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ABSTRACT

Almost all the territory of Poland (except for the Carpathians, Sudetes and Krakéw-Czestochowa Upland)
was glaciated several times. Nevertheless, based on literature data, over 80 stygobiontic invertebrate
species have been found there. Three reasons for such a richness have been hypothesized: survival in
refugia situated either in non-glaciated areas or in sub-glacial areas, and re-settling of previously
glaciated regions through different ways. The distribution of stygobiontic species in Poland is uneven
(what was confirmed by statistical analysis) and connected mostly with the intensity of faunistic studies.
The highest number of stygobionts was reported in the most intensively studied Carpathians, the largest
non-glaciated area in Poland, well known as a faunal refugium. In other non-glaciated regions with
distinctly smaller areas, the number of stygobionts is several times lower, but the presence of some
endemic species indicates their origin and survival in situ. The occurrence of a few endemic species in
glaciated regions could be explained by their surviving in sub-glacial refugia. Other stygobionts (probably
except for water mites) recolonized glaciated areas through hyporheic waters of rivers flowing in pro-
glacial valleys and currently active riverbeds. Migration of invertebrates through phreatic waters
across groundwater divides (possible in two mountain ranges) played a minor role in the present dis-
tribution of stygobiontic species.

© 2020 Published by Elsevier GmbH.

1. Introduction

Pleistocene glaciations played an important role in the
morphogenesis as well as the composition of fauna and flora in the
Northern Hemisphere (Benton & Harper 2009). The impacts of
these climatic events on the distribution of aquatic invertebrates in
Central Europe is much less known, though such studies have been
conducted recently regarding crustaceans (Isopoda and Amphi-
poda) living in surface waters of Poland (Verovnik et al. 2005;
Rewicz et al. 2015; Mamos et al. 2016) and previously pertaining to
molluscs (Dreissena polymorpha) (Zielinski et al., 1996). However,
surface waters are heavily influenced by local factors, what hinders
our understanding of the role of glaciations in the current

European Water Mite Research www.watermite.org [7 March 2018]
Fauna Europaea https://fauna—eu.org [15 March 2018]
Slovak aquatic macroinvertebrates checklist and catalogue of autecological notes
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composition and abundance of aquatic fauna. Subterranean waters
(especially ground waters) are far more isolated from both envi-
ronmental influences and landscape changes (except for local water
pollution) than are any other aquatic habitat; therefore, the
composition of fauna could be much more stable and may indicate
the effect of glaciations.

Obligatory aquatic subterranean species (named stygobionts)
were for a long time considered to be non-existent in glaciated
areas (Leruth 1939; Thienemann 1950; Vandel 1964), but this idea
is no longer valid. However, the number of such species is distinctly
lower in areas glaciated in the Pleistocene than in non-glaciated
areas in both Europe (Deharveng et al. 2009; Gibert & Culver
2009; Martin et al. 2009) and North America (Strayer et al. 1995;
Hobbs 2012).

At the end of the XX century there was a confidence that the
majority of stygobiontic species living in the temperate climate
zone found shelter in three main glacial refugia located in the
Mediterranean Sea basin, i.e., the Iberian, Apennines and Balkan
peninsulas (Hewitt 2000). However, in recent years, numerous
phylogeographic and genetic studies have provided evidence for
the existence of additional refugia (sensu Rull (2010)) situated in
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higher latitudes, such as those in Central and Eastern Europe (see
review by Provan & Bennett 2008; Mclnerney et al. 2014). Already
in the 80-ties of the XX century Holsinger (1980) and Skalski (1982)
hypothesised the possibility of stygobiontic species survival in sub-
glacial refugia (deep groundwater beneath the ice) what was
confirmed by e.g., Martin et al. (2009) and Kornobis et al. (2010).

