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Abstract

The biogeography, taxonomy and systematics of ground water organisms is still poorly understood. This is partly due to the difficult
accessibility of the habitats and the expert knowledge required for identification. Nevertheless, due to the large distribution range
and limited dispersal possibilities of amphipods such as the genus Niphargus, important insights can be gained into biogeographical
patterns and evolutionary processes in subterranean ecosystems. Niphargus is the most species-rich genus of freshwater amphipods
worldwide and holds great potential for cryptic species whose identification is important for the reconstruction of biogeographic
patterns and events. Therefore, we assessed the genetic patterns of Niphargus fontanus Spence Bate, 1859 (Amphipoda: Niphargi-
dae). We sampled the species all over its current distribution and sequenced one mitochondrial and three nuclear gene fragments.
We discovered that most records from France were probably misidentifications, and that the species does not occur in central and
southern France. Nevertheless, the distribution area extends from Wales to Bavaria, which could make it one of the largest distri-
bution areas within the genus. Compared with other Niphargus, the genetic diversity and differentiation of N. fontanus is low and
most likely evolved since the mid-Pleistocene Transition, but reflects a clear phylogeographic pattern with about 13 genetic lineages.
These apparently stand for a number of extra-Mediterranean glacial refugia from which postglacial expansion was low to moderate.
However, few cases of disjunction within these genetic lineages exist, most likely resulting from rapid expansions along river Rhine
which otherwise mostly acted as a dispersal barrier.
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1. Introduction

The distribution patterns of animals and plants has been  glacial cycles of the Pleistocene had particularly severe
fascinating scientists since long (Darwin 1838, Wallace influences on range changes (Hewitt 1996), and the re-
1876). In particular, the effects of geological dynamics treat of warm-adapted species to so-called Mediterranean
and climatic fluctuations on distribution patterns has refugia located in specific areas of the Mediterranean
been intensively discussed (Avise 2000). In Europe, the  Basin has been postulated many decades ago (De Lattin

Copyright Dieter Weber et al.: This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which permits unrestricted use, distri-
bution, and reproduction in any medium, provided the original author and source are credited.


https://zoobank.org/7503EC5A-29A3-40D3-9335-21B6545A3703
mailto:dieter.weber124@gmx.de
https://doi.org/10.3897/asp.83.e116160
http://creativecommons.org/licenses/by/4.0/

16

Weber D et al.: Niphargus fontanus in western Central Europe

1949). However, it is getting increasingly clear that Med-
iterranean refugia were not the only refugia for temper-
ate species in Europe but that survival was also possible
further north in small, climatically favoured pockets in
so-called extra-Mediterranean refugia (Schmitt and Var-
ga 2012).

While the European phylogeographic patterns of ter-
restrial and epigean (i.e. surface) fresh water organisms
are already well understood in their dynamics through-
out time (Hewitt 2004), groundwater organisms are much
more hidden and hence enigmatic, even in Europe. Al-
though groundwater forms by far the largest habitats on
the continents (Molden 2007), we are far away from a
comprehensive understanding of its species, and there is
still much need for single case studies. Despite its lack
of nutrients, some groups, especially crustaceans, have
managed to colonise groundwater. In this aspect, amphi-
pods of the family Niphargidae are of particular inter-
est. They live almost exclusively in groundwater, and as
much as 447 species have already been described for its
most species-rich genus Niphargus (Horton et al. 2022)
(accessed 26 Oct 2024).

Representatives of the genus Niphargus occur from
Spain in the west (Karaman 2017a) to Iran in the east
(Esmaeili-Rineh et al. 2017). In southern France, Italy
and the Balkan Peninsula, the genus is particularly rich in
species, but the number of species decreases towards the
north and north-east (Zagmajster et al. 2014). Thus, seven
or eight species are present in Belgium (FiSer et al. 2018),
six in the Netherlands (Notenboom 1994), about seven in
England, the Channel Islands and Wales (Mclnerney et
al. 2014, Knight et al. 2015), two in Ireland (Mclnerney
et al. 2014, Weber et al. 2021b), and none in Scotland. 30
species are mentioned for Germany, of which only about
17 are plausible (Weber 2022), while Poland hosts five
(Skalski 1994). Niphargid species usually colonise par-
ticularly small geographical areas in the southern parts of
the genus’ distribution (Fiser et al. 2006, Karaman 2017b)
but much larger areas in the northern parts (Mclnerney et
al. 2014, Weber 2022). However, only a few reliable data
based on genetic analyses exist that address their distri-
butions in more northern areas, i.e. Niphargus puteanus
(C.L. Koch in Panzer, 1836): 340 km core range, 756 km
if satellite populations are included (Weber et al. 2020),
Niphargus schellenbergi S. Karaman, 1932: 500 km (We-
ber 2022), Niphargus tonywhitteni Fiser, Alther, Zaksek,
Borko, Fuchs & Altermatt, 2018: 400 km (Weber 2023),
and Niphargus enslini S. Karaman, 1932: 95 km (Weber
etal. 2021a).

