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1 | INTRODUCTION

biodiversity (Cayan et al., 2010; Gleick, 2003; Lake, 2011). However,

detailed quantitative studies about die-offs caused by droughts at

The number and intensity of extreme climatic events are predicted to
increase in response to climate change (Intergovernmental Panel on
Climate Change, IPCC, 2014), and some studies (Ciais et al., 2005;
Garrabou et al., 2009; Gilmour, Smith, Heyward, Baird, & Pratchett,
2013; Kemp et al., 2011; Wernberg et al., 2016) have already described
the ecological and economic impacts generated by droughts, floods,
heatwaves, and cold fronts in terrestrial and aquatic ecosystems.
Droughts in freshwater ecosystems are considered a natural
disturbance (often exacerbated by water withdrawals for human use)
that may have important ecological and economic effects (Lake,

2011). Rivers are now drying out more frequently, and this may affect

the population level are rare, but they do include some examples on
freshwater bivalves: Badis, Téth, and Sousa (2014); Golladay, Gagnon,
Kearns, Battle, and Hicks (2004); Mouthon and Daufresne (2006,
2015).

The freshwater pearl mussel Margaritifera margaritifera (Linnaeus,
1758) is globally classified as an endangered species by the Interna-
tional Union for Conservation of Nature (IUCN), and its distribution
includes Europe (from Portugal to Russia) and North America (along
the north-east coast of the USA and Canada) (Geist, 2010). This
species mainly colonizes rivers with oligotrophic conditions, and has

been suffering severe declines in abundance and distribution in recent
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decades owing to increased pollution, habitat loss and fragmentation,
overexploitation, climate change, and the introduction of invasive spe-
cies (reviewed in Geist, 2010). Margaritifera margaritifera has been
subjected to many management plans in Europe (and many are still
continuing) aiming to preserve or restore their favourable conserva-
tion status (Gum, Lange, & Geist, 2011; Lopes-Lima et al., 2017). In
Portugal, this species has been studied extensively, focusing mainly
on its distribution, abundance, and threats, with the species having
been described in the Neiva, Cavado, Terva, Beca, Paiva, Mente,
Rabacal, and Tuela rivers (Reis, 2003; Santos et al., 2015; Sousa
et al., 2013; Varandas et al., 2013). The main threats described above
(with the exception of overexploitation, which was apparently never a
problem in Iberia) are also valid for Iberian populations. However, a
recent study showed that these southern populations may be highly
susceptible to climate change, as future projections of precipitation
revealed that pearl mussels could be at risk because of the expected
decrease in river flow (Santos et al., 2015).

The aims of this study were to report a massive die-off of M.
margaritifera in the Mente, Rabacal, and Tuela rivers, and to discuss
briefly the conservation implications. We hypothesize that droughts
can be responsible for significant die-offs of M. margaritifera, but this
situation will vary spatially. We also hypothesize that no differences
in average shell length will be found in the comparison of live animals
measured before the drought and dead organisms found after the
drought. The results reported here provide a first indication of the
potential effects of reduced river flows on the survival of an endan-
gered invertebrate species that, given the paucity of research on this

topic, needs more conservation attention.

2 | MATERIALS AND METHODS

2.1 | Study area

The Mente, Rabacal, and Tuela rivers, all located in the north west of

the Iberian Peninsula (Figure 1a), are tributaries of the Tua River in

L Jou
\ \l;ﬂ T30 ( 250
) ( i L <
j \ P
Il 4/
‘;/‘ o s &
] * ’ )
7 ¢ 7y
& ( [y S 200
< ¢ s
{ ,/r}l""
R25 )
[ms /{zu i
., R19 ;/
W1 Ty &
RY:; 7
e P
Trs §
J Ve
I
yalpagos ) 0
f 5
b]
{
I\ _,.
e/
-\\r"
L, psedets
Q;-? o s 10km
|

the Douro basin. The Mente River has a length of 57 km, the Rabacal
River has a length of 88 km, and the Tuela River has a length of
102 km. All rivers experience a similar climate, with precipitation hav-
ing high seasonal and interannual variability (Oliveira et al., 2012).
Floods may occur during winter or early spring, with a gradual
decrease in river flow that reaches minimum values in late summer
or early autumn. These three rivers have a high conservation value
owing to low human density and thereby low human pressure, and still
retain important habitats for threatened species (Oliveira et al., 2012;
Sousa et al., 2015).

