
Citation: Vikhrev, I.V.; Yunitsyna,

O.A.; Kondakov, A.V.; Pestova, E.P.;

Bovykina, G.V.; Konopleva, E.S.;

Kruk, D.V.; Lyubas, A.A.; Soboleva,

A.A.; Bolotov, I.N. Pleistocene Glacial

Refugia in the Don River Basin:

Witness from the Endangered

Depressed River Mussel. Diversity

2023, 15, 829. https://doi.org/

10.3390/d15070829

Academic Editors: Simon Blanchet

and Kentaro Inoue

Received: 10 May 2023

Revised: 14 June 2023

Accepted: 22 June 2023

Published: 1 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diversity

Article

Pleistocene Glacial Refugia in the Don River Basin: Witness
from the Endangered Depressed River Mussel
Ilya V. Vikhrev 1,* , Olesya A. Yunitsyna 1,2, Alexander V. Kondakov 1,2 , Elizaveta P. Pestova 1,2,
Galina V. Bovykina 1,2 , Ekaterina S. Konopleva 1 , Darya V. Kruk 3 , Artem A. Lyubas 1, Alena A. Soboleva 1

and Ivan N. Bolotov 1

1 N.P. Laverov Federal Center for Integrated Arctic Research, Ural Branch of Russian Academy of Sciences,
163020 Arkhangelsk, Russia; oyunitsina@mail.ru (O.A.Y.); akondakv@yandex.ru (A.V.K.);
elisawetapestova@yandex.ru (E.P.P.); galka.bovickina@gmail.com (G.V.B.); es.konopleva@gmail.com (E.S.K.);
lyubas@ro.ru (A.A.L.); tomilova_alyona@mail.ru (A.A.S.); inepras@yandex.ru (I.N.B.)

2 Scientific Department, Northern Arctic Federal University, Northern Dvina Emb. 17,
163002 Arkhangelsk, Russia

3 Research Laboratory of Aquatic Ecology, Belarusian State University, Nezavisimosti Ave., 4,
220030 Minsk, Belarus; krukdv@bsu.by

* Correspondence: vikhrevilja@gmail.com

Abstract: The depressed river mussel Pseudanodonta complanata (Rossmässler, 1835) is an endangered
freshwater bivalve with sparse distribution across Europe. Despite its high conservation priority,
available data on the current population genetics and biogeography of P. complanata are very limited.
In this paper, we studied the genetic diversity and differentiation of P. complanata based on newly
sequenced COI and ND1 gene fragments, and on available sequences from the NCBI GenBank. We
discovered a localized and highly divergent lineage in the Don River basin and a widespread but
low diversified lineage distributed from the Volga River basin to the Oise River in France. A star-like
haplotype network, results of mismatch analysis, and significant negative values of neutrality tests
reveal that the pan-European lineage went through a bottleneck event. The discovery of the separate
lineage in the Don River basin is and additional evidence of the existence of Pleistocene glacial refugia
in the south of the Russian Plain. Moreover, this finding confirms the significance of the Azov Sea
drainage as a freshwater biodiversity hotspot of great conservation importance.

Keywords: Pseudanodonta complanata; freshwater ecosystems; genetic lineage; mitochondrial DNA;
COI; ND1; population genetics

1. Introduction

The last glacial maximum (LGM, i.e., 25–17 kya) is the most recent global cooling event
in the past that has shaped the extant European biota. During the glaciations, most of the
terrestrial and freshwater species retreated to lower latitude areas, where climatic conditions
were less extreme [1–3]. Long-term isolation benefits intraspecific diversification due to
restricted gene flow and preservation of initial genetic diversity in isolated populations [4].
During the interglacial periods and after the ice sheet retreat, these areas, called refugia,
become sources of recolonization of deglaciated regions [5–8].

Detecting glacial refugia is often based on genomic data of certain taxa and reconstruc-
tion of their demographic history [6,7,9]. The Iberian, Italian, and Balkan peninsulas of
Southern Europe, as well as the Azov Lowland, have been described as such refugia for
freshwater biota [2,9–11].

Among the aquatic invertebrates, freshwater mussels (order Unionida) are the most
imperiled group worldwide [12]. Being a keystone and umbrella species of benthic com-
munities in freshwater ecosystems, mussels provide important ecosystem functions that
benefit aquatic communities [13]. Moreover, mussel functions in ecosystems can in turn be
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framed as the ecosystem services that they provide or contribute towards, and that humans
derive from ecosystems [14].