Generally, the older publications on Niphargus deal
with their identification and distribution and are based
on morphology (Karaman 1932, Schellenberg 1935b,
1942). More recent studies included genetic analyses,
hereby unravelling numerous cryptic species (e.g. Stoch
1998, Hartke et al. 2011, Mclnerney et al. 2014, Eme et
al. 2018, Horton et al. 2022, Weber 2022b). Further as-
pects, such as their ecology (Weber and Weigand 2023) or
biogeographical dynamics, are still mostly unknown. Al-
though a publication of Schellenberg (1935b) almost 100
years ago already had glacial relics in its title, it is mostly

Figure 1. Drawing of Niphargus fontanus from Chevreux 1901.

restricted to the delivery of a list of sampling sites. As
an exception, the more than 50-years-old publication by
Ginet (1971) deals with the biogeography of Niphargus
virei Chevreux, 1896 and Niphargus rhenorhodanensis
Schellenberg, 1937. As discovered afterwards, both taxa
represent a species complex (Lefébure et al. 2006, 2007,
Deli¢ et al. 2023), strongly reducing the value of the con-
cepts expressed in Ginet’s publication due to a mixing
of taxa. In addition, only some few more biogeographic
studies on Niphargus from its northern distribution area
based on genetic analyses have been added since then
(Mclnerney et al. 2014, Weber et al. 2020).

This paper deals with the biogeographic history of Ni-
phargus fontanus (Fig. 1), a widespread but rare species
in the northern parts of the distribution of this genus. This
species was first described by Spence Bate (1859) more
than 160 years ago. Unfortunately, the type locality was
not published, and Spence Bate apparently had specimens
from two sites available. One of these was Corsham (20
km east of Bristol, SW England). For the description,
however, Spence Bate used specimens from another not
named site because he noted that the specimens described
differed morphologically from those of Corsham. A tube
with two specimens in the British Museum of Natural
History collection is labelled: “Ringwood, Hampshire,
England Hants. coll. Rev. A. R. Hogan. 1952: 5:7: 123—
124, where 1952 is not the date of collection (Gledhill
1980). These two specimens were considered as syntypes
from which one was selected as lectotype with the regis-
tration no. 1978: 190 (Gledhill 1980). Therefore, Ring-
wood (10 km north of Bornemouth, SW England) is the
type locality. Since its description in the UK, N. fontanus
has been reported from the Channel Islands (Knight et al.
2015), France (Chevreux 1901), Belgium (Wolf 1934),
Germany (Wolf 1934), and Switzerland (Alther et al.
2021).

Thus, the published records based on morphological
determinations revealed a wide distribution of N. fon-
tanus of 1150 km as the crow flies. This is rather large,
even for the northern distribution range of the genus Ni-
phargus, as a distribution from 100 to a maximum of 750
km, more likely 100 to 500 km, should be assumed (see
above). We therefore have to question whether this wide
distribution based on morphological determination might
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be due to failure to recognise cryptic or pseudo-cryptic
species, as it was the case of Niphargus aquilex Schioed-
te, 1855 (Weber et al. 2023).

Doubtlessly, Niphargus fontanus s. str. (for more in-
formation on the delimitation of this species see material
and methods) is distributed from England to Germany
and Switzerland (Mclnerney et al. 2014). However, its
numerous mentions from France (many records from
the Grand Est to Provence, rarely in Auvergne and Pyre-
nees), all determined only morphologically, remain ques-
tionable (Gibert et al. 2005). If these records are correct,
they would stand for glacial survival of this species, at
least partly, in Mediterranean refugia. If not, N. fontanus
would represent a species with exclusive extra-Mediter-
ranean refugia north of the Mediterranean Basin (Schmitt
2009, Schmitt and Varga 2012). We therefore hypothe-
sise: The populations so far considered as N. fontanus in
central and southern France belong to different species.
Also, we consequently assume survival of N. fontanus in
permafrost regions or even under the glacial shield.

So far, all investigated representatives of the genus Ni-
phargus in the northern part of the distribution range of
the genus have a high level of intra- and interspecific di-
versity (Weber et al. 2020, 2021a, 2022b, 2023). As only
its larger distribution range is remarkably distinguishing
N. fontanus from these species, we assume that it has a
similar genetic make-up to these other Niphargus species.
Based on this, our second hypothesis is that N. fontanus
has a genetic diversity and differentiation comparable
with other species of this genus in the northern part of its
distribution.

Following Ward and Palmer (1994), the distribution
of the interstitial freshwater meiofauna is influenced by
a variety of different ecological factors at different geo-
graphical scales. Since N. fontanus is not abundant but
widespread, and since it has been proven that not only
small species but also juveniles of medium-sized Niphar-
gus species occur in the interstitial (Weber and Weigand
2023), it has to be assumed that N. fontanus spreads in
the free space of the interstitial. Therefore, our third hy-
pothesis is that large river systems should not hamper but
might even foster the dispersal and hence the range size
of N. fontanus.

2. Material and methods

2.1. Study species

Mclnerney et al. (2014) reported three strongly distinct
genetic groups of N. fontanus from the UK, Belgium
and France (A—C). However, sequences of N. fontanus
B, only reported from Vaux (close to Metz, Dept. Mo-
selle, France), were not deposited in openly accessible
databases (Mclnerney et al. 2014) and therefore cannot
be considered as they are unknown. N. fontanus C was
collected only in the French Jura, but was not further en-
countered, although we intensively searched for it. How-

ever, the existing sequence from Genbank is not clus-
tering within other N. fontanus individuals, hence most
likely resembling a different species. As a consequence,
N. fontanus A is considered as N. fontanus s. str. and stud-
ied in this publication.

