. None of these plots
and analyses suggested the need for incorporating a spatial autocorrela-
tion structure to the model.

Statistical analyses were conducted using packages “corrplot”,
“mgcv”, “ggplot2”, “gstat” and “MuMin” in R.

3. Results

3.1. Effects of dams on the abundance and size of Margaritifera
margaritifera

In Rabaçal River, pearl mussels were present in 21 of the 30 sampled
sites. Rabaçal River presents the highest abundance of pearl mussels
with an average of 9.30 CPUE, with R25 showing the highest value
(i.e. 107 CPUE). A clear difference was observed in the average abun-
dances recorded in sites upstream of dams compared to sites down-
stream and within reservoirs (Kruskal-Wallis test, Chi-sq = 167.49, df
= 2, P b 0.001). Sites upstream had an average abundance of 37.35
CPUE contrasting with average values of 0.54 and 0 CPUE in down-
stream and within the reservoir, respectively (Fig. 2A). In Mente River,
Mente (B) and Tuela (C) Rivers.
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pearl mussels were only present in 3 of 6 sampled sites. The average
abundance of pearl mussels was 1.70 CPUE, presenting M5 the highest
valuewith 9.00 CPUE (Fig. 2B). A clear difference was detected between
sites located upstream, with an average of 7.13 CPUE, in comparison to
sites located within the reservoir, with an average of 0.08 CPUE
(Kruskal-Wallis test, Chi-sq = 38.54, df = 1, P b 0.001). In Tuela River,
pearl mussels were present in 17 of the 30 sampled sites. Tuela River
presented an average abundance of 4.92 CPUE, with T26 showing the
highest value (i.e. 46.25 CPUE). A clear difference was observed in the
average abundances recorded in sites upstream of the dams compared
to sites downstream and within reservoirs (Kruskal-Wallis test, Chi-sq
= 138.04, df= 2, P b 0.001). Sites upstream had an average abundance
of 13.24 CPUE contrasting with average values of 0.59 and 1.28 CPUE in
downstream and within the reservoir, respectively (Fig. 2C). Overall,
and joining data from the three rivers, average abundance of pearlmus-
sels in sites located upstream (22.00 CPUE) largely exceeded those
found downstream (0.57 CPUE) and within the reservoirs (0.33
CPUE), with clear differences detected between treatments (Kruskal-
Wallis test, Chi-sq = 344.33, df = 2, P b 0.001).

In Rabaçal River, the average size of thepearlmusselswas 68.80mm,
presenting the smallest specimen 17.00 mm (R23) and the largest
99.50 mm (R14). Site R28 (upstream) presented the lowest average
size with 60.20 mm and R4 (downstream) the highest with 84.50 mm
(Fig. 3A). A clear difference was observed in the average size recorded
in sites upstreamof the dams compared to sites downstreamandwithin
reservoirs (Kruskal-Wallis test, Chi-sq= 101.05, df= 2, P b 0.001). The
average size in sites located downstream was always higher than
77.00 mm, with no individuals having b60 mm. In opposition, in up-
stream sites 14.75% of the individuals had b60mm, being considered ju-
veniles. In Mente River, the average size was 73.3 mm, presenting the
smallest specimen 59.00 mm (M6) and the largest 87.00 mm (M5).
The average size was quite similar in M4, M5 and M6 (Fig. 3B) and
only 1.28% of the individuals measured b60.00 mm. No differences
were observed in the average size recorded in sites upstream of the
dam compared to sites within the reservoir (Kruskal-Wallis test, Chi-
sq = 0.01, df = 1, P = 0.917). In Tuela River the average size was
72.60 mm, presenting the smallest specimen 29.00 mm (T24) and the
largest 100.00mm (T30). Site T24 (upstream) presented the lowest av-
erage size with 66.10 mm and T5 (downstream) the highest with
83.20 mm (Fig. 3C), being 5.39% of the specimens considered juveniles.
A clear difference was observed in the average size recorded in sites up-
stream of the dams compared to sites downstream and within reser-
voirs (Kruskal-Wallis test, Chi-sq = 92.56, df = 2, P b 0.001). Overall,
and joining data from the three rivers, the average size of pearl mussels
found upstream was 69.60 mm, which is similar to that within reser-
voirs (70.80mm), but well below the 81.00mm for themussels located
downstream. Clear differences in the size of pearl mussels were de-
tected between treatments (Kruskal-Wallis test, Chi-sq = 199.12, df
= 2, P b 0.001).