In the Middle Pleistocene, the territory of the present-day
Poland was glaciated several times during the South-Polish
(Elsterian) (800-600 ka BP), Middle-Polish (Saalian) (380-160 ka
BP) and Vistulian (Weichselian) (100-12 ka BP) groups of glacia-
tions (Mojski 2005; Lindner et al. 2012; Marks et al. 2016). Only the
Carpathians, part of the Sudetes Mts. and the Krakéw-Czestochowa
Upland were not glaciated (Fig. 1). The ice sheet of the Sanian 1
Glaciation occupied the largest part of the Polish territory, while the
ice sheets of the successive South-Polish and Middle-Polish glaci-
ations, such as Sanian 2 and Odranian (Lindner 2004; Marks et al.
2016), covered smaller areas (Fig. 1). Despite this geological his-
tory, approximately 80 stygobiontic species, which primarily
inhabit interstitial and hyporheic waters of rivers, were found in
Poland based on a recent literature review (Dumnicka & Galas
2017). However, it is difficult to determine the exact number of
such species due to the various reasons e.g. validity of species de-
terminations or recent taxonomic revisions. According to the Fauna
Europaea database (https://fauna—eu.org), the presence of some of
these species is not documented in Poland due to the publication of
several records in local journals exclusively (published in Polish) or
as a result of border changes after the Second World War.
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The main objective of this paper is to infer which factors might
be responsible for the observed stygobiontic species distribution
and richness in various regions of Poland. Three working hypoth-
esis have been discussed:

1. Stygobiontic fauna could have survived in non-glaciated areas of
Poland
2. Stygobiontic fauna could have re-settled previously glaciated
areas through different means:
- Historical migration of species along proglacial river valleys
situated latitudinally and by the Moravian Gate
- Post glacial migration through hyporheic and interstitial wa-
ters of rivers existing at present
- Migration through phreatic waters connected across ground-
water divides
3. Stygobiontic species could have survived in sub-glacial refugia

2. Material and methods
2.1. Scope of the subject and sources of information

The stygobiontic species inhabit various types of subterranean
waters that are located above and below the water table. The study
of such fauna is possible in caves, mines, adits, wells, springs and
interstitial waters, which fill the spaces among grains of sediments
below river bottoms and along rivers or lake banks. Psammonic
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Fig. 1. Map of Poland showing selected southern glaciation borders (after Marks et al. 2016). S1 — Sanian 1, S2 — Sanian 2, O — Odranian, V — Vistulian Glaciation, TV — Tatra Mts,
partially glaciated during Vistulian. Non-glaciated regions: CA — Carpathians; SU — Sudetes; KC — Krakéw-Czestochowa Upland; Other important regions mentioned in the text: 1 —
Polish part of the East Carpathians; 2 — partially glaciated Ktodzko Basin; 3 — Matopolska Gap of Vistula River; 4 — the Moravian Gate.
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fauna has not been included because it should not be treated as
stygobiontic fauna (Botosaneanu 1986; Gibert et al. 1994; White &
Culver 2012).

This paper was prepared on the basis of 99 publications that
included studies of various groups of invertebrates with stygo-
biontic species (e.g., Annelida, Crustacea, Hydrachnidia, Turbellaria
and Gastropoda) that were performed in Poland (see review by
Dumnicka & Galas (2017)). The most intensive studies were con-
ducted in the non-glaciated Carpathian region, and their results
were summarized by Skalski (1981), Sywula (1981), Biesiadka
(1997) and Dumnicka (2014). There are distinctly less publica-
tions concerning the invertebrate groups in glaciated parts of
Poland, which explains why all results from the zone between the
maximal extents of the Sanian 1 and the Vistulian Glaciations
(Fig. 1) are presented together. The interpretation of the discussed
results should be done cautiously, because the number of available
data from various regions is heterogeneous. The full list of stygo-
biontic species as well as the bibliographic list has been already
published (Dumnicka & Galas 2017), but additional species
(Karpowicz 2016) and new localities have been added (Dumnicka
et al. 2018).

2.2. Statistical analysis

Analyses employed SPSS ver. 24.0.0.1 (IBM Corp 2016). The data
were analysed with the use of a generalized linear mixed model
(GLMM). The Poisson probability distribution was used for nu-
merical data. The model used post-estimation, Satterthwaite
approximation and robust covariances.

The number of species was the target variable, and the fixed
effect was the region. Calculations were made at the level of ATPOL
squares 10 x 10 km (N = 102). The square distribution and the
number of squares varied between the regions; therefore, the
square ID was used as a random effect (covariance type: variance
component). The pairwise contrasts for comparisons between the
included regions (i.e., glaciated and non-glaciated) were used. The
region covered by the Vistulian Glaciation (V) was excluded from
the analysis because the sample size in this region was too low (see
Fig. 2), while the areas of the Odranian (O) and Sanian (S1, S2)
glaciations were merged.

