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Abstract

Niphargus is the most speciose amphipod genus inhabiting groundwater of the Western Palearctic. The genus is renowned for its
notorious taxonomy, associated with large within- but often negligible between-species morphological variation. Results of molecu-
lar taxonomy suggested that morphological variation captured less than half of its species diversity, calling for a molecular revision
of past taxonomic and faunistic works. Molecular assessment of species diversity within Niphargus has been conducted since the
2000s, but it remains spatially incomplete given the genus’ extensive geographic range. Here, we provide the first comprehensive
assessment of the diversity of Niphargus in France using molecular markers. We sequenced the COI mitochondrial marker from
436 individuals collected from 234 locations. Using Assemble Species by Automated Partitioning, we identified 99 molecular op-
erational taxonomic units (MOTU), among which 74 could represent potential new species. In turn, we selected one individual per
MOTU, amplified nuclear markers 28S and Histone 3, aligned them with an additional 142 MOTUs from across the genus range,
and reconstructed their phylogenetic relationships using the Maximum Likelihood method. We found that several nominal species
occurring in France are polyphyletic. Furthermore, Niphargus from France comprised lineages derived from deep and terminal
splits, some of which showed signs of evolutionary radiation. The phylogenetic relationships are consistent with the hypothesis that
Niphargus originated in the western part of its range. This study addressed a knowledge gap in the molecular and spatial coverage of
Niphargus, provided new barcodes for monitoring the diversity of the genus, and identified future directions for research.
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Introduction 2014; Horton et al. 2021). The genus presumably derived

from marine ancestors in landmasses that nowadays build
With over 450 described species, the amphipod genus Ni-  Western Europe (Mclnerney et al. 2014) and subsequently
phargus represents an important part of groundwater spe-  dispersed towards the southeast, where it massively diver-
cies diversity in the Western Palearctic (Zagmajster et al.  sified in several adaptive radiations (Borko et al. 2021). Its
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frequent occurrence in various types of groundwater (Sket
1977, 1999; Sket and Velkovrh 1981; Karaman and Sarbu
1996) makes it an interesting model system for ecological
(Mathieu and Turquin 1992; Premate et al. 2021b; Kniisel
et al. 2024), evolutionary (Premate et al. 2021a, 2024a),
and conservation studies (Couton et al. 2023a; Premate et
al. 2024b). Finally, it holds the potential to integrate science
into a broader, non-scientific community through citizen
science (Alther et al. 2021; Couton et al. 2023b). Despite the
immense potential of the genus to advance the exploration
of groundwater biodiversity, its use in routine research pro-
tocols is difficult owing to notoriously complex taxonomy.

The taxonomy of Niphargus has traditionally been
based on analyses of morphological variation (hereafter:
morphospecies). Inaccessibility of groundwater and sam-
pling limitations (Ficetola et al. 2019), along with strong,
directional environmental selection (Culver and Pipan
2019), have caused major challenges for solving the tax-
onomy of Niphargus. Samples of Niphargus often contain
few individuals, which do not allow appropriate assess-
ment of morphological variation. Furthermore, selection
has repeatedly driven the evolution of phenotypes towards
similar optima. Consequently, differences among species
are often small compared to within-species variation. With-
in-species variation is remarkable in many species and is
associated with age (FiSer et al. 2008b) and sex (Bir¢ et al.
2024; Premate et al. 2024a). An early study of allozyme
variation suggested deep genetic divergence among mor-
phologically similar species (Berettoni et al. 1998). Rou-
tine use of molecular approaches strengthened the sugges-
tion of this pioneering study: many morphospecies turned
out to be genetically heterogeneous (Lefébure et al. 2006,
2007; Trontelj et al. 2009; Mclnerney et al. 2014; Deli¢
et al. 2017; Stoch et al. 2022). We estimated that every
morphospecies, on average, comprised 2 to 3 genetically
distinct putative species, often referred to as molecular
operational taxonomic units (MOTUs) (Eme et al. 2017).
Molecular methods hold promise to pave the road towards
a more stable Niphargus taxonomy, allowing relatively re-
liable species identification using DNA barcodes (Tautz et
al. 2003). However, the present coverage of the genetic di-
versity of Niphargus with barcodes is still insufficient, and
we are far from a complete species inventory.