The depressed river mussel Pseudanodonta complanata (Rossmässler, 1835) is one of
the three European representatives of the tribe Anodontini Rafinesque, 1820 (Unionidae:
Unioninae) and phylogenetically neighbors to the swan mussel Anodonta cygnea (Linnaeus,
1758) and the duck mussel Anodonta anatina (Linnaeus, 1758) [15]. The distribution range of
P. complanata is the smallest among the European Anodontini and is greatly overlapped
with the two Anodonta species [15,16]. Populations of depressed river mussel were recorded
across Europe from the British Isles to the Volga River basin [15,17–19]. This mussel is one
of the 16 European species listed under the risk categories in the IUCN Red List [20] and
legally protected at national levels [16,17,21].

The sparse distribution, low population density of P. complanata, which is rare in
most of the range, and a small number of recorded populations [16] raises the question
on its actual biogeography patterns. The depressed river mussel inhabits a narrow range
of suitable habitats in lotic environments, including lowland and mountainous rivers,
large drains, and canals [22]. P. complanata is also reported as a bivalve species that is
highly sensitive to unfavorable conditions such as habitat disturbance [18] or alien species
invasions [19] and it disappears first from mussel communities [23].

Molecular data are a keystone tool for mussel conservation management [24,25].
Molecular markers that are able to infer intraspecific population diversity and differentia-
tion are especially important because they help to define units for prioritizing conservation.
Previous work attempted to use mitochondrial DNA to examine P. complanata population
structure in Britain but failed to reveal useful levels of intraspecific variability [26–28]. A
significant part of the depressed river mussel range, situated in the east of species distri-
bution, remains unstudied in many aspects but especially in terms of population genetics.
However, previous evidence of the Azov glacial refugium allows us to hypothesize that the
level of genetic divergence in this area can be higher than in the other part of the species
range. In this case the genetic hotspot, which is significant for species conservation, can
be overlooked.

In this study, we aimed to check the hypothesis that P. complanata may possess a high
level of genetic diversity in the Don River basin and that the population in this basin can
be highly divergent from others because of Pleistocene glacial refugium recovered in the
region. For this purpose, we (1) established the most comprehensive set of newly obtained
mtCOI and ND1 sequences to date and combined it with previously obtained available data;
(2) based on this combined dataset we determined the genetic diversity and differentiation
of P. complanata populations; and (3) studied intraspecific demographic processes.

2. Materials and Methods
2.1. Sample Collection, DNA Extraction, PCR and Sequencing

The main body of the material was collected under a series of field surveys on rivers
and streams of the Baltic Sea, Volga River, and Don River basins (Figure 1, Table S1).
Soft tissue samples of P. complanata were snipped from the mussel’s foot by a non-lethal
procedure [29,30] and immediately stored in 96% ethanol. After snipping, all mussels were
carefully returned to the habitat. Soft tissue samples were deposited in the collection of
the Russian Museum of Biodiversity Hotspots (RMBH) of the N. Laverov Federal Center
for Integrated Arctic Research of the Ural Branch of the Russian Academy of Sciences
(Arkhangelsk, Russia).
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Figure 1. Sampling localities of Pseudanodonta complanata in freshwater basins of Europe (our data
(dots) and samples from NCBI GenBank with available georeferenced data (diamonds)). Point colors
represent the following groups of haplotypes: yellow—DON, green—VOL, red—BS, and violet—EUR.
Filling colors represent the range of the following lineages across freshwater basins: yellow—DON
lineage, and violet—panEUR lineage (Table S1). The map was created using ESRI ArcGIS 10 software
(https://www.esri.com/arcgis, accessed on 8 May 2023). The topographic base of the map was
compiled with Natural Earth free vector and raster map data (http://www.naturalearthdata.com,
accessed on 8 May 2023), and the HydroSHEDS database (http://www.hydrosheds.org, accessed on
8 May 2023) [31].