3. Results

The stygobionts known from Poland belong to various taxo-
nomic groups, such as Tricladida (1 species), Annelida (11), Crus-
tacea (25), Hydrachnidia (45) and Gastropoda (1).

The distribution of stygobionts in regions with different glaci-
ation history is uneven (Fig. 2, Table 1). The number of species
calculated at the level of squares varied between the regions
(F = 3.04, p = 0.021). This number was significantly higher in the
Tatra Mts. (TV) which were partially glaciated during Vistulian,
than in the areas covered by the Sanian and Odranian glaciations
(0S1) (Fig. 3) (TV-0S1 contrast: t = 2.11, df = 95, p = 0.038). The
number of species per square was also significantly higher in the
non-glaciated area of the Carpathians (CA) than in the OS1 (CA-OS1
contrast: t = 2.20, df = 95, p = 0.030). The differences in the
number of recorded species in the other comparisons (non-glaci-
ated Sudetes (SU) and the Krakéw-Czestochowa Upland (KC) and
glaciated OS1) were not significant (Fig. 3).

To date, in the non-glaciated Carpathian region (excluding the
Tatra Mts.), 56 stygobionts have been found (Table 1). A particularly
high number of Hydrachnidia (40 species) have been found prin-
cipally in interstitial waters in this region, especially in its eastern
part (region 1 in Fig. 1). In other non-glaciated and glaciated regions
in Poland, despite numerous studies, stygobiontic water mites were

almost never found (Fig. 4). The majority of Hydrachnidia species as
well as Haber zavreli (Oligochaeta) and crustaceans, including
Cyclocypris sp., Fabaeformiscandona latens, Pseudocandona mira, and
Synurella tenebrarum, were found solely in the Carpathian region.

In the Sudetes, the composition of stygobiontic fauna differs
considerably compared to fauna from the Carpathian region. Only
13 stygobionts were found there, and among them, only one
Hydrachnidia species was reported (Fig. 4) from the interstitial
waters of the Nysa River in the Ktodzko Basin (region 2 in Fig. 1); in
contrast, Annelida were represented by six species (Table 1). Sty-
gobiontic fauna of this area is very specific, and five species (i.e.,
Troglochaetus beranecki, Trichodrilus pragensis, Trichodrilus spelaeus
(Annelida), Crangonyx paxi and Niphargellus arndti (Crustacea)) are
known exclusively from this region of Poland.

In the Krakéw-Czestochowa Upland (region KC in Fig. 1) various
types of subterranean waters (in caves, wells and springs) have
been studied several times, but only nine stygobiontic species were
found (Table 1). They are represented mainly by oligochaetes, two
niphargids and one endemic species of Gastropoda; however,
neither obligate subterranean species of Hydrachnidia (Biesiadka
et al. 1990) nor Ostracoda (Matolicz et al. 2006) were reported.

From the area situated between the border of the Sanian 1 and
Vistulian glaciations (0S1), 15 stygobionts were reported (Table 1),
with the highest number (9 species) in the Matopolska Gap of
Vistula (region 3 in Fig. 1), where more than one hundred wells and
several springs were studied. In this area stygobiontic crustaceans
prevailed and among water mites, stygobionts were not found
(Fig. 4).

Despite the small number of studies conducted in the area
covered by Vistulian Glaciation, which mainly focused on particular
groups of invertebrates such as ostracods, copepods or oligo-
chaetes, four species of stygobionts were found in this region
(Table 1). In addition, two water mite species occurred in the
marginal extent of this glaciation near Oder (Warsaw—Berlin ice-
marginal paleo-valley) (Fig. 4).

In the Tatra Mts. (at the southern edge of the country) (TV in
Fig. 1), only valleys were glaciated by mountain glaciers during the
Vistulian and earlier glaciations (Marks et al. 2016). In a small area
of this mountain range, 16 stygobionts were found (Table 1), mainly
due to very intensive studies made by biospeleologists in various
habitats and years. Among stygobionts, nine species of Hydrach-
nidia were found, and most of them are known from the non-
glaciated Carpathians also. Moreover, four species of oligochaetes
and three species of crustaceans were reported (Table 1) in this
area.

The results of these studies indicate that the majority of stygo-
biontic species have been found in one region only; specifically,
93.3% of water mite species have been found in the Carpathians and
the Tatra Mts., while the remaining groups account for approxi-
mately 58% of the species.

