Climate warming as a possible trigger of freshwater
pearl mussel population decline in oligotrophic rivers
throughout Europe
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Background

Many ecosystems are threatened because of climate warming, which affects the
status of populations of individual species, their ecological functions and
interspecific interactions.

The strongest impacts of warming water appear to be on cold-water
ecosystems, such as oligotrophic streams and rivers.




Background

The rapid rise in water temperature in European lotic systems in recent decades
has been confirmed. The studies reveal that among hydro-climatological
variables, change in air temperature, which is a response to climate forcing, is
the main driver of river temperature change. Unfortunately, the effects of
climate change on oligotrophic rivers and their communities are investigated
only at local and regional.




Background

Our study species is the freshwater pearl mussel
Margaritifera margaritifera (L., 1758)

which is among the most critically endangered freshwater animals at the global scale.
This species exclusively inhabits cold running waters with low mineralization and
organic content and is unique because of its very high longevity (up to 280 years) and
narrow host specialization.



Background

4 The distribution and abundance of M. margaritifera have drastically h
decreased throughout Europe over the last century, particularly within the
southern part of the range and the majority of its populations has lacked

L successful reproduction for last 30—50 years. p

Fig. Map of the study area. (¢) Locations of the rediscovered
populations: (1) Okhta, (2) Sestra, (3)Gladyshevka, (4) Roschinka,
(5) Peypia, (6) Yanega, (7) Shotkusa, (8) Khorinka. (+) Locations
of extinct populations. (*) River locations where no pearl mussels
were detected.
Popov, Ostrivsky, 2014 (Hydrobiologia)

Fig. Map of the historical geography of pearl harvesting and

current status of the freshwater pearl mussel (M. margaritifera)

populations in Northwestern Russia

Makhrov et al., 2014 (Hydrobiologia)




Background

The indirect effects associated with anthropogenic transformations,
such as:

a) Habitat loss, fragmentation and degradation;
(b) Overexploitation and salmonid host overfishing;
(c) Pollution and eutrophication.




Background

Dam in Solsa River, Russia




Pearl industry in the territory of contemporary Arkhangelsk oblast.

Pearl mussel expedition in the Kazanka River under the supervision of I.V. Guttuev
in July 1929: (a, b) - expedition members, (c) - pearl mussel fishing.

Girl headband and headpiece kokoshnik the XIX century
- the beginning of XX century



Background

A number of populations in the streams flowing into Lake Imandra died out,
and the Umba River population was heavily impaired by industrial pollution
(Ziuganov et al., 1994).

Monchegorsk, Imandra Lake




However, little attention has been paid to global climate change
as a possible factor in population decline.




The main goals of the present study:

(i) perform a series of regression models describing the influence of climatic
variables on the shell convexity, age and status of freshwater pearl mussel
populations at the continental scale;

(1) produce a series of temperature dependent integrative models of
climatically suitable areas for freshwater pearl mussels throughout Europe
during past and future periods on the basis of morphometric, ecological and
climatic data;

(i11) discuss the possible influence of climate warming on freshwater pearl
mussel population decline during the last century.




Methods

Data sampling.

In this study, 3279 shells of Margaritifera margaritifera from 50 rivers and 6
countries across the freshwater pearl mussel range in Europe were used.

A total of 2985 shells from 49 recent populations were studied (1984-2013; n >
10 specimens in each sample).

Additionally, we used 294 shells from 13 historical samples (~1840-1940; n >
5 specimens in each sample) found in the museum collections.




Methods

The museum collections used are as follows:

IPEE - A.N. Severtsov Institute of Problems of Ecology and
Evolution of the Russian Academy of Sciences, Moscow, Russia

MNHN — Muse¢um National d’Histoire Naturelle, Paris, France
NHMG — Goteborg Natural History Museum, Goteborg, Sweden

RMBH - Russian Museum of Biodiversity Hotspots, Federal Center
for Integrated Arctic Research of the Russian Academy of Sciences,
Arkhangelsk, Russia

SMNH — Swedish Museum of Natural History, Stockholm, Sweden

ULMHST — Museum of History of Science and Technology,
University of Latvia, Riga, Latvia

ZIN — Zoological Institute of the Russian Academy of Sciences, St.
Petersburg, Russiahttps://www.zin.ru/img/me