Genetic divergence within Niphargus morphospecies
has been scrutinized in several regions, including Great
Britain (Mclnerney et al. 2014), the Pyrenees (Jurado-Ri-
vera et al. 2017), parts of the Alpine Arc (Altermatt et
al. 2014; Stoch et al. 2022; Kniisel et al. 2023, 2024),
Germany and Benelux (Weber et al. 2020, 2022), the Di-
naric Karst (Borko et al. 2022), Pannonian lowlands (Co-
pilas-Ciocianu et al. 2017), the Carpathian Arc (Meleg et
al. 2013), and Iran (Esmaeili-Rineh et al. 2015). Although
France counts more than 30 morphospecies of Niphargus
(Ginet 1996, Stoch et al. 2024), the assessment of genet-
ic divergence within morphospecies has been restricted
to only a few species complexes (Berettoni et al. 1998;
Lefébure et al. 2006, 2007; Stoch et al. 2024; Deli¢ et al.
2025; Weber et al. 2025).
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In this study, we attempted a broader molecular scru-
tinization of Niphargus diversity in France. We gathered
recent samples collected in France by several laboratories
and performed the first comprehensive molecular anal-
ysis of species diversity using the mitochondrial gene
cytochrome ¢ oxidase subunit I (COI). Specifically, we
assembled 436 individuals from 234 localities, subject-
ed these data to unilocus COI species delimitation, and
defined MOTUs. Then, we assessed differences in the
number of species obtained using morphology and COI-
based species delimitation. To infer the phylogenetic ori-
gin of Niphargus from France, we additionally sequenced
one individual per MOTU for two nuclear markers and
aligned these data with another 142 phylogenetically
representative MOTUs to reconstruct evolutionary rela-
tionships. Using this phylogeny, we verbally evaluated
whether phenotypically similar species diversity evolved
through processes of evolutionary radiation or conver-
gent evolution.

Materials and methods
Data acquisition

We gathered a total of 234 samples from caves, mines,
springs, and groundwater in unconsolidated sediments (Fig.
1; Suppl. material 1: table S1). Samples were sorted, Ni-
phargus individuals examined under a stereomicroscope
(Leica M165C), and — whenever possible — identified to spe-
cies level with the help of morphology. From each sample,
we selected 1 to 9 individuals for sequencing. We removed
1 to 3 pereopods for DNA extraction, whereas the rest of
the animal was preserved for potential further analyses and
additional morphological examination. Small individuals
were used whole. The samples were retained in the zoo-
logical collections of the Biotechnical Faculty, University
of Ljubljana (Slovenia), Université Claude Bernard Lyon 1
(France), and Université libre de Bruxelles (Belgium).

In addition, we harvested data from previous publi-
cations and GenBank (date: 31.08.2024) to complement
the newly acquired information with the existing data and
to harmonize analyses across all studies. All the data are
freely available at Zenodo (https://doi.org/10.5281/zeno-
do.16652237).

Datasets

We prepared two datasets. The first dataset, the species
delimitation dataset, was used to infer the MOTU struc-
ture of the acquired samples. It comprised 470 individu-
als sequenced for COI, including 436 individuals from
France and 34 individuals from outside France. The lat-
ter individuals belonged to morphospecies that have also
been reported from France. This dataset was analyzed us-
ing Assemble Species by Automated Partitioning (ASAP)
(Puillandre et al. 2021).
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Figure 1. Origin of samples used in this study. Details of the individual MOTU distributions are presented in Suppl. material 1.

New records are colored red.