4. Discussion

Stygobiontic species form only a few percent of interstitial fauna
(Martin et al. 2009), and frequently, only single specimens were
caught in this habitat (Gledhill 1982). Sometimes, especially in
deeper underground waters, invertebrates were not stated (Skalski
1982; Stein et al. 2012; Kur et al. 2016; Dumnicka et al. 2017) and
usually they were scarce. Therefore such studies are constrained
and the number of species recorded so far could be underestimated.
Subterranean waters are frequently well colonised by invertebrates
only in karstic areas, what was stated in the Tatra Mts and in French
Jura (Dole-Olivier et al. 2009). Although the number of stygobiontic
species decreases towards the North (Banarescu 1991), finding of
ca. 80 species in Poland indicates high species richness.
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Fig. 2. The number of stygobiontic species recorded in various squares in particular regions. Glacial borders and non-glaciated regions — as in Fig. 1.

The number of stygobiontic species found in particular squares
was the highest in the most intensively studied areas, the non-
glaciated Carpathians (CA) and partly glaciated Tatra Mts. (TV)
sites. Considerably fewer species were recorded in regions covered
by the Sanian 1 and Odranian glaciations (OS1), and the number
significantly differs between OS1 and both CA and TV. Our statis-
tical analysis demonstrated that the intensity of the studies made in
particular regions of Poland is the significant parameter influencing
on the stygobiontic species distribution. This is in agreement with
Hahn & Fuchs (2009) who stated, that the intensity of sampling
strongly explains stygobiontic species richness.

4.1. Stygobionts in non-glaciated areas

When analysing data gathered from publications by various
authors, it could be concluded that the composition of stygobiontic
fauna differs strongly among three regions of Poland that were not
glaciated in the Pleistocene, i.e., the Carpathians, Sudetes and
Krakéw-Czestochowa Upland. This may be explained by their
different surface areas as well as different possibilities of recolo-
nization due to different directions of proglacial outflows. The
Carpathians (built from the flysch deposits and sandstones) are a
long mountain belt that extends towards the South and are known
as a refugium for species from various taxonomic groups (Provan &
Bennett 2008; Mamos et al. 2016). The ice sheet of the largest
extent (The Sanian 1 Glaciation), entered into the lower sections of
the Carpathian valleys only (Fig. 1). During this glaciation (which
lasted from several tens of thousands of years to one hundred

thousand years), the waters from that area flowed down the Dnister
River valley towards the Black Sea basin (IMojski 2005). In the Polish
part of this mountain range, 56 stygobiontic species were reported,
including seven species that are endemic to the Carpathians, i.e., an
ostracod P. mira, water mites (Atractides barbarae, Atractides gor-
censis, Aturus petrophilus, Aturus pulchellus, Axonopsis cogitatus -
described by Biesiadka) and Kawamuracarus chappuisi. In this non-
glaciated region stygobionts might survived in the peryglacial
refugia situated mainly in foothills of mountains (Eme et al. 2013)
or recolonised northern slopes mostly from the South-East (from
the non glaciated Dnister River catchment), where many aquatic
species (including stygobionts) could have existed.

In the Sudetes, the ice sheet of the Sanian 1 Glaciation entered
the Ktodzko Basin and the Moravian Gate (regions 2 and 4 Fig. 1);
however, glacial waters did not cross the main European water-
shed, and the ice sheet drained to the north (Lindner & Marks 1995;
Tyracek 2011) or northwest. As is assumed for the western
(German) part of the territory occupied by the Sanian (Elsterian) ice
sheet (Ehlers et al. 2011; Cohen et al. 2014), the sub-glacial waters
flowed westward towards the English Channel. The later glaciations
(Sanian 2 and Odranian) also reached the Moravian Gate (Fig. 1)
(Marks et al. 2016). Only during the Odranian Glaciation, waters
from the Sudetes and the neighbouring regions flowed out through
the Moravian Gate to the Danube basin (Lindner & Marks 1995;
Tyracek 2011). Nevertheless, the number of stygobiontic species
(including two endemic ones) found in Sudetic underground wa-
ters (mainly in the Ktodzko Basin built from karstified rocks) is
relatively low, despite the fact that studies on subterranean aquatic
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Table 1
List of stygobiontic species known from areas under different history of the Pleistocene glaciations.