Total genomic DNA was extracted from the tissue snips using the NucleoSpin Tissue
Kit (Macherey-Nagel GmbH and Co. KG, Düren, Germany), following the manufacturer’s
protocol. For molecular analyses, we generated sequences of the COI (n = 105) and ND1
(n = 19) genes. The sequences were amplified and sequenced using the primers pair
LCO1490 and HCO2198 [32] for COI, LeuF and LoGlyR [33] for ND1. The PCR mix
contained approximately 100 ng of total cellular DNA, 10 pmol of each primer, 200 µmol
of each dNTP, 2.5 µL of PCR buffer (with 10 × 2 mmol MgCl2), 0.8 units of Taq DNA
polymerase (SibEnzyme Ltd., Russia), and ddH2O which was added up to a final volume of
25 µL. Thermocycling included one cycle at 95 ◦C (4 min), followed by 28–32 cycles of 95 ◦C
(50 s), 48–57 ◦C (50 s), and 72 ◦C (50 s), and a final extension at 72 ◦C (5 min). Forward and
reverse sequencing was performed on an automatic sequencer (ABI PRISM3730, Applied
Biosystems) using the ABI PRISM BigDye Terminator v.3.1 reagent kit [34]. The resulting
sequences were checked manually using BioEdit v. 7.2.5 [35]. In addition, 17 COI sequences
of P. complanata were obtained from the NCBI GenBank (Table S1). The sequences were
aligned using the MUSCLE algorithm implemented in MEGAX [36]. For the subsequent
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analyses, each COI and ND1 sequence of the aligned datasets was trimmed, leaving a
624-bp and 901-bp fragment correspondingly.

2.2. Genetic Diversity, Genetic Differentiation, and Demographic History

The COI dataset under investigation mainly covers the P. complanata range in the
East-European (Russian) Plain and includes available sequences from the rest of the range
in Europe. For the following analysis, we structured our dataset into the four subsets
corresponding to certain groups of populations: Don River (DON; n = 9), Volga River
(VOL; n = 47), Baltic Sea (BS; n = 31), and European rivers (EUR; n = 18). The DON, VOL,
and BS groups of populations were delineated by corresponding watersheds. The EUR
group includes populations from the rest of the species range. The ND1 dataset contains
19 sequences and was used only to build haplotype network and to calculate pairwise Fst’s
values and p-distances to verify results obtained from the COI dataset. All population
genetic statistics were performed using the latter one.

Genetic diversity was estimated through haplotype diversity (Hd) and nucleotide
diversity (π) calculations. Genetic differentiation was estimated through calculations of
pairwise Fst’s by the method of Tajima and Nei and mean genetic distances under the
Kimura 2-parameter model (K2p) [37]. To detect deviation from mutational-drift equilib-
rium in the studied groups, we calculated Fu’s F and Tajima’s D neutrality tests. In the case
of significance in at least one neutrality test we examined the frequency distributions of
pairwise mismatch between sequences (MMD). The observed mismatch distribution was
compared with that obtained under models of spatial expansion and population expansion
for the evidence of model fit by calculating the sum of squared deviations (SSD) of the
observed data relative to the model and Harpending’s raggedness statistic (HRag). Genetic
diversity indices, Fst’s values, neutrality tests, and MMD were calculated using Arlequin
v. 3.5.1.2 [38] all with 10,000 permutations. Genetic distances under K2p model were
calculated using MEGAX [36]. To estimate the phylogeographic structure of haplotypes
obtained from groups of populations, we applied a TCS haplotype network [39] using
POPArt (http://popart.otago.ac.nz, accessed on 10 May 2023).

3. Results
3.1. Genetic Diversity

A total of 23 haplotypes were identified from the COI dataset (n = 105) and 12 hap-
lotypes from the ND1 dataset (n = 19) of P. complanata sequences (Table S1). The COI
haplotype diversity varies in a wide range among groups of populations. The highest
Hd value was observed in the DON group (0.94 ± 0.07) and the lowest in the BS group
(0.24 ± 0.1) (Table 1). The level of nucleotide diversity varied in the same way.