The second dataset, the phylogeny reconstruction data-
set, was used to assess the phylogenetic position of MO-
TUs from France within the genus. The dataset comprised
270 terminals. Its structure was as follows: the target data-
set included 107 MOTUs acquired from the ASAP analy-
sis of France, sequenced for COI, 28S, and H3 gene frag-
ments. To adequately present the phylogenetic origin of the
MOTU:s of interest, we selected another 142 MOTUSs be-
longing to clades from across the genus range. These MO-
TUs were sequenced for six gene fragments (COL, ARGK,
hsp70, EPRS, 18S, and three fragments of 28S) and pro-
vided a phylogenetic backbone, tested in previous studies
(Borko et al. 2021; Deli¢ et al. 2025). Finally, we added
another 21 individuals from France, sequenced only for the
288 gene, to estimate their approximate conspecifics.

Laboratory work, sequencing, and
alignment

We extracted genomic DNA using the MagMAX DNA
Multi-Sample Kit (Thermo Fisher Scientific) following
the manufacturer’s instructions. Oligonucleotide primers
and amplification protocols were the same as in previous
studies (Borko et al. 2021, 2022; Deli¢ et al. 2025) and
are detailed in Suppl. material 2. All nucleotide sequenc-

es were obtained by the Macrogen Europe laboratory
(Amsterdam, Netherlands) using amplification primers
and bidirectional Sanger sequencing. Chromatogram as-
sembly and sequence editing were performed in Geneious
11.0.3 (Biomatters Ltd., New Zealand). Edited sequences
were aligned using the Geneious MAFFT v7.388 plugin
(Katoh and Standley 2013) with the E-INS-i algorithm,
scoring matrix 1PAM/k=2, and the highest gap penalty.

Species delimitations and phylogeny
reconstruction

To explore genetic differentiation and potential species di-
versity of the newly sequenced individuals, we subjected
the species delimitation dataset (see above; Suppl. mate-
rial 1: table S1; alignment in Suppl. material 3) to uni-
locus species delimitation ASAP. ASAP is a hierarchical
clustering algorithm that uses pairwise genetic distances.
The best partitioning scheme is selected using a composite
score based on the probabilities of groups being panmictic
species and barcode gap widths (Puillandre et al. 2021).
The ASAP delimitation was executed under the Kimu-
ra two-parameter substitution model (Kimura-K80) on
an online server available at https://bioinfo.mnhn.fr/abi/
public/asap/. We also ran a web-available Poisson-tree
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process within the Bayesian framework using the same
dataset, which — as in previous studies (Borko et al. 2022)
— additionally split morphospecies into 158 MOTUs;
therefore, we discarded the results of this analysis.
Phylogenetic analyses were inferred using the phylog-
eny reconstruction dataset. Alignments were concatenat-
ed in Geneious. Gap-rich regions from the alignments of
non-coding markers were removed using Gblocks 0.91.1
(Talavera and Castresana 2007) with a less stringent
selection set, as in previous studies (Borko et al. 2021;
Deli¢ et al. 2025). We inferred phylogenetic relationships
with a maximum likelihood approach in IQ-TREE 2.3.6
(Minh et al. 2020), using an automatic best-fit substitu-
tion model search with ModelFinder (Kalyaanamoorthy
et al. 2017) and ultrafast bootstrap to evaluate node sup-
port. Additionally, we ran Bayesian inference in MrBayes
3.2.6 (Ronquist et al. 2012). The Markov chain Monte
Carlo (MCMC) tree was inferred after two independent
runs with four chains for 20 million generations each,
sampled every 250 generations. The first 25% of trees
were discarded as burn-in, and the remaining trees were
used to calculate a 50% majority-rule consensus tree.