2.2. Collecting and preservation of
material

From 2016 to 2020, individuals of N. fontanus were col-
lected (and confirmed as such by sequencing) as follows:
five specimens from three sites in the United Kingdom,
three specimens from two sites in Belgium, six specimens
from five sites in France, seven specimens from four sites
in Luxembourg, and 57 specimens from 28 sites in Ger-
many (Table S1). They were collected from hyporheic in-
terstitial (three specimens), springs (27 specimens), cave
waters (including artificial cavities; puddles, lakes, and
rivers; 44 specimens), and boreholes (one specimen).

Interstitial was sampled using the Karaman-Chap-
puis-method (Chappuis 1942). In caves and artificial cavi-
ties, specimens were collected mainly in an opportunistic
way by hand with the assistance of a small tea sieve. A
sieve set with mesh sizes of 5 mm, 1 mm, 0.5 mm, and
0.2 mm was mainly used for springs and partly in caves
and artificial cavities. Mud, foliage and moss was rinsed
with water and niphargids were collected in the three
lower sieves with a spring steel forceps. Meat-baited tin
cans with chicken liver as bait were used in shaft wells
and partly in caves and artificial cavities. They were emp-
tied after 2-3 days.

Specimens were sorted, and individuals identified as
N. fontanus by sequencing were used for further analyses
in this study. Each specimen was separately labelled (in
case of > 20 specimens from the same site, 5—10, pref-
erably juveniles, were kept in one tube), preserved in 96
% non-denaturated ethanol and kept at -20°C. Whenever
possible, at least one male and one female were preserved
in 70 % ethanol at room temperature for morphological
investigation.

2.3. DNA Extraction, PCR and se-
quencing

One pereiopod of each specimen was used for DNA iso-
lation. DNA was extracted using the E.Z.N.A.® Tissue
DNA Kit (Omega Bio-tek) following the “DNA Ex-
traction and Purification from Tissue” protocol. Samples
were lysed using Proteinase K (Omega Bio-Tek).

The Folmer’s fragment of the cytochrome ¢ oxidase
subunit 1 (COI) gene was amplified via polymerase chain
reaction (PCR) (Folmer et al. 1994). The primers (see Ta-
ble S2 for primers of all sequenced markers) HCO2198-
JJ and LCO1490-JJ (Astrin and Stiiben 2008) were used
for COI amplification. The PCR mix contained 1.5 pl
DNA extract (of variable concentration), 1 pl primer mix
(10 pmol/ul, corresponding to 0.5 pl of each primer),
7.5 pl of 2x Multiplex PCR Master Mix (Qiagen) con-
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taining HotStarTaq Plus DNA Polymerase, and 5 pl of
ultrapure water. The mix was heated in a thermocycler
to 95°C, kept for 5 min, and then treated 38 cycles with
30sat95°C, 90 s at 49°C and 60 s at 72°C, followed by a
final elongation step of 30 min at 68°C. The COI marker
was sequenced with the same primer pair as used for PCR
amplification.

In addition, a fragment of the nuclear 28S ribosomal
RNA gene (28S) was sequenced with two primers
(Verovnik et al. 2005), named later as Niph15 and Niph16
(Weber et al. 2021b). The PCR mix contained 2 pul DNA
extract (with variable concentration), 1 pl of each primer
(10 pmol/ul), 0.2 pl REDTaq polymerase (Sigma-Al-
drich), 5 ul REDTaq reaction buffer and 15.8 pl ultrapure
water. Sequencing conditions were an initial 3 min dena-
turation step at 95°C, followed by 56 cycles of 30 s dena-
turation at 94°C, 60 s annealing at 45°C, and 90 s exten-
sion at 72°C. Sanger sequencing was performed with the
three primers Niph15, Niph20, Niph21 (Flot et al. 2010a).

The ITS region (18S ribosomal RNA gene, partial
sequence; internal transcribed spacer 1, 5.8S ribosomal
RNA gene, and internal transcribed spacer 2, complete se-
quence; and 28S ribosomal RNA gene, partial sequence)
(ITS) was also analysed. The PCR mix contained 1 pl
DNA extract (of variable concentration), 1 pl ITS primer
mix (10 pmol/pl, corresponding to 0.5 pl of each primer),
7.5 pl of 2x Multiplex PCR Master Mix, and 5.5 ul of
ultrapure water. The mix was heated in a thermocycler to
95°C, kept for 5 min, and then treated 35 cycles with 30 s
at 95°C, 90 s at 52°C and 60 s at 72°C, followed by a final
elongation step of 30 min at 68°C.

The histone H3 gene (H3) was amplified using the
primers H3aF2 and H3aR2 (Colgan et al. 1998). The PCR
mix contained 1 pul DNA extract (of variable concentra-
tion), 1 pl H3 primer mix (10 pmol/pl, corresponding to
0.5 pl of each primer), 7.5 pl of 2x Multiplex PCR Master
Mix, and 5.5 pl of ultrapure water. The mix was heated in
a thermocycler to 95°C, kept for 5 min, and then treated
38 cycles with 30 s at 95°C, 60 s at 50°C and 90 s at 72°C,
followed by a final elongation step of 30 min at 68°C. The
H3 marker was sequenced with the same primer pair as
used for PCR amplification.