Methods

Figure 1. European distribution range of Margaritifera margaritifera with our sampling localities, adult mussels and their habitat. (A)
Map of the distribution range of the freshwater pearl mussel in Europe and our sampling localities. The pink hatching indicates the
approximate distribution range of the species. Blue dots indicate historical samples (~1840-1940; n = 13); yellow dots indicate
recent declining populations (1984-2013; n = 24); green dots indicate recent viable populations (1984-2013; n = 21); and black
dots indicate recent populations with unknown status (1984-2013; n = 4). Map was performed by using ESRI ArcGIS 10
software ( . com/arcgis). The base of the map was created with Natural Earth Free Vector and Raster Map Data (www.
naturalearthdata.com). (B) A mussel specimen. (C) Undisturbed mussel bed, Finland (photo: Panu Oulasvirta). (D) Habitat, NW
Russia.



http://www.esri/

Methods

We measured three shell dimensions for each specimen using calipers

(£0.1 mm): the length (L), height (H), and width (W) of the shell, all
taken at the maximal diameter.

To minimize morphological differences between populations resulting
from the ontogenetic heterogeneity of their individuals, all mussels with
shell lengths less than 5 cm were excluded from the compiled data set.

H










Methods




Methods

Morphometric analyses, population status assessment
and general linear models (GLMs).

We calculated the basic morphometric index, namely the shell convexity
index, SCI (W:L ratio x100).

In addition, we computed the integrated shell convexity index, SCI;:

SCI; = W/SA”x100, where SA is a sagittal area calculated using an ellipse
formula (m < L < H).

However, the SCI; was found to be a function of the traditional SCI (Pearson’s r
=0.96,n =62, P<0.001) and was not used as a separate parameter.




Results

Figure 1. Mean shell convexity index (SCI) vs. mean integrated shell convexity
index (SCII) scatterplot in Margaritifera margaritifera populations from across
Europe (full data set, n = 62). The dashed lines are the 95% confidence bounds
of the regression model.




Methods

* Additionally, we checked the assumption regarding the influence of sample
size (number of mussels measured) on the index values using Spearman’s
correlation test. We determined that the variability of both the mean SCI and

SCI, values are not correlated with sample size (Spearman’s r = 0.17, n = 62,
P> 0.05).




Methods

The status of recent populations was estimated as follows (Geist 2011):

(1) viable (functional) populations with high mussel density, and high or
moderate recruitment, and

(11) declining (non-functional) populations with moderate or low mussel
density, and low or no recruitment.

Supplementary Table 2. Assessment of the status of European Margaritifera margaritifera populations

in the analyzed data set (recent samples)
. . _ i
Country Drainage River or stream Locality R:::.:.“ ‘:;::;:;u P;::l:- rwlln.‘ "Vm’":: References
assessment
Austria Danube River => Black Sea Auback Stream Downstream of Leithen Upland 1982 declinmg 1892-2002 Refs_ 26,46
Austria Dazube River => Black Sea Dsgleshach Sream Downstream of Lemback Upland 1992 decining 1992-2002 Refs 46,47
[Austria Danube River => Black Sea Feldast Stream Upstream of Raimback Upland 1992 viable 1892-2002 Refs 26,46
Austria Danube River => Black Sea Groder Kanyp Stream Neustift Hausbach Uplnd 1992 viable 1992-2002 Refs_ 26,46, 47
Austria Danube River => Black Sea Harbe Ast River Neukof Upland 1992 decining 1992-2002 Refs. 26,46, 47
Austria Danube River => Black Sea Kamp Piver Utissenbach Upland 1992 viable 1892-2002 Refs 26,46 47
Austria Daxube River => Black Sea Kleine Naam Stream Upstream of Stembruciomihle |Upland 192 deciinimg 1992-2002 Rafs. 26 46
[Austria Danube River => Black Sea Kleine Rod! Stream Upstream of Eidendorf Upland 1992 decimme 1992-2002 Refs 26,46
Austria Dazube River => Black Sea Pesenback Sweam Gerlng Uplaznd 1992 decining 1992-2002 Refs 26,46
Austria Danugbe River => Black Sea Pesenback Sweam Waldhofer Upland 1992 decimmz 1992-2002 Refs. 26,46
Austria Danube River => Black Sea Pfudabach Stream Upstream of Angsad Upland 1992 decining 1992-2002 Refs 26,46
Austria Damube River => Black Sea Pfudaback Stream Upstream of Metemdorf Upland 1992 declining 1992-2002 Rafs 26 46
Austnia Danube River => Black Sea Purzelicanp Stream KL Weilzabach Upland 1992 viable 1992-2002 Refs. 26,46
Austria Dazube River => Black Sea Purzelcanyp Stream |Rappokschlag Upland 1992 viable 1992-2002 Refs. 26, 46
Austria  |Danugbe River => Black Sea Purzelcamp Stream Grafenschiag Upland 1992 viable 1992-2002 Refs. 26,46
Austria Danube River => Black Sea Purzelicany Stream 'Watermill near Rappokschlag |Upland 1992 viable 1992-2002 Refs 26 46
Austria Danube River => Black Sea Waldaist River |Feibbuik] Upland 1992 decining 1992-2002 Rafs 26 4649
Austria  |Danube River => Black Sea Waldasst River Haidmible Upland 1992 decining 1992-2007 ReS_ 26, 4645
Austria Dazube River => Black Sea Waldaist River |Risdehammer Uplazd 1992 declining 1992-2007 Refs 26, 4645
Austria |Bb¢ River=>Norh Ses Lains itz Stream St. Martin Upland 1992 decining 1992-2002 Refs. 26,46, 47
Fmland [joks River => Balic Sea Livoypli Stream Livojold | Upland 1989 N'A NA NA