Results

We sequenced 23 of the 30 morphospecies known to date
from France. Of these, 15 are endemic to France, while
the remaining 8 were described in neighboring countries,
and their ranges allegedly extend into France. We ampli-
fied the barcoding COI fragment for 22 morphospecies,
whereas in another species (M. forelii), we could only se-
quence the 28S marker. The geographic distribution of the
morphospecies, number of MOTUs per morphospecies,
and taxonomic status of the species are summarized in
Table 1. The main conclusion of the species delimitation
analysis is that each morphospecies comprises between 1
and 24 MOTU s, totaling 99 MOTUs from France. These
should be treated as “candidate species” and should be
subject to further taxonomic scrutinization (Table 1).
The phylogenetic analysis recovered all previously
known major clades, although some of the internal nodes
were not supported and some parts of the phylogeny re-
mained ambiguous. Overall, maximum likelihood analy-
sis produced more well-supported nodes than Bayesian
analysis (Fig. 2). The 99 studied MOTUs from France
belong to 28 phylogenetic lineages. Among the morphos-
pecies comprising more than one MOTU, we detected
two noteworthy branching patterns. First, three lineages
diversified into species-rich clades (>5 MOTUs) (Fig. 3).
These lineages can be attributed to the following mor-
phospecies: N. virei, N. kochianus, and N. ladmiraulti.
Additionally, we detected a clade comprising at least two
morphologically different species (i.e., ecomorphs). Most
of the species within this clade morphologically corre-
spond to N. ciliatus (labeled with letters A—G), whereas
one species morphologically corresponds to an entirely
different species, resembling N. jovanovici (Fig. 3). The
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second emerging pattern is polyphyletic morphospecies
complexes — that is, unrelated species that presumably
acquired their morphological similarity independently.
These include the morphospecies N. aquilex, N. rhenor-
hodanensis, and N. fontanus (Fig. 4). Notably, the two
patterns are not exclusive; the latter three species com-
plexes show a combination of presumed convergent ori-
gins followed by diversification.

Discussion

Overall, we find four key results of broad interest. First,
the present species diversity of Niphargus from France
is underestimated. The average number of MOTUs per
morphospecies (1:4) slightly exceeds the MOTU-mor-
phospecies ratio estimated for European groundwater pe-
racarids (1:2-3) (Eme et al. 2017). We suggest that this
may reflect a decline in classical taxonomy over the past
decades and should be perceived as a call for future taxo-
nomic studies. Noteworthy, the number of MOTUs needs
to be considered with reservation, as unilocus methods
may overestimate the number of species (Hupalo et al.
2022). Conversely, phenomena such as historical mito-
chondrial introgression may lump species and thus lead
to underestimation of this number (Yuan et al. 2023). The
results presented herein provide a basis for future taxo-
nomic studies that will in detail explore species complex-
es using multilocus species delimitations (Yang 2015;
Hupalo et al. 2022) within the integrative framework (Pa-
dial et al. 2010).

Second, several species-rich lineages indicate that in
some parts of France, Niphargus underwent substantial
diversification (Fig. 3). These lineages are potential can-
didates for evolutionary radiation. The nature of these pu-
tative evolutionary radiations and the mechanisms driv-
ing diversification processes in these radiations are not
known (Rundell and Price 2009; Simdes et al. 2016) and
should be addressed in a dedicated study. Such multiple
radiations are an interesting comparative and replicated
model system for the study of diversification mechanisms
on a macroevolutionary scale.

Third, several morphospecies appeared to be polyphy-
letic. It is unclear whether their morphological similarity
has been inherited (Recknagel et al. 2024) or whether it
evolved through convergent evolution (FiSer et al. 2018;
Struck et al. 2018). We are increasingly aware that much
of the biodiversity does not manifest in morphological
variation (FiSer and Koselj 2022), yet the mechanisms
underlying decoupled genetic and morphological varia-
tion are only poorly known (Fiser et al. 2018; Struck et
al. 2018). Multiple clades of morphologically similar spe-
cies, as presented herein, are an interesting model system
that may help elucidate this issue.

Fourth, despite the fact that numerous parts of the phy-
logeny remain unresolved — a well-known problem in Ni-
phargus phylogenetics (Fiser et al. 2008a; Mclnerney et
al. 2014) — and despite not calibrating our phylogeny, we
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Table 1. Checklist of Niphargus from France. The first column refers to the morphospecies checklist derived from the literature (Ginet
1996; Stoch et al. 2024). The second column shows whether the species was sequenced. “Equivalent MOTU(s)” represents the number
of taxonomic units determined by ASAP and matching the morphology of the species. Taxonomic status is commented on in the Notes
column. We cannot rule out the possibility that some of the species found in France are not conspecific with those described from
other countries. The asterisk denotes sequences for species that were not acquired from the samples from France. MOTU — molecular
operational taxonomic unit; ASAP — Assemble Species by Automated Partitioning; COI — cytochrome ¢ oxidase subunit 1.