Amplification success of PCR reactions in all cases
was verified via agarose gel electrophoresis. Bidirec-
tional Sanger sequencing was performed by Genoscreen
and Macrogen.

2.4. Datasets analysed

For our publication, we generated 72 COI sequences
from 41 sites (Table S1). Additionally, we downloaded
all COI sequences which were named as V. fontanus from
Genbank (40 sequences). Furthermore, we added all COI
sequences from Genbank (excluding all incomplete ones)
of'the Niphargus krameri Schellenberg species group with
23 species defined by Stoch et al. (2024) as sister group
to N. fontanus. Then, we added our N. fontanus sequenc-
es, collapsed duplicates and obtained 126 haplotypes. We
processed a NJ tree (Fig. S1) in Mega X (Kumar et al.

2018) using default settings; we did not correct obvious
mistakes as this was not in scope of our paper; we used
this dataset for ASAP species delimitation (Puillandre et
al. 2021). Specimens named in Genbank as N. fontanus,
but belonging to other species by ASAP (i.e. representing
misidentifications) were omitted for further analysis. Fi-
nally, after this purification procedure, we ended up with
38 additional COI sequences from Genbank (Hartke et
al. 2011, Mclnerney et al. 2014, Eme et al. 2018, Alther
etal. 2021).

We created a Bayesian tree based on the mtDNA data-
set using Beast v. 2.5 (Bouckaert et al. 2014). A sequence
of N. krameri was used as outgroup to root the tree. We
used an HKY model with empirical base frequency set-
tings and a gamma category count of 4. Based on the ESS
values, the coalescent exponential tree setting was chosen
over the coalescent constant population size tree setting.
We used a relaxed clock log normal setting with a clock-
rate of 0.0177 (Papadopoulou et al. 2010). We performed
the analysis with 30 million generations, sampling every
3000 iterations. The MCMC chain was controlled for con-
vergence in Tracer v. 1.7.1 and a burn-in of 10 % was ap-
plied. We used TREEANNONTATOR v. 2.5 to generate
a consensus tree with common ancestor height. We used
FigTree v. 1.4.4 (Rambout 2018) for visualisation.

The generated input and consensus tree was used for
an ancestral occurrence reconstruction analysis using
RASP v. 4.2 (Yu et al. 2020). Based on the BiogeoBears
model test, an S-Dec analysis was performed with maxar-
ea settings of 4. Additionally, a Bayesian Binary MCMC
(BBM) analysis was performed. The number of maxi-
mum areas was kept at 4, the fixed JC+G (Jukes-Cantor +
Gamma) was used with 5,000,000 cycles, 10 chains, a
temperature of 0.1 and sampling every 100 generations.
The individual sequences were assigned to regions
coded as consecutive numbers (R1-R7) from south-east
to north-west. These areas were R1 (Switzerland), R2
(south-western Germany, mostly Baden-Wiirttemberg),
R3 (Alsace in north-eastern France), R4 (western Ger-
many, mostly North Rhine-Westphalia and Hesse), RS
(Moselle + Meuse), R6 (British Channel region) and R7
(England and Wales). Alternative assignments for the
French samples were tested and are further described in
Figure S2.

For nuclear genes, we generated 18 N. fontanus se-
quences of 28S from 17 different sites, spread all over
the distribution area (Table S1). For interspecific com-
parison of intraspecific genetic diversity and differenti-
ation, 28S sequences of N. aquilex (12 individuals) and
N. schellenbergi (55) were downloaded from Genbank
(accessed 5 April 2023). We also added 46 N. puteanus
28S sequences from WEBER et al. (2020). All other N. pu-
teanus sequences in Genbank were excluded as there are
obviously numerous unrelated species stored there under
this species name. The haplotype network was created us-
ing HaplowebMaker (Spori and Flot 2020).

Ten ITS sequences were generated from ten sites. So
far, no ITS sequences of N. fontanus were available in
Genbank. Ten H3 sequences were generated and supple-
mented by three H3 sequences from Genbank.
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All in all, we sequenced approximately 2,000 niphar-
gids of which 371 were collected in the southern half of
France, allowing for a comprehensive understanding of
the distribution of N. fontanus. Species identity of all of
them was identified using Nucleotide Blast (https://blast.
ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE
TYPE=BlastSearch& BLAST SPEC=&LINK
LOC=blasttab& LAST PAGE=blastp). DnaSP v. 6 (Rozas
et al. 2017) was used for calculating haplotype mismatch
distribution (Patarnello et al. 2007), Tajima’s D (Tajima
1989), and Li’s D* and F* (Fu and Li 1993). Colours and
names of colours follow https://www.w3schools.com/col-
ors/colors_names.asp (Fig. S3). Genbank accession num-
bers of all sequences of N. fontanus are given in Table S1.

3. Results

Using all COI sequences of N. fontanus and COI sequenc-
es from Genbank of the Niphargus krameri group with 23
species defined by Stoch et al. (2024) as sister group to
N. fontanus, the ASAP species delimitation method iden-
tified 24 MOTUs (= Molecular Operational Taxonomic
Units) in partition 1, and 12 MOTUs in partition 2. In
both partitions, it found N. fontanus being one single
species with 46 haplotypes while one haplotype stored in
Genbank as N. fontanus from two sites (in Departments
Ain and Haut-Savoie, France) clearly does not belong to
this species and hence has to be considered as misidenti-
fication (Table S3).