Group/species

CA

SU

KC

0S1

Tricladida

Dendrocoelum cf. carpathicum Komarek 1919
Annelida

Cernosvitoviella parviseta Gadziniska 1974
Enchytraeus dominicae Dumnicka 1976 E
Enchytraeus polonicus Dumnicka 1977 E
Gianius aquaedulcis (Hrabé 1960)

Haber zavreli (Hrabé 1942)

Rhyacodrilus subterraneus Hrabé 1963
Trichodrilus cernosvitovi Hrabé 1937
Trichodrilus moravicus Hrabé 1937
Trichodrilus pragensis Vejdovsky 1876
Trichodrilus spelaeus Moszyniski 1936 E
Trichodrilus sp. juv. Claparede 1862
Troglochaetus beranecki Delachaux 1921
Crustaceaa

Acanthocyclops rhenanus Kiefer 1936
Bathynella natans Vejdovsky 1882

Crangonyx paxi® Schellenberg 1935 E
Cryptocandona matris (Sywula 1976)
Cyclocypris sp. Brady & Norman 1889
Diacyclops clandestinus (Kiefer 1926)
Elaphoidella elaphoides (Chappuis 1924)
Fabaeformiscandona latens (Klie 1940)
Fabaeformiscandona wegelini (Petkovski 1962)
Gammarus pulex polonensis Karaman & Pinkster 1977
Graeteriella unisetigera (Graeter 1908)
Nannocandona stygia Sywula 1976 E
Niphargus ? aquilex Schiodte 1856

Niphargus casimiriensis Skalski, 1980 E
Niphargus inopinatus Schellenberg 1932
Niphargus leopoliensis Jaworowski 1893
Niphargus puteanus® Koch 1836

Niphargus tatrensis Wrzesniowski 1888
Niphargellus arndti (Schellenberg 1933)
Proasellus slavus (Remy 1948)

Pseudocandona eremita (Vejdovsky 1882)
Pseudocandona mira (Sywula 1976) E
Pseudocandona szoecsi Farkas 1958

Synurella tenebrarum (Wrzesniowski 1888)
Synurella coeca® Dobreanu & Manolache 1951
Hydrachnidia

Albaxona elegans Walter 1947

Albaxona lundbladi Motas & Tanasachi 1947 = A. gracilis Schwoerbel 1962 (sensu Bogdanowicz et al. 2008)
Albaxona minuta Szalay 1944

Arrenurus corsicus Angelier 1951

Atractides barbarae Biesiadka 1972 E
Atractides gorcensis Biesiadka 1972

Atractides latipalpis Motas & Tanasachi 1946
Atractides latipes (Szalay 1935)

Atractides phreaticus (Motas & Tanasachi 1948)
Atractides pilosus Schwoerbel 1961 = A. tener ? sensu Gerecke 2003
Atractides pumilus (Szalay 1946) = A. primitivus (Walter 1947) sensu Gerecke 2003
Atractides sokolowi (Motas & Tanasachi 1948)
Aturus karamani Viets 1936

Aturus paucisetus Motas & Tanasachi 1946
Aturus petrophilus Biesiadka 1979" E

Aturus pulchellus Biesiadka, 1975 E

Axonopsis cogitatus Biesiadka, 1975

Axonopsis inferorum Motas & Tanasachi 1947
Axonopsis vietsi Motas & Tanasachi 1947
Barbaxonella angulata (Viets 1955)
Erebaxonopsis brevipes Motas & Tanasachi 1947
Feltria mira (Motas & Tanasachi 1948)

Feltria subterranea Viets 1937

Frontipodopsis reticulatifrons Szalay 1945
Hungarohydracarus subterraneus Szalay 1943
Kawamuracarus chappuisi Motas & Tanasachi 1946
Kongsbergia alata Szalay 1954

Kongsbergia arenaria Angelier 1951
Kongsbergia clypeata Szalay 1945

Kongsbergia dentata Walter 1947

Kongsbergia d-motasi Motas & Tanasachi 1958
Kongsbergia lundbladi Szalay 1956
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Table 1 (continued )

Group/species

SU KC 0s1 \% %

Kongsbergia pectinata Walter 1947
Kongsbergia ruttneri Walter 1930

Kongsbergia wroblewskii® Biesiadka 1997 E
Lethaxona cavifrons Szalay 1943

Lethaxona pygmea Viets 1932

Loboharacarus weberi quadriporus Walter 1947
Neoacarus hibernicus Halbert 1944

Neumania phreaticola Motas & Tanasachi 1948
Parasoldanellonyx parviscutatus (Walter 1917)
Sperchonopsis phreaticus Biesiadka 1975 E
Stygomononia latipes Szalay 1943

Wandesia thori Schechtel 1912

Wandesia stygophila Szalay 1944

Gastropoda

Falniowskia neglectissima Falniowski & Steffek 1989 E
Number of taxa

t++++++++++++(0
+

+
56 13 9 15 8 16

E — endemic species; x — leg. A. Skalski 14.07.1977, det. E. Dumnicka.