Methods

* To estimate the relationship between the growth constant (K) and mean
summer temperature, shell samples from 9 rivers (Keret’, Kozha,
Maloshuika, Mutkajoki, Nimen’ga, Peypia, Solza, Somba, and Yud’ma) were
investigated.

* Five specimens were used from each sample (n = 45 in total). For all
samples, at least 16 annual rings for each shell were measured. The growth
constants were calculated using a data approximation based on the recursive
form of the Bertalanffy equation, i.e., the Ford-Walford equation. The
maximum age of individuals in a sample was calculated using a shell with
the maximum length.

* Additionally, we incorporated a sclera-chronological approach by counting
the annual rings in a thin transverse section of a valve. In some cases, a
logarithmic equation describing the trend line on the annual growth length
vs. age plot was also applied.




Methods

To test the hypothesis of climate-induced morphometric differences between
M. margaritifera populations the general linear models (GLMs) were used.

We used shell width plotted against shell length as a covariate and population
status as a factor with two levels.

Additionally, we estimated differences between recent and historical samples
using shell width plotted against shell length as a covariate and period of
shell collecting as a factor with two levels.

To test the assumption that latitude has different effects on the shell
convexity at historical and recent time intervals, we applied a separate-slopes
modeling approach using the mean SCI as a dependent variable, latitude as a
continuous predictor, and two-level time interval as a categorical predictor.

Correlation of morphometric parameters with climatic and geographic
variables was calculated using Pearson’s and Spearman’s coefficients
depending on sample size, type of variables and normality test results.




Modeling of freshwater pearl mussel response to climate
change at the population level.




Methods

Monthly mean air temperatures were obtained from the CRU TS v. 3.23 climate
database (Climatic Research Unit, University of East Anglia) as gridded
variables (0.5° resolution), which were based on weather station records during
the period from 1 January 1901 to 31 December 2014.




Methods

For each location of the samples, we calculated the mean summer temperature
(MST) values for the 10-, 20-, 30-, 40- and 50-year periods before the year of
each sample collection (number of available samples varied depending on the
period of averaging from 49 to 55) in accordance with the slow growth rate and
large longevity of the freshwater pearl mussels.

These parameters were estimated as possible predictors for the mean SCI

values in pearl mussel populations using a simple linear regression model
algorithm of STATISTICA 10 (Stat Soft Inc., USA).




Methods

Modeling of spatial distribution of climatically suitable
areas of freshwater pearl mussel populations at the
continental scale.




Methods

The general range model of M. margaritifera was processed using published

mapping data, which was transformed to a gridded digital map (0.5 % 0.5°)
using ESRI ArcGIS 10.

Further, we simulated a spatial distribution of climatically suitable areas for M.
margaritifera populations across Europe based on this digital range model, in
each grid cell of which a mean SCI value was calculated for each 20-year
period, i.e., 1901-1920 and 1991-2010.




Methods

Using the spatial models outlined above, climatically suitable areas were
mapped based on the estimated threshold SCI values in viable and declining
populations. These threshold wvalues for the SCI interval in declining
populations were as follows:

Al =A2+1.96 xs.em.>A2>A3=(A2+A4)/2; A4 <A3.

Al represents the estimated 95% upper confidence boundary of the mean SCI in declining
populations; A2 represents the mean SCI in declining populations; A3 represents a threshold SCI
value between viable and declining populations;

A4 represents the mean SCI in viable populations; s.e.m. represents the standard error of the mean.




Results

Shell convexity changes in historical and recent
M. margaritifera populations.