2.2 | Sampling and data analysis

Data on precipitation since 1980 were compiled using the nearby
Rio Torto meteorological station (located 15 km south of site R1,
Figure 1a). This information was used as a proxy for river flow
(Magalhaes, Beja, Schlosser, & Collares-Pereira, 2007), as there are
no data on this parameter for the three study rivers.

The impact of the 2017 drought and consequent assessment of
the die-off of pearl mussels coincided with a detailed investigation
of the possible effects of small dams on pearl mussel populations in
the Mente, Rabacal, and Tuela rivers. Corresponding mussel abun-
dances were recorded at 66 sites (Figure 1a) 3 weeks before the
die-off (i.e. from the end of July to early August 2017). At each site,
the presence of pearl mussels was investigated by snorkelling for
periods of 5 min, repeated between four and nine times by three or
four different divers. At each site a 50-m stretch of river was sur-
veyed, covering all microhabitat types (including the banks and the
central part of the channel, as well as riffle and pool areas; Cummings,
Jones, & Lopes-Lima, 2016). Abundance was assessed as the number
of individuals (catch per unit effort, CPUE) during 5-min sampling
periods. The number of replicates was different at each site, with more
time spent at sites with lower abundances. Every live mussel was
counted and its length measured (to 0.1 mm) with a digital calliper.
After the measurements, all individuals were immediately returned to

their original position.

BN Wild boar
W8 Stranded

04
R1Z R13 R14 R20 R21 R2z R23 R24 R25 R26 RZ7 R26 R29 R3O M5 M6 T5 T19 T20 T21 T22 123 T24 T25 126 T27 T28 T29 T30
Sites.

FIGURE 1 Map of the study area, showing the 66 surveyed sites on the Mente, Rabacal, and Tuela rivers (a), and the number of dead
Margaritifera margaritifera individuals per site found stranded or with marks of wild boar consumption (b); only sites where mortality was found

are represented
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In mid-August 2017, as a result of the rapid decrease in river flow
and water depth, dead mussels were found stranded along the
banks, but not in the centre of the channel. The 66 sampling sites
were revisited, therefore, on 21-23 August, 28-30 August, 28-30
September, and 18-20 October 2017, searching for dead mussels in
both river banks along the 50-m stretch of river. All dead mussels were
counted and their length measured as mentioned above. At some
sites, shell fragments were also retrieved, most of them showing marks
of predation or scavenging. Only fragments in which the umbo was
found were considered for the study. A relationship between the
length of the hinge and the total length was established (data not
shown) in order to assess the total length of mussels that had been
exposed to predation or scavenging. Mann-Whitney tests were used
to check for possible differences in the average shell length between

live and dead organisms in each river.

3 | RESULTS

The 2017 drought in Portugal, and particularly in the three rivers stud-
ied, started in March and reached its maximum severity between
August and October. The Palmer Drought Severity Index during
October 2017 showed that 75.2% of the territory experienced
extreme drought (including the three river basins studied), and that
24.8% experienced severe drought (Instituto Portugués do Mar e da
Atmosfera, IPMA, 2017). The cumulative precipitation recorded at
the Rio Torto meteorological station for the meteorological year
2016/17 (from October 2016 to September 2017) showed much
lower values (345 mm) than the average recorded since 1980
(555 mm). The reduced precipitation was responsible for a rapid
decrease in flow in the three surveyed rivers, mainly after the middle
of August. Although none of the rivers dried out completely in any
stretch, a considerable drop in water level was observed, and areas
with lower depths near the banks dried out completely by the end
of August (Figure S1A, C, and D).