Non-glaciated regions: CA — Carpathians; SU — Sudetes; KC — Krakéw-Czestochowa Upland; Areas covered by various glaciations: OS1 — Sanian 1, 2 and Odranian glaciation; V

— Vistulian glaciation; TV — Tatra Mts partially glaciated during Vistulian.
¢ False determination.
> Nomen nudum.
¢ Localization in Germany is false.
d Described as S. coeca rafalskii by Skalski (1981).
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Fig. 3. Box plot of the number of species (+confidence intervals) in different regions.
Non-glaciated regions: CA — Carpathians; SU — Sudetes; KC — Krakéw-Czestochowa
Upland; OS1 — area covered by Sanian 1, 2 and Odranian glaciations; TV — Tatra Mts,
partially glaciated during Vistulian. Different letters (located above the T-bars) indicate
significant differences between the regions. The dark line in the middle of the boxes is
the median; the stars are outliers.

fauna have been conducted since the twenties of the XXt century
in this basin (see bibliographic list in Dumnicka & Galas (2017)).
The predominant northward outflow, such as that during the
South-Polish Glaciation, probably limited the long-distance re-
colonisation of Sudetic interstitial waters. Admittedly migration
from the Danube catchment (rich in stygobionts) was possible
during and after Odranian Glaciation, but this concept is not
confirmed by the presence of many stygobionts. Without new
studies of invertebrate fauna near the Moravian Gate this scenario
is not valid. The present-day subterranean migration of water from
the Klesnica stream in Ktodzko basin, (catchment of the Baltic Sea)
to the Morava stream (catchment of the Black Sea) was docu-
mented (Ciezkowski et al. 2009). In such situation the migration of
species across the main European watershed is possible. It is
probable that T. pragensis, a species unknown from other regions of
Poland, reached the Ktodzko Basin through this route.

According to the recent state of knowledge, it is assumed that
only ice lobes intervened certain northern and lower karstic areas
of the Krakéw-Czestochowa Upland (Fig. 1) during the Sanian 1 and
Odranian glaciations (Knopik 2011; Lewandowski 2011). Relatively
few stygobiontic species and only two endemic species (Enchy-
traeus polonicus and Falniowskia neglectissima) were reported from
this small area. The lack of stygobionts representing crustacean
groups (beside Amphipoda) and water mites from the area of the
Krakéw-Czestochowa Upland needs confirmation in future studies.
Among amphipods, two species from the genus Niphargus were
reported exclusively, i.e., Niphargus leopoliensis and Niphargus
tatrensis. According to Skalski (1980), the distribution of
N. leopoliensis is disjunctive because its localities in this Upland and
neighbouring area (glaciated during Sanian 1) are isolated from its
continuous geographic range. Specimens collected in areas of their
regular distribution (Eastern Carpathians and locus typicus in Lwow
City) differed morphologically from those found on the Upland
(Skalski 1981); thus, we can presume that these populations were
isolated for a long time. In cases of E. polonicus, F. neglectissima and
disjunctive populations of N. leopoliensis, it is probable that they
survived in the peryglacial or even sub-glacial refugia.

4.2. Stygobionts in glaciated areas

From Polish territory glaciated by the Sanian 1 and later glaci-
ations (excluding the Vistulian Glaciation) 15 stygobiontic species
were found with only one endemic taxon (Niphargus casimiriensis).
This species is known exclusively (Skalski, 1980) from wells of a
Cretaceous carbonate rock (marls) aquifer in the Matopolska Gap of
the Vistula (region 3 in Fig. 1) which suggests its survival (maybe
speciation also) in a sub-glacial refugium where temperatures were
above zero, as was the case in temperate ice sheets (Jania 1993).
Finding of a tricladid Dendrocoelum cf. carpaticum and crustacean
Synurella coeca subsp. rafalskii exclusively in the Matopolska Gap
speaks in favor of this theory. Proudlove et al. (2003) considered
that such refugia might exist not only in karstic but also in non-
karstic groundwaters. In Poland, most of the invertebrate groups
with stygobiontic species (except for almost all water mites) were
found in glaciated areas (Table 1). Probably, the post-glacial
dispersion by hyporheic and interstitial waters, known for
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Fig. 4. The number of stygobiontic water mites recorded in various squares in Poland. Ellipses (or circles) represent areas in which water mite fauna was studied in various types of
surface/subterranean waters (acc. to published data) but stygobionts were not found. Glacial borders and non-glaciated regions — as in Fig. 1.