Morpho species Sequence available Equivalent MOTU(s) Notes

N. angelieri Ruffo,
1954

yes 1

The species is broadly distributed; its potential differentiation
has not been studied. The sequence from the type locality is
not available; further explorations are needed.

N. aquilex Schiodte, yes 17 The species comprises a polyphyletic complex of species.
1855 Type N. aquilex was described from Great Britain, whereas
populations from France require further taxonomic revision. We
detected 17 MOTUs from seven phylogenetic lineages. The
identity with MOTUs discovered by Weber could not have been
established (Weber et al. 2023).
N. balazuci yes 1 A species reported only from France. We detected only one
Schellenberg, 1951 MOTU.
N. boulangei Wichers, yes 1 A species reported only from France. We detected only one
1964 MOTU.
N. burgundus Graf & no NA A species reported only from France. The species was not
Straskraba, 1967 recollected within this study.
N. caspary (Pratz, yes™ unclear A species complex, distributed along the entire Danube and in
1866) France; preliminary analyses show some genetic differentiation,
yet the data is insufficient to draw any taxonomic hypotheses
(unpublished). Populations from France were first described
as N. legeri but subsequently synonymized with N. caspary
(Karaman 1982). Type populations of N. caspary were
described from Germany; populations from France may
belong to a different species and require further taxonomic
examination. The available sequences were obtained from
samples from Austria and Germany.
N. ciliatus Chevreux, yes 5 A paraphyletic species complex endemic to France (Ginet
1906 1988). All MOTUs are distributed in SW France.
N. corsicanus yes 3 A monophyletic species complex (Hovenkamp et al. 1984),
Schellenberg, 1950 part of a clade N. longicaudatus with a center of species
richness in the Apennines.
N. delamarei Ruffo, yes 1 The species is broadly distributed; its range extends to Spain
1954 (Ruffo 1954; Karaman 1986). Its potential within-species
genetic differentiation has not been studied.
N. dimorphopus Stock yes™ 1 The species was described as a subspecies of N. kochianus,
& Gledhill, 1977 and it is nested within this complex (Stock and Gledhill 1977).
N. dimorphopus has been described from the Netherlands.
No sequence from France was acquired, and the status of this
species needs to be revised.
N. fontanus Spence yes 6 Polyphyletic species complex broadly distributed in W Europe.
Bate, 1859 Type populations were described from Great Britain, and the
nominal species range extends to France. The taxonomic
status of other MOTUs sharing similar morphology needs to be
described.
N. forelii Humbert, 28S marker only NA The species was redescribed from Alpine lakes of Switzerland
1876 (Karaman and Ruffo 1993). So far, we were not able to
genetically characterize populations from Lake Geneva or
Lake Constance, the neotype locality. We collected several
individuals with corresponding morphology in France; however,
their taxonomic status cannot be confirmed without neotype
locality. We could not amplify the COI fragment; hence, we
cannot evaluate its genetic variation in a similar way as we
evaluated the variation of other species complexes.
N. gallicus no NA The species was reported from France and Romania; while we