3.2. Key environmental variables explaining Margaritifera margaritifera
abundance

The three first axes of the Principal Component Analysis explained a
cumulative 72.8% of environmental variation in the dataset. The first
axis (PC1, 30.1% explained variance) was negatively correlated with
suspended solids and organic matter; PC1 was positively correlated
with pH, dissolved oxygen and the size of sediments (see Table S3, Sup-
plementary Material). This axis separated sites within reservoirs, at the
left side of the graph, from sites upstream and downstream (Fig. 4). The
second axis (PC2, 23.8% explained variance) was positively correlated
with temperature seasonality, water conductivity, human influence
and distance to dams, and separated Tuela River sites (positive
Fig. 3. Length ofMargaritiferamargaritifera in Rabaçal (A),Mente (B) and Tuela (C) Rivers. Boxpl
largest and lowest value within 1.5 times interquartile range below and above the 25th and 75
coordinates) fromMente and Rabacal River sites located at negative co-
ordinates of this axis.

Multi-Model Inference identified seven possible combinations of
variables as equally important predictors of the abundance of
M. margaritifera. The most important predictors were: Location (in-
cluded in all seven alternative models, 7/7), organic suspended solids
(7/7), the Human Influence Index (5/7) temperature seasonality (5/
7); and to a lesser extent air temperature of the warmest month (1/7),
distance to dams (1/7) and water temperature (1/7) (Fig. S2, Supple-
mentary Material). The abundance of M. margaritifera was negatively
influenced by high values of organic suspended solids, human influence,
temperature and distance to dams (Fig. 5). The best GLMM model by
AICc included as predictors location, organic suspended solids and
human influence (adj-R2 = 0.84, correlation between observed and
fitted values = 94%). This model was not significantly different from
the full model including all potential predictors (ANOVA, L-ratio =
3.25, P N 0.05). Diagnosis plots did not indicate any spatial correlation
of the model residuals (Fig. S3, Supplementary Material).

Detailed abiotic data measured in situ in each sampling site can be
consulted in Table S4 (Supplementary Material).

4. Discussion

In this study, and for the first time, we demonstrate that small hy-
dropower plants affect the abundance and size structure of the endan-
gered pearl mussel M. margaritifera. Despite many authors mentioned
the presence of dams as a possible factor responsible for the decline of
pearl mussels, we were not able to find any quantitative study directly
addressing this topic (but see Addy et al., 2012). Overall, our results
showed that sites subjected to reservoir conditions and those located
downstream of dams suffer from severe habitat degradation and be-
come unsuitable for the recruitment of juveniles or even the survival
of adults. Moreover, we used water quality, climatic and human influ-
ence indicators to investigate the mechanisms that may drive changes
in the species abundance. Therefore, the results reported here are very
important for the current and future conservation and management of
pearl mussels in dammed rivers.

4.1. Small hydropower plants as a threat to Margaritifera margaritifera

Small hydropower plants negatively affected the abundance and re-
cruitment of M. margaritifera. These effects were more pronounced in
areas within the reservoir where the abundance of pearl mussels
dropped by 98.5%, but downstream areas were also significantly af-
fected with abundance values 97.4% lower than in upstream sites. It is
important to note that the four dams in the study area have been oper-
ating recently and so this study showed that the decline of pearlmussels
was very fast.

Although no detailed data exist regarding the abundance and size
structure of pearl mussel populations before the construction of the
four dams, it seems plausible that these facilities are the main factor
explaining the significant reduction in abundance and lack of recruit-
ment in sites within and downstream reservoirs. Indeed, human distur-
bance is quite low andwe are not aware of possible pollution sources or
sedimentation problems in the study area that could explain such an
abrupt decline in abundance and absence of juveniles. While in the
last years some negative effects on pearl mussel abundance have been
reported from the predation of the signal crayfish Pacifastacus
leniusculus (Sousa et al., 2019), the occurrence of an extreme flood in
2010 (Sousa et al., 2012) and an extreme drought in 2017 (Sousa
et al., 2018; Nogueira et al., 2020), these factors are not enough to ex-
plain thepatterns found. In fact, the impacts of the signal crayfish preda-
tion aremore pronounced in upstreamareas (Sousa et al. 2019), and the
ots showmedian values (central line), the range from the25th to 75th percentile (box), the
th percentile (whiskers) and extreme values (dots).
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Fig. 4. Biplot of a Principal Component Analysis including water and sediment
characteristics, climate and human influence indicators potentially explaining the
abundance and size of Margaritifera margaritifera in Rabaçal, Mente and Tuela Rivers.
Colour ellipses encompass samples collected upstream, downstream and within dams.
More details about variables and results from PCA analysis can be consulted in Table S2
and S3 (Supplementary Material), respectively.
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effects resulting from the extreme climatic events were similar in the
three rivers and resulted in higher mortalities in the upstream areas
(Sousa et al. 2012, 2018:Nogueira et al., 2020). Nevertheless, it is impor-
tant tomention that mortalities reported for the 2017 drought occurred
after the sampling performed in this study (i.e. mortality mainly oc-
curred in late August and September; Sousa et al. 2018). We are
Fig. 5. Response of the abundance ofMargaritifera margaritifera (logCPUE) to the six potential
(OSS), Human Influence Index (HII), temperature seasonality (bio4), temperature of the warm
HII and Location are included in the first ranked GLMM model. Red dots represent upstream
references to colour in this figure legend, the reader is referred to the web version of this artic
confident that differences in abundance and size structure can be attrib-
uted to the presence of small hydropower plants as no other major fac-
tor acting at the basin scale seems to be in place.