stygobiontic species from various groups: oligochaetes (Dumnicka
2014), copepods Elaphoidella elaphoides, Graeteriella unisetigera
(Galassi, 2001), ostracods Cryptocandona matris, Pseudocandona
eremita, E latens (Sywula, 1981) and an amphipod N. tatrensis
(Skalski, 1978) allows such species to have wide ranges and pene-
trate the glaciated areas. Moreover, the long distance dispersal of
species was possible during glaciations periods, when habitat
connectivity increased, due to connections between the main north
European rivers (including Vistula). Such a scenario was confirmed
for stygobiontic isopods by Eme et al. (2013). Due to the scarcity of
studies made in glaciated areas of Poland it is hard to decide
whether a given species is absent on this area or just was not found.

The youngest Vistulian Glaciation covered principally north-
west part of Poland. The water flowed from this region towards
the west through several (4—5) ice-marginal paleo-valleys, among
which the Warsaw—Berlin and Torun-Eberswald “pradolinas”
(paleo-valleys) are the best defined. These waters entered the lower
section of the Elbe valley and eventually reached the North Sea
(Mojski 2005; Ehlers et al. 2011; Marks et al. 2016). Even in this
region the presence of endemic, eyeless population of Gammarus
pulex poloniensis was stated in a subterranean water flow of the
Wiarta River (Karaman & Pinkster, 1977). The occurrence of such
population indicates the probable existence of a sub-glacial refu-
gium in this area. The presence of a stygobiontic ostracod P. eremita
near the mouth of Vistula to the Baltic sea (Namiotko, 1990) and
Rhyacodrilus subterraneus in north-east of Poland (Dumnicka &
Koszatka, 2005) might be the result of post-glacial migration or
sub-glacial survival. The occurrence of two water mites (Arrenurus

corsicus and Kongsbergia alata) (Biesiadka, 1975) and Niphargus
aquilex in a small area situated in the Warsaw—Berlin ice-marginal
paleo-valley suggests their postglacial migration to this area. The
big part of Polish glaciated areas is situated in the belt of North
Europaean Plains (Lowlands), where anoxic conditions were
frequently stated in deeper subterranean waters due to the porous
aquifer type (Stein et al. 2012), but in interstitial waters oxygen may
be present (Zielinski & Jekatierynczuk-Rudczyk 2010). Moreover in
Polish lowlands stygobionts were principally found in the wells
situated in river valleys, where groundwater level is not deep. The
high richness of subterranean fauna was also stated by Stein et al.
(2012) in the Lower Rhine Valley. In such localities shallow sub-
terranean waters are usually oxygenated. Furthermore stygobionts
are well adapted to low oxygen availability, what was confirmed for
the polychaete T. beranecki (Sarkka & Makeld, 1998) and many
crustaceans (Hervant & Malard 2012).

When comparing glaciated areas, the number of stygobiontic
species is the highest in the Tatra Mts, however studied caves and
streams are situated in the valleys at a low altitude which were not
reached by the mountain glaciers during last glaciations (the Vis-
tulian) (Mamos et al. 2016). Moreover, species could have migrated
from the nearby Carpathian rivers, what resulted in finding of nine
water mites species (Biesiadka 1973). In addition, Gradzinski et al.
(2009) assumed the existence of the underground connection be-
tween the Vistula and Danube river catchments in the karstic part
of the Tatra Mts. Such connection probably helped the migration of
certain species, e.g., Niphargus inopinatus which is present in
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Slovakia (south part of the Tatra Mts) (http://www.zoo.sav.sk/voda_
pdf/voda_pdf.htm).