Results

Here we report the results of tests of the climate change effect on freshwater
pearl mussel populations based on extensive morphological data sets obtained
from 50 rivers and 6 countries across Europe: Austria, Latvia, Finland, France,
Russia and Sweden.

Bolotov et al., 2018




SCI in historical pearl mussel
samples from lowland rivers does
not reveal a significant latitudinal
trend. SCI in recent samples from
lowland rivers increases from high
to low latitudes.

The mean SCI in recent samples
from mountain rivers at the regional
scale (Austria) increases from high to
low altitudes .

T

The mean SCI in recent samples from
mountain rivers at the regional scale
(Austria) increases from high to low

altitudes .

T N~

N

Figure 2. Variability of the relative shell convexity (SCI) and maximum age of Margaritifera margaritifera
populations. The dashed lines are the 95% confidence bounds of the regression models. (A) Latitude vs. mean
SCI scatterplot in populations from lowland rivers across Europe (<200 m altitude). Each point represents the
mean value in a population; red points are recent lowland populations (1984-2013, n = 25, significant latitudinal
trend: Spearman’s rank correlation, P = 0.000001), and blue points are historical lowland populations (~1840—
1940, n = 12, no significant latitudinal trend: Spearman’s rank correlation, P = 0.53). (B) Altitude vs. mean SCI
scatterplot in recent populations from mountainous rivers in Austria (>300 m altitude). Each
point represents the mean value in a population (1992, n = 20, significant altitudinal trend: Spearman’s rank
correlation, P = 0.02). (C) Scatterplot of population shell length vs. shell width. Each point represents the mean
value in a population; green points are recent viable populations (1984-2013, n = 21), yellow points are recent
declining populations (1984-2013, n = 24), and blue points are historical populations (~1840-1940, n = 13).




Table 1. Results of general linear models (GLMs) of shell width in recent (1984-2013) and
historical (~1840—-1940) populations of Margaritifera margaritifera. Regression models
were simplified to the minimal adequate models

Results of general linear models (GLMs) revealed that in recent populations the relative
shell width 1s significantly influenced by the population status independently of shell size;

i.e., the mean SCI in recent declining populations differs from that for recent viable
populations (Table 1).

Furthermore, based on GLMs, the relative shell width does not differ between recent

viable populations and historical samples, but differs significantly between recent
declining populations and historical samples (Table 1).




The impacts of climate change on the shell convexity in
M. margaritifera populations.




We discovered that the mean SCI values in M. margaritifera samples are directly associated with
mean air summer temperature (Fig. 2D; linear regression of the mean SCI versus mean summer
temperature during the 20-year period before shell collecting (MST,,):

[ SCI = 18.207 + (0.666 x MST,,); Pearsonr = 0.76, F1,47 = 64.2, P <0.00001. (1) ]

Additionally, there is a highly negative correlation between the mean SCI and the maximum age
in populations (Fig. 2E; linear regression of the maximum age versus mean SCI:

[ A, =632.846 — (19.122 x SCI); Pearson r = —0.80, F1,28 = 48.7, P < 0.00001. (2) ]

Figure 2. Variability of the relative shell convexity (SCI) and maximum age of Margaritifera margaritifera
populations. (D) Scatterplot of mean summer temperature (MST20, 20-year mean before sampling) vs. mean

SCI (equation 1). (E) Scatterplot of mean SCI vs. maximum age (equation 2). Each point represents the mean
value in a population (n = 49).




Modeling of suitable areas for M. margaritifera under
climate changes.




Results

Spatial modeling revealed that suitable areas for M. margaritifera were widely present in Central and
Southern Europe during the cold period of 1901-1920. In contrast, these areas have been drastically
reduced after climate warming during the period of 1991-2010. The spatial models of climatically
suitable areas during the period of 2061-2080 under low, moderate and extreme climate change
scenarios (Fig. 3C—F) predict almost complete disappearance of freshwater pearl mussels across
Central and Southern Europe.

@
o

Proportion of areas within the range (%)
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0
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Figure 3. Spatial models of climatically suitable areas for freshwater pearl mussels across Europe in the past
and future. Legend: green - suitable thermal conditions, viable
populations; yellow — possible negative thermal effects, declining populations; red — most probably unsuitable
areas. (A) Climatically suitable areas during the cold period from 1901-1920. (B) Climatically suitable areas
during the warm period from 1991-2010. (C-E) Climatically suitable areas during the period from 2061-2080
under future climate change scenarios, low RCP 2.6 (C), moderate RCP 4.5 (D), and extreme RCP 8.5 (E).
(F) Shift in climatically suitable areas based on spatial modeling.