3.2. Genetic Differentiation and Genetic Structure

TCS COI and ND1 haplotype networks demonstrate the existence of highly divergent
and isolated intraspecific genetic lineage in the Don River basin and the widely distributed
lineage composed of multiple closely related haplotypes that derived from populations
across the species range (Figure 2). We defined this lineage as pan-European (panEUR).
DON and panEUR lineages are divided by 11 mutational steps in the COI network and by
15 mutational steps in the ND1 network. Haplotype ordering in both COI lineages repre-
sents star-like structures, though significant differences occur. The ancestral haplotype (H4)
in the DON lineage is recorded in two individuals from Hoper and Voronezh populations
as well as haplotype H5. Five other haplotypes are unique, and the most divergent H6
haplotype was discovered in the Hoper population. The most abundant haplotype in the
European lineage (H1) is shared between all delineated groups of populations. Most of
the recorded haplotypes are divided from the central one in one mutational step, being
singletons. Three of the most distant haplotypes H14, H15, and H16 are diverged in two,
three and four mutational steps correspondingly and belonged to Ukrainian populations,
two of which had undefined locations and one (H14) belonging to the Dnieper River Basin.

http://popart.otago.ac.nz
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ND1 data return almost the same picture of haplotype ordering, considering a much smaller
sample size. Two of the most distant haplotypes in the DON lineage are diverged by two
mutational steps and recorded from the Voronezh River. In the panEUR lineage, the most
distant haplotype is observed in the Velikaya River from the BS group of populations and
diverged by three mutational steps from the central haplotype (H6).

Table 1. Summary of molecular diversity indices estimated from the COI sequences of Pseudanodonta
complanata: sample size (n), number of haplotypes (NH), haplotype diversity (Hd) and nucleotide
diversity (π) with standard deviation values; results of deviation from mutational-drift equilibrium
by different tests, and statistics of mismatch distribution analysis (MMD); statistically significant
values are in bold (p < 0.05 for Tajima’s D, SSD and r-raggedness; and p < 0.02 for Fu’ Fs).

Population Group n NH Hd ± SD π ± SD
Fu’s F-Test Tajima’s D-Test MMD under Spatial Expansion

Model

FS p-Value D p-Value SSD p-Value r p-Value

BS 31 4 0.24 ± 0.1 0.0004 ± 0.0005 −2.77 0.003 −1.54 0.027 0.000 0.057 0.324 0.705

DON 9 7 0.94 ± 0.07 0.004 ± 0.003 −3.37 0.009 −1.44 0.080 0.012 0.423 0.068 0.473

EUR 18 7 0.57 ± 0.14 0.002 ± 0.002 −2.75 0.02 −2.28 0.001 0.003 0.86 0.063 0.898

VOL 47 7 0.28 ± 0.09 0.001 ± 0.001 −7.23 0.0001 −2.02 0.003 0.000 0.015 0.273 0.690

panEUR (BS + EUR + VOL) 96 16 0.32 ± 0.06 0.001 ± 0.001 −21.39 0.0001 −2.59 0.0001 0.000 0.15 0.230 0.877
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Figure 2. TCS haplotype network of the COI (A) and ND1 (B) sequences of Pseudanodonta complanata
datasets (COI, n = 105; ND1, n = 19) delineated in four groups of populations. Dashes on branches
indicate nucleotide substitutions between haplotypes. The list of sequences is presented in Table S1.

Pairwise differentiation, estimated using the Fst’s fixation index calculated by Tajima
and Nei method and mean genetic distances under the K2p model, support the pattern
illustrated by haplotype networks (Table 2). The COI and ND1 divergence of the DON



Diversity 2023, 15, 829 6 of 11

lineage is exceptionally high in the range of 0.86–0.95 of Fst’s values and exceeds 2%
by p-distances. The genetic divergence between groups within the panEUR lineage is
almost absent by means of p-distances. Fst’s fixation index, calculated using the COI
dataset, returns very low but significant values within EUR–BS and EUR–VOL pairs, and
insignificant value between VOL and BS.

Table 2. Mean genetic divergences by Tajima and Nei Fst’s values (statistically significant values
with p < 0.05 are in bold) below diagonal and mean genetic distances under the Kimura 2-parameter
model (K2p) ± SD above diagonal for the COI and ND1 datasets between groups of Pseudanodonta
complanata populations.