We confirmed N. fontanus by COI sequences in
the UK, Belgium (Wallonia), Luxembourg, Germany
(North Rhine-Westphalia, Hesse, Rhineland-Palati-
nate, Baden-Wiirttemberg, Bavaria) and Switzerland. In
France, we confirmed its presence only in the very North
and in Alsace. In turn, not a single specimen of the 371
niphargids collected in southern France was identified
as N. fontanus. The Niphargus sequenced from southern
France belong to the species or species complexes Ni-

N. schellenbergi

N. puteanus

N. fontanus

phargus kochianus Spence Bate, 1859, N. rhenorhodan-
ensis, N. schellenbergi, N. virei, and to three species
whose sequences are not yet stored in Genbank.

While the nuclear 28S fragment (994 bp) of N. fon-
tanus (Fig. 2) only shows two haplotypes with only one
base pair difference, three sympatric Niphargus taxa have
considerably higher internal diversity and differentiation.
Thus, N. puteanus shows eight haplotypes with a max-
imum of three base pairs difference, N. schellenbergi
seven haplotypes with a maximum of 24 base pairs differ-
ence. The N. aquilex complex has eight haplotypes with a
maximum of 76 base pairs difference.

The ten N. fontanus specimens sequenced for the nu-
clear ITS from ten different localities split into four hap-
lotypes; two specimens had sequences with 1936 base
pairs and with three base pairs difference between them,
eight with 1785 base pairs, seven of them identical and
one with two base pairs difference. All differences occur
exclusively in ITS1; the distribution of these four haplo-
types had no geographical pattern. The ten self-generated
H3 sequences (330 bp) also differ only slightly from each
other (maximal difference: 13 base pairs, double peaks
included). They have numerous double peaks, almost
exclusively at codon position 3. Of the three sequences
downloaded from Genbank, only KJ566724 shows a sin-
gle double peak, the others at best unresolved “N”. The
sequences of KJ566710 and KF484715, downloaded
from Genbank, are very different from all other H3 se-
quences and therefore should not be conspecific. No phy-
logeographic pattern was observed in the distribution of
the H3 sequences.

COI of N. fontanus has 46 haplotypes that differ in up
to 18 base pairs (Figs. 3, 4a, b). Thus, N. fontanus is less
genetically diverse in the studied mitochondrial and nu-
clear gene fragments if compared with other widespread
Niphargus species. By a haplotype network (Fig. 3) and
a neighbour joining tree (Fig. 4b), 13 genetic lineages
of COI (defined as a minimum of three mutational steps
among haplotypes) are distinguished. Some of these ge-
netic lineages show a wide and partly discontinuous dis-
tribution, while others are geographically restricted (Fig.

N. aquilex complex

Figure 2. Haplotype network of 28S with Niphargus fontanus (tomato), Niphargus puteanus (green), Niphargus schellenbergi (yel-

low) and the Niphargus aquilex species complex (blueviolet). Colours refer to the code given in Figure S3.
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outgroup (B). Bootstrap values (only values >50 %) are based on 3.000 iterations. C Bayesian tree based on COI sequences of
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5); six lineages are represented by one single haplotype,
ire. A, F, H, I, L, M (Figs. 3, 4). The COI mismatch dis-
tribution (Fig. 6) shows a strong trend towards low pair-
wise differences. Tajima’s D (-1,20302), Fu and Li’s D*
(-2,29795) and Fu and Li’s F*:(-2,21666) are all nega-
tive, but not significant.

The Beast analysis resulted in a topology with high
Effective Sample Size (ESS > 500), with an initial, well
supported separation of the south-western German region
R2 from all others around 1 My ago. Less well support-
ed consecutive splits around 800 ky ago separated the
Moselle region as a distinct clade, followed by several

30 Figure 6. COI mismatch-distri-
bution of Niphargus fontanus.

internal splits, also within regions, indicating a complex
biogeographical history (Fig. 4c).

The DEC analysis postulated 14 dispersal, 8 vicari-
ance, and 2 extinction events. Most of these events in-
volved small steps occurring within haplogroup K. The
supported origin of N. fontanus were R2-R4-R5 with
17.0 % followed by R1-R2-R5 with 12.8 %. All remain-
ing possible regions of origin scored below 7 % likeli-
hood (Fig. 7). The BBM analysis declared the region R2
(SW Germany) as the most likely origin of the species
with 75.8 % and the region R5 (Moselle + Meuse) with
16.7 % as the second. 16 dispersal events and 10 vicari-
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ance events were postulated by the BBM analysis. The
alternative BBM and DEC settings proposed region R2
also the sole or partial origin of N. fontanus (Fig. S2).