Schellenberg, 1935

acquired fresh material from Romania, we could not recollect
this species in France. It seems unlikely that a species could
maintain a gene flow over such a long distance; hence, we
treat this species as unexplored.
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Morpho species Sequence available Equivalent MOTU(s) Notes
N. gineti Bou, 1965 no NA Species endemic to France and not recollected in our sampling
campaigns.
N. gr. jovanovici yes 1 The incompletely identified species was listed in Ginet's
catalogue on a level of morpho-group (Ginet 1996). Ginet
referred to the monograph of Sket (Sket 1972), who studied
species from the River Sava, the tributary of the Danube River,
and it seems unlikely that any of these species lives in France.
We identified a species that could be considered as a member
of morpho-group jovanovici. It is distinct from all known
species by the exopodite being longer than the endopodite in
uropod I. Finally, we cannot rule out other similar species living
in France.
N. kochianus Spence yes 8 (excl. N. The species comprises a complex of species. N. kochianus
Bate, 1859 dimorphopus) was described from Great Britain, whereas the complex as a
monophyletic clade comprises populations from Belgium, the
Netherlands, and France (Stock and Gledhill 1977; Mclnerney
et al. 2014). The members of this clade from France need to
be taxonomically revisited.
N. ladmiraulti yes 5 A monophyletic species complex endemic to France.
Chevreux, 1901
N. laisi Schellenberg, yes* unknown An interstitial species, distributed in France, Germany, and
1936 France (FiSer et al. 2019). The sequences available derive
from Germany and Switzerland; thus, conspecific status with
individuals from France needs to be established. Potential
genetic differentiation within this species is not known.
N. nicaeensis Isnard, no NA A species, described from Nice; we could not recollect it after
1916 several attempts.
N. pachypus yes unknown The species comprises a complex of species. N. pachypus
Schellenberg, 1933 has been described from the Netherlands; populations from
France require further taxonomic revision.
N. plateaui Chevreux, yes 3 Polyphyletic species complex endemic to France.
1901
N. quimperensis yes 1 Endemic species, related to species from Ireland and Great
Citoleux, Flot & Stoch, Britain (Stoch et al. 2024).
2025
N. renei G. Karaman, no NA Species endemic to France; we could not recollect it.
1986
N. rhenorhodanensis yes 24 A polyphyletic species complex, distributed in France,
Schellenberg, 1937 Germany, Switzerland, and Italy. It comprises over 20 MOTUs
in at least 8 clades; in urgent need of taxonomic revisions
(Lefébure et al. 2006; Deli¢ et al. 2025).
N. robustus Chevreux, yes 4 Polyphyletic species complex endemic to France.
1901
N. schellenbergi S. yes 4 Broadly distributed species complex in Switzerland, France,
Karaman, 1932 Germany, the Netherlands, and Belgium. In our analyses, we
identified 4 MOTUs, a number that is higher than previously
assessed (Weber et al. 2023).
N. setiferus no NA A small species, reported from Jura and not recollected in our
Schellenberg, 1937 analyses.
N. thienemanni yes* 1 A species distributed in the Alps, between Switzerland and
Schellenberg, 1934 Germany. lIts distribution in Switzerland is well established
(Kniisel et al. 2024); however, conspecificity with individuals
from France needs to be established. Type material from
Germany was never recollected, despite numerous attempts.
N. vandeli Barbé, 1961 no NA A species, endemic to France, not recollected in our sampling
campaigns.
N. virei Chevreux, 1896 yes 5 A monophyletic species complex, distributed in France,
Switzerland, and Belgium. Our study suggests more species
than a previous analysis (Lefébure et al. 2006).
Niphargus sp. yes Unidentified for different reasons.
Barcode availability 23 out of 30 99 MOTU

morphospecies
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probabilities at all nodes that were recovered through Bayesian

inference and maximum likelihood (<90%). Some nodes with high bootstrap values were not recovered in Bayesian analysis. Names

of terminals in boldface indicate MOTUs from France (molecularly confirmed), whereas names in italics are species listed for

France but not sequenced. To enhance readability of the phylogeny,

we collapsed the clades not relevant for this study. The phyloge-

ny is divided into two; here, we show the early branching events. The full phylogeny is available in Suppl. material 5: fig. S1. Note:

the term “N_spn” is how MOTUs are labeled in an internal database (SubBioDB) and should not be equated with the expression “n.

sp.,” which indicates a new species and can be used only for specie:

tentatively verbalize some biogeographic implications to
be tested in a future dedicated study. Some clades of spe-
cies from France were derived from basal splits within
the Niphargus diversification. This corroborates the hy-
pothesis of an ancient (100—70 Mya) origin of Niphargus
from the territories that nowadays belong to Great Brit-
ain, Ireland, and Brittany (Mclnerney et al. 2014; Borko
et al. 2021; Stoch et al. 2024). In contrast, some other

s descriptions.

lineages were derived from more recent splits, suggesting
that they evolved much later and spread westward, such
as N. rhenorhodanensis (Deli¢ et al. 2025).