Molecular
Marker

Group of
Populations BS DON EUR VOL

C
O

I

BS 0.023 ± 0.006 0.001 0

DON 0.951 0.024 ± 0.006 0.023 ± 0.006

EUR 0.022 0.888 0.001

VOL 0.010 0.957 0.032

N
D

1

DON n/a 0.021 ± 0.005 0.021 ± 0.005

EUR n/a 0.86 0.002 ± 0.001

VOL n/a 0.89 −0.38

3.3. Demographic Trends

The deviation from the mutation-drift equilibrium was detected for all delineated
groups of populations (Table 1). BS and VOL groups show deviation by both Fu’s Fs and
Tajima’s D tests while EUR deviate only by Tajima’s D and DON by Fu’s Fs. The observed
mismatch distributions for panEUR lineage (Figure 3A), as well as for BS and EUR subsets
(not shown), show a unimodal pattern with the prevalence of closely related samples with
zero mismatch. This kind of unimodal distribution illustrates a founder effect in the most
recent past that can be a consequence of the bottleneck event. The observed mismatch
distribution for DON is also unimodal but much more uniform, with a slight peak at 1 bp
(Figure 3B). This kind of picture illustrates a stable population that started to expand in the
most recent past. We rejected the hypothesis of population expansion for the VOL group
because SSD values deviate significantly from the model (p = 0.015).
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of Pseudanodonta complanata from the panEUR (A) and the DON (B) lineages. Simulated MMD under
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4. Discussion

Combining newly sequenced COI and ND1 gene fragments of P. complanata with
available data from the NCBI GenBank, we identified the divergent genetic lineage in
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the Don River basin (Figure 1) and showed that populations from the rest of the range
belong to one genetic lineage that passed through a bottleneck event in the past. Sample
sizes are unequal across the studied population groups. The main cause of this is the
rareness of the mussel and low densities in many populations. However, we believe
that this sample bias did not significantly affect the results of population statistics. The
smallest DON group demonstrates the highest Hd, while much bigger VOL and BS groups
show smaller values of Hd. The only concern is the EUR group, the genetic diversity
of which could be overestimated due to the insufficient sample volume of this widely
distributed group. Nonetheless, a broad-scale sampling allowed us to show that the
intraspecific mitochondrial diversity of the depressed river mussel is much higher than
was considered earlier. Previous studies attempted to assess the population genetics of the
species at the narrow spatial scale [26–28] and sampled populations fell within the low-
diverged pan-European lineage. The existence of widely distributed but weakly diversified
European lineage was shown earlier for A. anatina [9]. The duck mussel and depressed river
mussel are closely related species belonging to the same tribe. Despite their environmental
preferences being different [16]), the biogeographic patterns of widely distributed lineages
of both species seem to be similar. Both species are host generalists with overlapped
host-fish composition [15 and references herein]. The reproductive biology of both species
is also very similar, with an overwintering brooding period and glochidia discharge in
spring-summer time. Similar biology features can facilitate mussels’ distribution by the
same migration pathways, but different habitat preferences allowed them not to compete
with each other in colonized river systems.

Besides the widely distributed lineage of A. anatina, the presence of localized and
divergent lineages of this species in several glacial refugia has been described. Two of them
are related to peninsular populations from Iberia and Apennines, and one was reported in
the Azov Lowland [9,40]. The latter includes the Kuban River basin, the lower part of the
Don River basin, and several separate rivers that drain into the Azov Sea. We found that
the COI p-distances between DON and panEUR lineages of P. complanata and AZOV and
EUR lineages of A. anatina are almost equal (2.3% vs. 2.35%, correspondingly). The level
of intraspecific mitochondrial divergence of P. complanata, and the topology of haplotype
networks, unambiguously show the existence of isolated genetic lineage in the Don River
basin. This finding is an additional confirmation of the existence of the Pleistocene glacial
refugium in the Azov Sea drainage (Kuban and Don rivers). Based on the analysis of
populations that were sampled from the upper and middle parts of the Don River basin,
we can suppose that the entire river system served as a refugium.

The level of genetic diversity of the DON lineage agrees well with the theoretical
expectations about maximum diversity in areas where a species exists for enough time to
accumulate mutations [41,42]. The output of MMD analysis confirms that populations in
the Don River basin can be considered stable and contain diverse COI gene variants. At the
same time, MMD indicates that the observed distribution does not deviate significantly
from that predicted under the population expansion model. Together with significant
negative neutrality tests, the observed MMD can be a sign of an expansion event in the
past, since we observe a very low peak of mismatches at 2 bp.