Live individuals sampled before the die-offs were found in 41 of
the 66 sites, and abundance varied between 0 individuals (CPUE), at
sites R6, R8-R11, R15, R17-R19, M1-M3, T2, T3, Té, T7, T9-T14,
and T16-T19, and 107 individuals (CPUE) at site R25. The 25 sites
with no individuals were found in areas located in reservoirs or
immediately downstream.

In total, 1141 dead M. margaritifera were collected at 29 of the 66
sites, comprising 735 individuals (64.4%) found stranded mainly near
the banks (Figure S1B) and 406 individuals (35.6%) that had marks
of consumption by the wild boar Sus scrofa (Linnaeus, 1758) (Figure
S1E and F). Most of the stranded individuals were found with the
paired valves in situ, indicating that the pearl mussels had died in place
in the substrate (Figure S1B). It was impossible to distinguish between
mussels that had been preyed upon and those that had been
scavenged, but because most of the shell fragments were found under
water and contained fresh soft material it is likely that many animals
had suffered predation.

The total numbers of dead mussels (stranded plus those con-
sumed by wild boars) collected at each sampling time were: 392 from
21 to 23 August; 311 from 28 to 30 August; 308 from 28 to 30

September; and 130 from 18 to 20 October. The number of dead
mussels per site varied considerably, with particularly large numbers
recorded at sites R23, R25, and R28, all located in the Rabacal River
(Figure 1b). A positive relationship was established between the abun-
dance of live specimens collected at the end of July and the beginning
of August and the number of dead mussels collected from the end of
August to October (F = 106.80, r? = 0.63; P < 0.001). Sites with higher
abundances of live specimens also had higher mortalities (data not
shown). The average shell lengths of live and dead pearl mussels sig-
nificantly differed in the Rabacal River (68.8 and 66.4 mm for live
and dead mussels, respectively; P = 0.007), but not in the Mente River
(73.2 and 72.0 mm for live and dead mussels, respectively; P = 0.51) or
in the Tuela River (72.6 and 71.3 mm for live and dead mussels,

respectively; P = 0.38) (Figure 2).

4 | DISCUSSION

41 |

The 2017 drought was particularly severe in Portugal (IPMA, 2017),
including in the Mente, Rabacal, and Tuela river basins. The meteoro-

Pearl mussel die-offs

logical year of 2016/17 had much lower precipitation than the
average values recorded at the Rio Torto meteorological station since
1980: only the meteorological year of 2004/05 had a slightly lower
precipitation than that recorded for 2016/17.

The rapid decrease in river flow was the most plausible explana-
tion for the recorded die-offs of pearl mussels. The causes of mortality
were twofold: (i) desiccation of mussels near the banks when the river
level suddenly fell after mid-August (Figure S1B); and (ii) consumption
by wild boar (Figure S1E and F). It is not unusual to find dead pearl
mussels after droughts or floods in the study area (Sousa et al.,
2012), but the numbers reported here are clearly exceptional. Where
predation had occurred, we assume that wild boar was the main pred-
ator, as there were characteristic tracks seen near the banks and there
were distinctive marks left on shells (Figure S1E and F). At three sites
(R23, R25, and R28) the number of individuals consumed by wild
boars was very high. A similar phenomenon was described in the
Negro River (Douro basin, Spain) during the severe drought of 2009,
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FIGURE 2 Length of live and dead Margaritifera margaritifera in the
Rabacal, Mente, and Tuela rivers. Box plots show average values
(central line), the range from the first to the third quartile (box), and
minimum and maximum values
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where wild boars were responsible for reducing the abundance of
pearl mussels by around 40% along a 1.5-km stretch of river (Morales,
Pefiin, & Lizana, 2011). Other studies (e.g. Walters & Ford, 2013) have
also reported an increase in predation by terrestrial organisms, e.g.
Procyon lotor (Linnaeus, 1758), on endangered freshwater mussels
during periods of low water levels.