4. Discussion

In this study, we confirmed the existence of N. fontanus
s. str. for Wales and southern England, the northernmost
parts of France and Alsace, western and southern Germa-
ny as well as northern Switzerland. However, although
N. fontanus, based on morphological determination (Gib-
ert et al. 2005) was indicated for the central and south-
ern parts of France, none of our numerous samples from
that area morphologically resembles this species. The
only haplotype in Genbank labelled as N. fontanus from
southern France published by Mclnerney et al. (2014),
finally turned out not to belong to this species. Addition-
ally, all our sequenced 371 individuals of the genus and
all data from Genbank from that region belong to other

Niphargus species. Thus, only N. fontanus A distributed
in western and central Europe should be accepted as this
species. Records of the species from France south of its
northernmost parts and Alsace apparently all are misiden-
tifications. This supports our first hypothesis. However,
the wide distribution of N. fontanus of 1,150 km as the
crow flies (from Wales to Bavaria) remains. N. fontanus
therefore is the species with the largest distribution in the
north-western part of the genus’ distribution, as far as
known up to now.

Comparing the genetic diversity and differentiation
of N. fontanus against other members of this genus from
West, North-West and Central Europe, we obtained re-
markable differences in nuclear and mitochondrial DNA.
Thus, the nuclear 28S locus of N. fontanus had only two
haplotypes differing only at one position (Fig. 2). In con-
trast, the 28S of V. puteanus had a star-like structure with
a maximum of three mutational steps, thus having a con-
siderably higher diversity and also assumed age (Weber
et al. 2020). The star-like structure of N. schellenbergi
even had up to five mutational steps (Weber 2022), hence
calling for an even older structure. The oldest structure
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in nuclear genes was obtained for the N. aquilex com-
plex with dozens of mutational steps between the single
haplotypes and no star-like structures at all (Weber et al.
2023). This supports an old fragmentation in this taxon
and the formation of numerous cryptic species (Fig. 2).
Therefore, we have to reject hypothesis 2 for the nucle-
ar level, especially as two other nuclear genes sequences
for N. fontanus (ITS, H3) gave quite similar results. Con-
sequently, the youngest genetic structure should be in
N. fontanus if compared against all other here included
species in this genus.

Considering the mitochondrial COI marker, we ob-
tained a somewhat different picture with a considerably
higher diversity and differentiation, although still being
lower than in other related species (Weber et al. 2020,
Weber 2022), again underlining the more recent evolu-
tionary history of N. fontanus if compared with other Ni-
phargus species. Hence, hypothesis 2 also has to be re-
jected for the mitochondrial level, here represented by the
COI fragment. However, the difference is not as sharp as
at the nuclear level, here represented by the 28S marker,
because of the about ten times higher mutation rate of the
mitochondrial COI, a typical difference between nucle-
ar and mitochondrial DNA (Haag-Liautard et al. 2008).
Consequently, a considerable mitogenomic diversity with
pronounced phylogeographic pattern has already evolved
again after a relatively recent bottleneck. This bottleneck
apparently is still reflected in the low diversity of the ana-
lysed nuclear markers due to their generally lower muta-
tion rate.

The complete lack of genetically confirmed records
from central and southern France is calling for the absence
of a Mediterranean refugium sensu De Lattin (1949) in NV.
fontanus, and no refugium in southern France for whose
existence numerous examples have accumulated for oth-
er species until today (Vitali and Schmitt 2017, with ref-
erences therein). Hence, the second part of hypothesis 1
of exclusive glacial survival north of the Mediterranean
refugial belt in extra-Mediterranean refugia seems more
plausible, and is also supported by our Beast and RASP
analysis, which predicted survival along the last gla-
cial-interglacial cycles without major extinction events.
Although survival of ice ages in climatically favoured
pockets in the permafrost zone got strong support over
the last few decades for many terrestrial and limnic or-
ganisms (review: Schmitt and Varga 2012), it is still
mostly unknown for organisms living in groundwaters,
but see e.g. Holsinger (1980). Further supporting survival
of groundwater organisms in permafrost areas during ice
ages, some few Niphargus species have been found ex-
clusively at the north-western limit of the genus’ distribu-
tion, e.g. Niphargus irlandicus in Ireland (Schellenberg
1932), Niphargus glenniei in Cornwall and Devon (Eng-
land) (Spooner 1952, Knight and Johns 2015) and two
apparent endemics, of which only one location is known
so far, Niphargus boulangei (Wichers 1964) from north-
ern France and Niphargus carolinensis (Weber and Brad
2023) from North Rhine-Westphalia. Our data presented
here hence indicate that N. fontanus is another example of
glacial survival in permafrost zones.

Analysing the phylogeographic pattern of the mito-
chondrial information of N. fontanus, we distinguished
13 lineages composed of one (i.e. lineages A, F, H, [, L,
M) to 12 haplotypes (i.e. lineage B) (Fig. 3). Based on
the average mutation rates of COI, i.e. 0.0177/My (Pap-
adopoulou et al. 2010), the differentiation into these in-
traspecific lineages most likely started about 1 My ago,
with the follow-up splits taking place around 800-900 ky
ago (Fig. 4C), simultaneously with the onset of the more
rigid glaciations at the beginning of the mid-Pleistocene,
i.e. the mid-Pleistocene Transition (Menning 2018). This
fully agrees with the almost absent differentiation in the
nuclear markers 28S, ITS and H3; however, these nucle-
ar markers have to be interpreted with care due to the
small sample size analysed. Thus, the drastic cooling
might have produced a strong bottleneck still visible in
the poor nuclear diversity, also setting the likely starting
point for most of the mitogenome differentiation. How-
ever, the afterwards evolution of the phylogeographic
structure most likely results from complex range fluctu-
ations reflected in the non-unimodal mismatch distribu-
tion pattern (Fig. 6).