The results presented above, however, deserve several
comments and cautionary notes. First, exhaustive ground-
water sampling was limited to a few regions (Fig. 1). It is
reasonable to expect that additional samples will bring up
new, yet undescribed, species. Although we cannot predict
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Figure 2. Continued.
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Figure 3. Distribution of three clades with >5 MOTUs that possibly represent evolutionary radiations (blue circles: N. kochianus;
pink upside-down triangles: N. ladmiraulti; green diamonds: N. virei) and two sister lineages of N. ciliatus (turquoise triangles).

how many more MOTUs may be expected for France, we
suggest that the presented data collection represents a sol-
id basis for routine barcoding and further exploration of
the genetic diversity of Niphargus.

Additionally, morphologically defined species can be
divided into two groups: those described from France and
those with the type locality abroad. The first group’s spe-
cies epithet (i.e., species name) will remain unchanged (for
example, N. ciliatus and N. angelieri), regardless of tax-
onomic revisions. These species represent the core of the
species in the national checklist for Niphargus in France. In
contrast, species that were described in other countries but
extend their range into France, where they comprise dis-
tinct MOTUs (e.g., N. aquilex, N. schellenbergi, N. forelii),
may be renamed accordingly once subjected to taxonom-
ic revisions (International Commission on the Zoological
Nomenclature 2018). We suggest that such records should
not only include the species but also MOTU identities so
that they can be easily traced and potentially renamed after
taxonomic revisions (see Notes in Table 1). This approach
would ease the future administration of species inventories
and allow for comparative monitoring results across years.

Conclusion

Our study improved understanding of Niphargus diversi-
ty in France, identified potentially interesting targets for
future macroevolutionary research, and provided a solid
base of knowledge for future taxonomy and species bar-
coding. However, we opened a Pandora’s box of a high
number of undescribed species, awaiting future genera-
tions of taxonomists. The main directions of taxonomic
research in France should include 1) sequencing of the re-
maining morphologically described species, ideally from
their type localities (Table 1); 2) resolving the taxonomic
status of species that were described outside France (In-
ternational Commission on the Zoological Nomenclature
2018); 3) describing and naming newly recognized spe-
cies (Pante et al. 2015); and 4) integrating the undescribed
species into nature conservation actions. If appropriately
curated, the data assembled in our study represent a solid
foundation of the barcoding system that may help moni-
tor the status of the most threatened populations even in
the absence of a completed taxonomy (for example, Ma-
lard et al. 2020, Saclier et al. 2024).
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Figure 4. Distribution of polyphyletic species complexes, from top to bottom: N. aquilex, N. fontanus, and N. rhenorhodanensis. Lin-
eages within each species complex are coded with colors and symbols. At present, it is not clear whether similar morphologies were
inherited from shared ancestors or whether their similarity was acquired several times independently through convergent evolution.