Mortality varied across sites. As expected, sites with a high
abundance of live pearl mussels before the drought had generally
higher mortalities. In addition to abundance before the drought, other
factors such as geomorphology, which governs the availability of ref-
uges, loss of water through evapotranspiration, and water depth
(Lake, 2011) were also possibly important in explaining these spatial
differences. For example, some sites (e.g. R20, R21, and T29) with
intermediate abundances of live animals had high mortalities showing
that specific habitat features such as the presence of riffles with very
low water depths may also contribute to the differences observed.
On the other hand, sites with a high abundance of live animals
located in stable and deeper pools (e.g. R27 and T26) had much lower
mortalities. Geomorphology was not studied in detail, however, given
the rapidity of the die-off, which prevented a full characterization of
the habitat features (e.g. water velocity and geomorphology) at the
66 study sites. Previous studies in North American rivers (Golladay
et al, 2004; Haag & Warren, 2008) have reported that mussels
located at sites with more stable hydrological conditions and with
the presence of refuge areas (deep pools and woody material) were
less prone to mortality. The mortality rates of M. margaritifera appear
to be context dependent across sites, and include the apparently
random effect of wild boar consumption that only occurred at some
sites in the Rabacal River. The shell lengths of dead individuals
were marginally smaller than the shell lengths of live specimens
measured before the drought, but only in the Rabacal River
were those differences statistically significant. These results suggest
that smaller individuals were probably more susceptible to die-offs

during droughts.

4.2 | Implications for conservation

Extreme droughts are predicted to increase in number and intensity in
the future in the study area (Santos et al., 2015). Interestingly, a recent
study by Santos et al. (2015) drew attention to the possible effects of
climate change (by reduced precipitation) on a pearl mussel population
in the Beca River (northern Portugal). The data predict that this pearl
mussel population will be on the brink of extinction, owing to the high
mortality rates that may occur in areas with low depths and near the
banks, which are the preferred habitats for M. margaritifera. Therefore,
future extreme droughts may be responsible for massive mortalities at
the southern edge of pearl mussel distribution (i.e. in Iberia). Data for
the Negro River (Douro basin, Spain) for 2009 have already docu-
mented this problem (Morales et al., 2011). The fate of the popula-
tions subjected to these extreme climatic events is unknown, and is
highly dependent on their recruiting capacity. However, the resistance
and resilience of pearl mussels seem to be low, given their immobility
(which make this species highly susceptible to emersion), their slow
growth rate, their low dispersal capacity, and their complicated life

cycle, with the requirement for brown trout, Salmo trutta Linnaeus,

1758, which is also highly threatened by climate change in the Iberian
Peninsula (Almodévar, Nicola, & Benigno, 2012), as a host for
their larvae.

The Mente, Rabacal, and Tuela rivers, mainly in the stretches
upstream of dams, still support high abundances of pearl mussels.
These upstream areas have very low human disturbance and no signs
of pollution or other threats (Sousa et al., 2015). If these conditions are
maintained, the future impacts resulting from extreme droughts are
possibly the main threat to M. margaritifera. This situation needs atten-
tion because these three rivers represent the most viable pearl mussel
populations in Iberia, and deserve protection (Sousa et al., 2015). The
results reported here, as well as by others (Bédis et al., 2014; Golladay
et al, 2004; Haag & Warren, 2008; Mouthon & Daufresne, 2006,
2015), highlight the adverse effects imposed by severe droughts on
freshwater mussels. Mortality from drought could be even worse in
future, given the predictions of climate change. With a concomitant
increase in water demand for energy and human consumption, the
trade-offs between water security for human needs and the conserva-
tion of pearl mussel populations and other aquatic organisms will
become even more challenging. It is likely, therefore, that these pearl
mussel populations will need financially expensive and ecologically
risky conservation measures to maintain their favourable conservation
status - i.e. monitoring during low water levels, moving pearl mussels
subjected to desiccation to adjacent deeper areas or to ex situ

facilities, and supplementary stocking with hatchery-raised individuals.
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