In Poland, the number of stygobiontic species (excluding
Hydrachnidia) found in non-glaciated and glaciated regions is
comparable, whereas Strayer et al. (1995), whose work was based
on selected taxonomic groups only (Annelida, Crustacea) reported
their higher richness in non-glaciated areas of the USA.

4.3. Hydrachnidia in non-glaciated and glaciated areas

Fauna of Carpathians stygobiontic water mites, which were
principally studied in interstitial waters but have also been found in
springs and streams (see Biesiadka 1973, 1975; Pesi¢ & Chaniecka
2006), is especially rich. Such high species richness allows us to
presume that not only endemic Carpathian Hydrachnidia survived
cold periods in this refugium. In the case of species with wide
geographic range, the long distance re-colonisation from the
southeast through proglacial river valleys of Dniester River tribu-
taries (Mojski 2005) was also possible. In the Sudetes only one
species of stygobiontic water mite was found whereas in the
Krakéw-Czestochowa Upland their occurrence was not confirmed.
Such results are difficult to explain, even when considering the
smaller number of studies that have been conducted on this group
in the Sudetes (Bazan-Strzelecka 1972a; Biesiadka 1975; Biesiadka
& Cichocka 1993) and the Krakéw-Czestochowa Upland
(Biesiadka et al. 1990) in comparison to the number of studies
performed in the Carpathians (see in Dumnicka & Galas 2017).
According to data available from European Water Mite Research
(www.watermite.org) the geographic ranges of many stygobiontic
water mite species cover the Central European Uplands (including
the Sudetes), and the range of some species even reaches much
farther to the east. Anthropopression might be one of the reasons
that explain the drastic reduction in stygobiontic water mite fauna
in the Sudetes: stream beds have been modified by hydrotechnical
constructions since the XIX™ century (Witek & Latocha 2009;
Witek 2010), and high pollution of running waters occurred during
the XXM century (Florczyk et al. 1971; Fila et al. 1986), what could
have resulted in lack of oxygen in interstitial waters. In glaciated
areas of Poland, despite many studies (Fig. 4), stygobiontic water
mites were almost never found, which seems to be surprising.
Water mite fauna have been studied many times in various regions
of glaciated areas, mainly in surface waters (Biesiadka & Kasprzak
1977; Cichocka 1996, Biesiadka & Cichocka 1997; 2004; Cichocka
& Pakulnicka 2006; Zawal 2006; Stryjecki 2009; Cichocka &
Biesiadka 2011; Stryjecki et al. 2012; Dumnicka et al. 2016) but
some included the subterranean waters of the Matopolska Gap of
the Vistula (Skalski 1982) and springs (Bazan—Strzelecka 1972b;
Zawal & Sadanowicz 2012; Biesiadka et al. 2015).

The inability to find stygobiontic water mites in glaciated areas
of Poland is hard to fathom, especially because these species live
mainly in interstitial waters; thus, one would expect the re-
colonisation of this habitat to be easy. In Scotland, which was
glaciated during the last glaciation (Bose et al. 2012), ten stygo-
biontic water mites were found by Gledhill (1982). In Belgium,
eight stygobiontic water mites were present in a karstic area of the
Walloon region (Martin et al. 2009), which was located in the
permafrost zone of the Younger Dryas (Isarin 1997). To elucidate
the lack of stygobiontic water mites in glaciated areas in Poland
further studies in hyporheic and other kinds of ground waters are
needed.

When discussing distribution of stygobionts in Poland we
consider that the presence of endemic species in both non-
glaciated and glaciated areas indicates the possibility of their sur-
vival in peryglacial (in the Carpathians) and sub-glacial refugia. On
the glaciated areas the presence of stygobiontic species was most

frequently stated in the vicinity of proglacial or recent rivers, what
indicates that migration of species along these valleys was possible.
Current migration across groundwater divides is possible in the
Tatra Mts and in the Ktodzko Basin (Sudetes) only. The discussion
on the origin and distribution of stygobiontic fauna based on
traditional faunistic studies conducted in Poland allowed us to
extract the chief scientific problems, which may be solved using
complex field, taxonomic and genetic studies of the collected spe-
cies. Due to lack of genetic studies taxonomic status of species and
subspecies endemic for Poland is not clear. Results of such studies
elsewhere, which were performed principally on niphargids (Fiser
et al. 2010; Meleg et al. 2013), but also on isopods (Eme et al. 2013)
changed our knowledge about the geographic ranges of certain
species due to the discovery of several cryptic species.
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