Results
4 )

Reconstruction of long-term changes in the mean SCI in freshwater pearl mussel populations under
climate fluctuations in the last 100 years (1901-2010) revealed the lowest index values at the
beginning of the 20th century and the maximum during the warm period of 1991-2010.
Correspondingly, reconstruction of maximum age changes indicated a significant decline in
longevity during this time interval, particularly in recently declining populations. y

—_—

Figure 4. Models of the mean shell convexity index (SCI) and maximum age of freshwater pearl mussels
across Europe in the past using MST20 data obtained from CRU TS v. 3.23 climate database (Climatic
Research Unit, University of East Anglia). (A) Long-term changes in the mean SCI. The green line
indicates recent viable populations (n = 15); the yellow line indicates recent declining populations (n =
24). The red line indicates the 95% upper threshold SCI value corresponding to the expected upper limit of
thermal stress on the population level. The black line indicates the mean SCI threshold value between
viable and declining populations (n = 45). (B) Long-term changes in the maximum age. The age values
were calculated using equation 2. The green line indicates recent viable populations (n = 15); the yellow
line indicates recent declining populations (n = 24).




The mean SCI in freshwater pearl mussel populations
as an indicator of climate changes.




n general, the SCI reflects the temperature control of allometric growth that is
xpressed by shell convexity increasing with temperature via increased width
f annual growth increments of the shell (Spearman’s rank correlation between

~

ean growth coefficient (K) and SCI: rs = 0.68, n =9, P = 0.042). )

Our analysis showed that SCI may be considered as a possible indicator 0?
the thermal effects on M. margaritifera populations under warming climate
conditions because it directly reflects shifts in mean summer temperatures

. and 1s significantly different in viable and declining populations. )

\_

The effect of higher temperature on populations manifests itself in
increased growth and metabolic rates, reduced longevity of adult mussels,
high mortality of juveniles and restricted larval development.




O

O

Possible warming-driven decline of freshwater pearl mussels
throughout Europe.

the global climate change, may increase multiple negative effects from local
and regional anthropogenic transformation of freshwater ecosystem.

we suggest that cold climate periods contribute to optimal abiotic conditions
for M. margaritifera as a keystone species and likely for oligotrophic river
ecosystems as a whole

the impact of which appears to be more significant in southern regions, this
example of possible warming-driven species decline revealed that climate
changes may have hidden effects on populations of individual species and on
freshwater ecosystems

our findings highlight the role of high-altitude rivers as local but important
refugia for cold-adapted freshwater species such as M. margaritifera under
future climate warming scenarios

we revealed a new easy-to-obtain and low cost indicator of population status
in freshwater pearl mussels (SCI) that may potentially be used for ecological
monitoring of the populations of other threatened freshwater mussel species.




Conclusions

(1) Climate changes may trigger hidden extinction processes in freshwater animals such as
freshwater pearl mussels in oligotrophic rivers and streams at the continental scale.

(2) The mean shell convexity in freshwater pearl mussel populations reflects shifts in
summer temperatures and is significantly different in viable and declining populations. This
parameter may be considered an easy-to-obtain and low-cost indicator of population-level
thermal effects in freshwater pearl mussels under warming climate.

(3) The significant latitudinal trend in shell convexity of freshwater pearl mussel populations
throughout Europe results from the recent warm climatic episode and was lacking in
historical samples collected in 1840-1940. Spatial and temporal modeling of the relationship
between shell convexity and population status show that global climate change could have
accelerated the population decline of freshwater pearl mussels over the last 100 years
through rapidly decreasing suitable distribution areas. Simulation predicts future warming-
induced range reduction, particularly in southern regions.

(4) In southern areas, high-altitude rivers and streams will represent local but important
refugia for cold-adapted species such as freshwater pearl mussel under future climate
warming scenarios.




The next step to estimate the global response of freshwater pearl
mussels on climate warming based on an expanded dataset.

We plan to calculate a series of regression models describing the
influence of climatic variables on the shell convexity, age and status
of freshwater pearl mussel populations in North America, Europe,
and Asia. Based on the results of regression modeling, we will
produce spatial models of climatically suitable areas for freshwater
pear]l mussels during past and future periods.
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Principal taxa:

M. margaritifera - North America & Europe
M. falcata - North America

M. dahurica — Russian Far East

M. middendorffi - Kamchatka to Japan

M. laevis - Sakhalin to Japan

Additional taxa:

M. auricularia - Europe (+subfossil shells)
M. laosensis - SE Asia (+subfossil shells)

M. monodonta — North America
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