Results come as no surprise since, when a river is dammed, the
stretches subjected to lentic conditions provide a very different habitat
in terms of sediments, water turbulence and stratification, oxygen and
source of energy, among others (Couto and Olden, 2018). Pearl mussels
occur only over a relatively narrow range of environmental characteris-
tics, such as oligotrophic conditions, coarse sediments, lotic stretches,
and relatively shallow areas (for a review on European populations
see Varandas et al., 2013). Upstream areas in this study seem to present
these favourable conditions and are mainly composed by coarse, non-
compacted and well-sorted sediments, with almost no fine sediments
and very low organic matter content (Fig. 6A). Highest pearl mussel
abundances typically occur in riffle or shoal areas (Fig. 6B), precisely
those habitats most affected by dams (Varandas et al., 2013; Sousa
et al., 2015).

The presence of a small hydropower plant is responsible for the ac-
cumulation of fine sediments and high amounts of organic matter
(leaf litter and deadwood), covering the earlier natural gravel and
sand substrates, which are not suitable for pearl mussels (see Fig. 6C).
For example, Geist and Auerswald (2007) clearly showed that func-
tional populations of M. margaritifera inhabit areas with coarse and
well-sorted sediments. Sites under reservoir influence present huge
amounts of fine sediments and organic matter that completely change
the environmental conditions of surface and hyporheic zones (Geist
and Auerswald, 2007). In addition, areas rich in fine sediments have
lower oxygen concentrations, a pronounced redox potential gradient,
and higher sediment compaction (Geist and Auerswald, 2007). These
environmental conditions can be especially detrimental to juveniles
that live the first five years burrowed in the substrate (Geist, 2010). In
our study area, the amount of fine sediments and organic matter is so
high in sites under the reservoir influence (Fig. 6C), that even adults
can be smothered. In fact, only inM4 and T19we found alive specimens
within the reservoir due to the fact that both sites are located near the
upstream reservoir limit, with suitable substrate such as cobbles, peb-
bles, gravel and sands with no accumulation of fine sediment and
predictors included in equally valid GLMM models (ΔAICcb2): Organic Suspended Solids
est month (bio5), distance to dams (ddams) and water temperature (Temp). Only OSS,
sites, blue dots downstream sites and green dots dam sites. (For interpretation of the

le.)



Fig. 6. ThreeMargaritifera margaritifera individuals colonizing a representative microhabitat with coarse sediments (A); a typical upstream river stretch in the Rabaçal River (B); Nunes
dam in the Tuela River during the 2017 drought with a massive accumulation of fine sediments and organic matter (C); and downstream river stretch of the Rebordelo dam in the
Rabaçal River (D).
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organic matter. Sites within the reservoir also presented lower oxygen
concentration and higher TSS and OSS values. The lower concentration
in oxygen is probably a reflection of the lentic conditions during sum-
mer but also due to a higher amount of decomposing material when
compared to upstream and downstream sites. Since pearl mussels are
usually found in well‑oxygenated habitats, the exposure to these low
oxygen values during summer conditions might affect their survival.
In addition, and since pearl mussels prefer oligotrophic conditions
with very clear waters (Geist, 2010; Varandas et al., 2013), the high
values of TSS and OSS reported in the majority of sites under reservoirs
influence may also negatively affect their presence.