A classical concept of glacial refugium is a large region that harbors a subset of geneti-
cally diverse populations from which modern extensive populations are derived [43,44].
At first glance, our results, i.e., haplotype distribution, levels of genetic diversity and
differentiation, neutrality tests, and MMD analysis, agree well with this model. However,
the absence of common haplotypes between DON and panEUR lineages and large ge-
netic distance may indicate a long-term isolation of both groups that prevents us from
concluding that European populations of P. complanata originated from the Don River basin.
Alternatively, the small sample size of the DON lineage did not allow us to find haplotypes
shared with the panEUR lineage. If so, additional sampling efforts in the Don River basin
can help to find the link between two lineages. Considering the biogeographic pattern of
A. anatina, we suppose the latter case is the most probable.
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Recently it has been shown that multiple freshwater taxa penetrated river systems
of Northeastern Europe using the Volga River as a migration corridor [45]. Considering
the complex hydrological periglacial network during the LGM [46,47] and reconstructed
A. anatina distribution during the Late Quarternary [8], we can speculate that multiple
connections between rivers across Europe also occurred. Extremely low genetic differen-
tiation between groups of populations within panEUR lineage indicates high gene flow
and supports our suggestion about migration flows across the species range. A recent
wide-scale study of A. anatina biogeography discovered a separate sub-lineage within the
trans-Eurasian lineage of the duck mussel [8]. This sub-lineage is distributed in South-
eastern Europe—the region where three of the most divergent haplotypes (H14, H15, and
H16) within the panEUR lineage of P. complanata are recorded. This finding may reveal that
similar biogeographic patterns may also occur in P. complanata, though additional sampling
efforts are necessary to validate this hypothesis.

The discovery of a separate genetic lineage of P. complanata in the Don River basin
confirms the significance of the Azov Sea drainage as a freshwater biodiversity hotspot
of great conservation importance. Harboring the unique part of the genetic diversity of
the depressed river mussel and duck mussel, this region potentially may also serve as
a refugium for Unio crassus Retzius, 1788, U. pictorum (Linnaeus, 1758), and U. tumidus
Retzius, 1788, but no relevant population genetic studies have been performed.

The Don and Kuban River basins are highly populated areas with developed agricul-
ture and significant usage of freshwater resources. Moreover, freshwater ecosystems of
the region are subject to aquatic invasions [48–50]. These threats underline that freshwater
biodiversity of the region require intensive study and effective conservation management
based on the delineation of conservation units.

5. Conclusions

The broad-scale dataset of mitochondrial gene fragments of the depressed river mussel
P. complanata revealed that the species has a more complicated biogeographic pattern
than was considered earlier. We discovered the divergent and isolated genetic lineage of
P. complanata in the Don River basin. Populations from the rest of the range were determined
as belonging to the widespread and low-diversified pan-European lineage. Phylogenetic
pattern of the pan-European lineage represents one widespread ancestral COI haplotype
and numerous singleton haplotypes. This pattern clearly illustrates the founder effect and
is commonly observed for postglacial dispersal events. Haplotypes from populations of
the Don River basin also form a star-like structure, though the network is more distributed,
and the central haplotype occurs only in two populations. The level of mitochondrial
diversification between two lineages of P. complanata is comparable to those from closely
related species A. anatina, where a geographically restricted lineage from the Azov lowland
and widely distributed European lineage were discovered earlier. Genetic diversity in
studied populations of P. complanata is much higher in the lineage from the Don River basin
than in the pan-European lineage. Mismatch distribution indicates a pattern of a long-term
and stable population in the Don River basin, while the pan-European lineage passed
through a bottleneck event. Extremely low genetic differentiation within the pan-European
lineage and signs of a bottleneck event in the past support the hypothesis about the recent
distribution of P. complanata across Europe after glaciation using a periglacial hydrological
network. We suppose that our discovery is additional evidence for the existence of the
Pleistocene glacial refugium in the Azov Sea drainage (Kuban and Don rivers). Our finding
reveals that the group of populations from the Don River basin can be considered as a
key evolutionary significant unit of the species as it contains a unique part of the genetic
diversity of P. complanata. The discovery of a separate genetic lineage of P. complanata in
the Don River basin confirms the significance of the Azov Sea drainage as a freshwater
biodiversity hotspot of great conservation importance.
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