Only three mitochondrial lineages of N. fontanus
have wide geographic distributions including range dis-
junctions. For example, lineage K has a large distribu-
tion (northern Switzerland via Alsace and Palatinate to
northern Westphalia) on both sides of river Rhine but also
one isolated individual in south-easternmost England.
Lineage B restricted to south-western Germany has one
additional specimen in North Rhine-Westphalia. Lineage
N is restricted to Switzerland, but has an additional oc-
currence in south-eastern England (Fig. 5). All other ten
lineages have much more restricted extant distributions,
always confined to one side of river Rhine. This distribu-
tion pattern also is apparent when referring to the Rhine
of the Pleistocene cold stages flowing from its present
mouth via what is now the south-western North Sea and
the present English Channel into the Atlantic Ocean, with
the Thames as its right tributary (Bridgland and D’Olier
1995, Antoine et al. 2003, Busschers et al. 2007, Patton
et al. 2017).

In addition, most mitochondrial lineages seem to be
well geographically separated from each other; if chang-
ing the separation criterion for a genetic lineage from
three to four mutational steps, the one-haplotype-lineages
F, H and I would fuse with the geographically extended
lineages G and K. In all three cases, these mergers are
located within or adjoining to the distributions of the lin-
eages they would merge with (Fig. 3). Hence, the geo-
graphic separation among the then resulting ten lineages
would be even stronger. Consequently, the centres of ori-
gin might be within the extant distributions of the respec-
tive genetic lineages. These results are consistent with the
results obtained from the analyses of Tajima’s D, Fu and
Li’s D* and Fu and Li’s F*, all of which were negative
but nevertheless not significantly different from zero.
Hence, N. fontanus might show geographic stability over
most of the time as its most typical biogeographic feature,
only interspersed by some few dispersal events with most
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of them happening more than 300 ky ago and lineage K
being the most expansive lineage of N. fontanus.

Following the RASP analysis of the mitochondrial
information (Fig. 7), the centre of origin of N. fonta-
nus should be located in south-western Germany (i.e.
Baden-Wirttemberg) with subsequent dispersal across
river Rhine to the Moselle-Meuse region, with complex
follow-up range dynamics (see below). However, consid-
ering the high phylogenetic diversity in northern Switzer-
land with three geographically overlapping lineages, i.e.
a higher phylogenetic diversity than in any other of the
regions defined for the RASP analysis, this region might
have been the first one colonised out of Baden-Wiirttem-
berg (and not the Moselle-Meuse region) or even might
be the origin of the entire species. In the latter case,
Baden-Wiirttemberg would have been the first region
colonised out of Switzerland. However, our data do not
allow to clearly prefer one of these mutually exclusive
scenarios. In any case, no further emigration from or im-
migration to Baden-Wiirttemberg has taken place later on
and the regional genetic lineage evolved independently
since then.

The evolution of the strong phylogeographic mito-
chondrial diversity in northern Switzerland also might
have been fostered by the complex glaciation history of
the Swiss Midlands, which e.g. during the Wiirm glacia-
tion were never completely covered by ice (Seguinot et
al. 2018), thus offering a patchwork of temporarily fluc-
tuating retreat areas. This pattern even might reflect tem-
poral survival of N. fontanus under the ice shield when
extending more, e.g. during the preceding Riss glaciation,
hence making the survival of the endemic lineages pos-
sible; a similar case of below-glacier survival is known
since long for Canada (Holsinger 1980). Interestingly, a
quite similar phylogeographic structure was also obtained
for N. tonywhitteni (Weber 2023) with high genetic diver-
sity in Switzerland but low diversity in the much larger
region of Baden-Wiirttemberg-Bavaria-Austria.

The flowing waters of river Rhine downstream Lake
Constance apparently represent a strong dispersal barri-
er for N. fontanus. This is supported by the fact that all
lineages (apart for lineages N and K) have their continu-
ous distribution areas only on one side of the river. Hence
hypothesis 3 that rivers are not impacting the phylogeo-
graphic patterns of groundwater organisms has to be re-
jected in this case. Nevertheless, river Rhine was not a
completely unsurmountable barrier as our genetic data
support at least three crossings, as discussed in the fol-
lowing.

A first crossing of river Rhine might have taken place
early in the intraspecific differentiation during the early
mid-Pleistocene when the species either expanded from
Baden-Wiirttemberg (region 2) north-westwards to either
the Moselle-Meuse region 5 or southwards to northern
Switzerland (region 1), or from northern Switzerland
northwards to adjoining Baden-Wiirttemberg. Even if it
initially seems unlikely that N. fontanus dispersed from
Baden-Wirttemberg to Switzerland, it must be consid-
ered that the species could have dispersed from the Da-
nube via the Danube seepage through the Aach cave and

via the Aach (Schetter 2017, Kédss 2021) to the area of
Lake Constance, from where the pathway to Switzerland
is not far, even if including a crossing of river Rhine.
However, neither the Danube nor the Rhine are signifi-
cant barriers in this region: In dry seasons, the Danube
has completely dried up or seeped away and the Alpine
Rhine only carries a small amount of water here.