Although not so drastic as reported for sites within the reservoir,
sites located downstream of dams also have a low abundance of pearl
mussels and lack of juveniles. Below dams (Fig. 6D), significant changes
in environmental factors may also occur. According to Addy et al.
(2012), channel width may reduce considerably due to a reduction in
competent flows caused by flow regulations. This situation may reduce
the habitat availability, mainly near the banks, which is the preferred
and more stable habitat for pearl mussels (Varandas et al., 2013). In ad-
dition, water released by dams may erode fine sediments from the
banks and main channel in adjacent downstream areas, leading to the
development of a coarse armoured surface layer that is not suitable
for the burrowing of juveniles or adult pearl mussels (Addy et al.,
2012). This situation was observed in our study area as the river is
narrower in sites immediately downstream the dams and the sediment
is coarserwith almost no gravel and sandswhen compared to upstream
sites. In winter (although not studied here), the river flow immediately
below dams can be very high, whichmay wash adult and juvenile pearl
mussels downstream from preferred to unsuitable habitats. The oppo-
site may happen during summer conditions since the water released
by dams may be too low (as during 2017; for details see Sousa et al.,
2018), and may result in low water levels and pearl mussels stranded
in the areas near the banks suffering high mortalities. Therefore, and
even if areas immediately downstream of dams had in the past high
abundances, it seems that after the dam started operating these sites
have been highly impacted by hydrological (and consequently
sedimentological) modifications. In addition, the temperature in the
downstream sites may change because the water released by dams in
the summermay have lower temperatures, due to reservoirwater strat-
ification (Vaughn and Taylor, 1999). Release of glochidia in pearl mus-
sels occurs during late August and September and probably this
species (although not studied here) has narrow windows during
which environmental conditions are optimal. Given the great changes
occurring within reservoirs and in downstream areas, our results sug-
gest that the new environmental conditions are unsuitable for repro-
duction and recruitment, and consequently no juveniles were found
downstream of dams. Although not assessed here, some studies have
found that freshwater mussels colonizing downstream areas of dams
with unnatural flow regimes have higher parasitism rates, and reduced
body condition, which may also contribute to the lower abundances in
these areas (Galbraith & Vaughn, 2011). Finally, detrimental conditions
in downstream areasmay also affect thefish hosts and in thisway be re-
sponsible for the lack of juveniles. A recent survey in the study area
showed that brown trout have become extremely rare in these down-
stream areas (Sousa, personal observation). Similar results (i.e. drastic
decline in abundance and diversity of freshwater mussels below
dams) have been described in North American rivers (Layzer et al.,
1993; Vaughn and Taylor, 1999).

5. Conservation implications

Pearl mussels have several life-history traits (e.g. long-lived, delayed
reproduction and low juvenile survivorship; Geist, 2010) that make
them highly susceptible to the impacts generated by hydropower
plants. Adult pearl mussels are sedentary and have very low ability to
seek refuge from certain disturbances (e.g. changes in sediment compo-
sition). Juveniles are even more affected because they have narrower
ranges of tolerance to sedimentological and/or water chemistry
changes, which presumably decrease overall recruitment and survival
(Geist, 2010). Pearl mussels have a complicated life cycle, including a
larval stage that is ectoparasitic on salmonids (salmon and trout). This
situation turns the conservation of pearl mussels challenging because
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host fish can also be highly susceptible to the environmental changes
generated by the presence of small hydropower plants. Overall, this
study clearly showed that the presence of small hydropower plants
can be responsible for the extirpation of pearl mussels under the influ-
ence of reservoirs. Even sites located downstream of dams can be highly
affected and suffer local extinctions in the long-term due to the lack of
recruitment. Only upstream areas in the study area seem to maintain
optimal environmental conditions and these areas should be strictly
protected. This is partly accomplished by the Montesinho Natural
Park, but most of the conservation attention is devoted to the terrestrial
biodiversity, overlooking freshwater species. Therefore, more attention
should be given to upstream areas sheltering healthy pearl mussel pop-
ulations and, for example, mitigate some of the already described im-
pacts such as those related with droughts (Sousa et al., 2018; Nogueira
et al., 2020) and the presence of non-native predators such as crayfish
(Sousa et al., 2019). Also, and because a great part of upstreamareas suit-
able for pearl mussels are outside theMontesinho Natural Park, a down-
stream extension of its coverage could considerably enhance the
protection of freshwater biodiversity. Regarding areas within reservoirs,
the restoration of the original abundance of pearl mussels is unlikely. In
fact, and except for the Trutas dam that still presents good environmen-
tal conditions in the upstream edge of the reservoir, all the other sites
within reservoirs have no conditions to restore the original habitat fea-
tures unless decommissioning of the dams and re-naturalization of the
habitats are implemented. In downstream areas, and also because the
sedimentological conditions are similar to upstream areas (although
with slightly higher grain size in sites immediately below the dams),
and adult pearl mussels are still present, it is possible that the mainte-
nance of amore naturalflowwill be the key to restore habitat conditions.

In conclusion, and because small hydropower plants affect the abun-
dance and size structure of pearl mussels, futuremanagementmeasures
devoted to the conservation of this species should consider the results
reported here. These future measures include the prohibition of con-
struction of new dams in pearl mussel rivers; improve management of
river flow in downstream areas; and consider the decommissioning of
old (or not viable) dams in pearlmussel riverswith a particular attention
to the re-naturalization of river sections (and increase of pearl mussel
abundance) under the influence of the reservoir and downstream areas.
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