Later, coming either from the Moselle-Meuse region
or from northern Switzerland, the ancestors of lineage C
must have crossed river Rhine, most likely further north
than the first crossing for not colliding with lineage B in
Baden-Wirttemberg, i.e. being hindered by high densi-
ty blocking (Waters et al. 2013). The resulting lineage
C today represents a relict lineage at the actual limit of
the species distribution in the German federal state of
Hesse, just recorded for a single locality. The most re-
cent Rhine-crossing of lineage K apparently is so recent
that still no major differentiation has taken place on both
sides of the river. Maybe this lineage even expanded
quickly from northern Switzerland, even the early Post-
glacial is possible, crossing the river somewhere in the
Middle Rhine Valley and quickly expanding further north
reaching to the northern parts of North Rhine-Westphalia.
However, also the opposite direction is possible but less
supported by our RASP analysis (Fig. 7).

On the other hand, the entire distribution of N. fonta-
nus let us argue that the interstitial along the Rhine river
basin, of which river Thames was a right-hand tributary
during glacial periods (Patton et al. 2017), is a connecting
structure; and not a barrier as the river’s floating waters
(see above). This is supported by the fact that the vast
majority of N. fontanus individuals was recorded from
the larger Rhenanian system; the rare exceptions are
some few populations in areas draining to the Danube in
Baden-Wiirttemberg and south-western Bavaria (see be-
low). It therefore is likely that individuals of N. fontanus
disperse in the interstitial along river Rhine and its trib-
utaries during climatically favourable times. Later, when
conditions deteriorated, they apparently were trapped in
refugia, starting differentiation in allopatry, even reaching
southern Britain via river Thames.

The occurrence of haplogroup B in the catchment area
of Rhine and Danube might be explained by the fact that
the Danube sinkhole between Immendingen and Mdhrin-
gen feeds Danube water to river Aach via a karst cave
system with its discharge in the Aachtopf and then to riv-
er Rhine. Thus, the upper course of Danube can partly
be regarded as a tributary of Rhine (Knop 1878). Thus,
this pathway even might be used twice for dispersal (see
above).

Three mitochondrial lineages with wide geographic
distribution (i.e. B, G, K) are closely related (i.e. three
or four mutational steps) to one or two, respectively, of
the lineages composed of one single haplotype, i.e. A,
F, H and I (Fig. 3). What occured for the entire species
at a larger geographical and temporal scale, was likely
repeated within these three groups of lineages again, i.e.
expansion during suitable climatic conditions out of one
refugium with later restriction to more scattered distri-
butions in the wake of climatic deterioration. Interest-
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ingly, diversifications within these groups of lineages
apparently followed the peripatric pattern of differenti-
ation (Mayr 1982, Coyne and Orr 2004) with the most
derived haplotypes (i.e. the single haplotype lineages)
surviving in small areas at the margin of the respective
distribution.

Finally, in some exceptional cases and again rejecting
hypothesis 3, the Rhine river system apparently served
as a kind of “dispersal highway”. This is most likely in
the mitochondrial lineage N mostly restricted to north-
ern Switzerland and lineage K found in northern Swit-
zerland and western Germany. However, both lineages
were also detected at rather restricted sites near Dover in
south-eastern England (Fig. 5), i.e. close to the Wiirm ice
age Rhine river system (see above), crossing the British
Chanel from east to west (Patton et al. 2017). Thus, a
long-distance dispersal event by rafting down the inter-
stitial of river Rhine many hundreds of km during the
Wiirm ice age is the most likely explanation for these
peculiar disjunctions. A similar incident is also likely for
the occurrence of lineage B close to the North Rhine sev-
eral hundreds of km away from its other populations in
Baden-Wiirttemberg.

When comparing distribution ranges, the total dis-
tribution of N. fontanus with more than 1,000 km from
Wales to western Bavaria is considerably larger than in
most other Niphargus species, although the time to reach
this distribution (measured by the intraspecific differen-
tiation of the respective species) is even shorter. No other
Niphargus species in this part of Europe achieved such
a large distribution: neither N. schellenbergi, which has
the same body size and apart from the gnathopods also
almost the same body shape (Weber 2022); nor the rather
crenophilic N. puteanus (Weber et al. 2020); nor small
Niphargus species (such as N. boulangei Wichers, 1964,
the N. kochianus Spence Bate, 1859 group (Ginet 1996,
Gibert et al. 2005) or the N. aquilex group (Weber et al.
2023), which due to their small body sizes would be ex-
pected to spread more quickly in the narrow spaces of the
interstitial. Note that the more eastern species N. hrabei
S. Karaman, 1932 and N. valachicus Dobreanu & Mano-
lache, 1933 might have similarly large or even more ex-
tended ranges, if their actual species identification is cor-
rect of which some doubt is well justified (https:/www.
gbif.org/species/4417257).

Consequently, the chance to disperse must be remark-
ably higher in N. fontanus than in the other western Euro-
pean species. As this species possesses no characteristics
that might enhance its own dispersal power compared
to related species, we disbelieve that it is a particularly
dispersive species. Rather, we believe that the conditions
in the interstitial accompanying river Rhine and its trib-
utaries has been particularly suitable for some dispersal
events of Niphargus species and hence could foster the
large distribution of N. fontanus, even allowing for long
distance dispersal in exceptional cases. Nevertheless, it
remains somewhat enigmatic why N. fontanus, in parti-
cular, has dispersed so much more extensively than other
species also occurring in the Rhine drainage.
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