zse.pensoft.net



Zoosyst. Evol. 101 (4) 2025, 1831-1844

1841

Acknowledgments

The study was supported by the Slovenian Agency for
Research and Innovation through the core funding pro-
gram P1-0184 and project J1-2464. The study was addi-
tionally funded by Biodiversa+, the European Biodiversi-
ty Partnership, under the 2021-2022 BiodivProtect joint
call for research proposals, co-funded by the European
Commission (GA N°101052342) and with the funding
organisations Ministry of Universities and Research (It-
aly), Agencia Estatal de Investigacion — Fundacion Bio-
diversidad (Spain), Fundo Regional para a Ciéncia e Tec-
nologia (Portugal), Suomen Akatemia — Ministry of the
Environment (Finland), Belgian Science Policy Office
(Belgium), Agence Nationale de la Recherche (France),
Deutsche Forschungsgemeinschaft e.V. — BMBF-VDI/
VDE Innovation + Technik GmbH (Germany), Schweiz-
erischer Nationalfonds zur Forderung der Wissenschaft-
lichen Forschung (Switzerland), Fonds zur Forderung
der Wissenschaftlichen Forschung (Austria), Ministry of
Higher Education, Science and Innovation (Slovenia),
and the Executive Agency for Higher Education, Re-
search, Development and Innovation Funding (Romania).
The study was also funded by Biodiversa+, the European
Biodiversity Partnership, in the context of the Sub-Bio-
Mon — Developing and testing approaches to moni-
tor subterranean biodiversity in karst project under the
2022-2023 BiodivMon joint call. It was co-funded by the
European Commission (GA N°101052342) and the fol-
lowing funding organizations: Ministry of Higher Educa-
tion, Science and Innovation (Slovenia), Belgian Science
Policy (Belgium), Ministry of Universities and Research
(Italy), National Research, Development and Innovation
Office (Hungary), Executive Agency for Higher Educa-
tion, Research, Development and Innovation Funding
(Romania), and the self-financing partner National Muse-
um of Natural History Luxembourg (Luxembourg). Addi-
tionally, the study was supported by the European funds
FEDER, EUR H20’Lyon project (ANR-17-EURE-0018),
the Regional Council of Nouvelle-Aquitaine (France),
the Departmental Council of Gironde (France), the DRE-
AL of Nouvelle-Aquitaine (France), the Water Agency
Adour-Garonne (France), and the Foundation Léa Nature
/ 1% For The Planet. We thank Lara Konencny-Dupré for
her precious help in sequencing many specimens at Uni-
versité Claude Bernard Lyon 1, Villeurbanne, France. We
also thank the many collectors that provided specimens
used in the present study.

References

Altermatt F, Alther R, FiSer C, Jokela J, Konec M, Kiiry D, Méchler E,
Stucki P, Westram AM (2014) Diversity and distribution of freshwa-
ter amphipod species in Switzerland (Crustacea: Amphipoda). PLoS
One 9: e110328. https://doi.org/10.1371/journal.pone.0110328

Alther R, Bongni N, Borko S, Fiser C, Altermatt F (2021) Citizen sci-
ence approach reveals groundwater fauna in Switzerland and a new

species of Niphargus (Amphipoda, Niphargidae). Subterranean Bi-
ology 39: 1-31. https://doi.org/10.3897/subtbiol.39.66755

Berettoni S, Mathieu J, Hervant F (1998) Genetic variation in the sty-
gobite amphipod Niphargus rhenorhodanensis: Comparison of four
hyporheic populations of the Rhone and the Ain Rivers (France).
Archiv fiir Hydrobiologie 142: 485-492. https://doi.org/10.1127/
archiv-hydrobiol/142/1998/485

Bir6 A, Balazs G, Fiser Z, Figer C, Horvath G, Herczeg G (2024) From
darkness to twilight: Morphological divergence between cave and
surface-subterranean ecotone Niphargus species. Ecology and Evo-
lution 14: 1-12. https://doi.org/10.1002/ece3.70061

Borko §, Trontelj P, Seehausen O, Moskri¢ A, Fiser C (2021) A sub-
terranean adaptive radiation of amphipods in Europe. Nature Com-
munications 12: 3688. https://doi.org/10.1038/s41467-021-24023-w

Borko S, Altermatt F, Zagmajster M, Fiser C (2022) A hotspot of
groundwater amphipod diversity on a crossroad of evolutionary
radiations. Diversity & Distributions 28: 2765-2777. https://doi.
org/10.1111/ddi.13500

Copilas-Ciocianu D, FiSer C, Borza P, Balazs G, Angyal D, Petrusek A
(2017) Low intraspecific genetic divergence and weak niche differ-
entiation despite wide ranges and extensive sympatry in two epigean
Niphargus species (Crustacea: Amphipoda. Zoological Journal of
the Linnean Society: 10. https://doi.org/10.1093/jxb/eru508 1.5

Couton M, Hiirlemann S, Studer A, Alther R, Altermatt F (2023a)
Groundwater environmental DNA metabarcoding reveals hidden
diversity and reflects land- use and geology. Molecular Ecology
32(13): 3497-3512. https://doi.org/10.1111/mec.16955

Couton M, Studer A, Hiirlemann S, Locher N, Kniisel M, Alther R,
Altermatt F (2023b) Integrating citizen science and environmen-
tal DNA metabarcoding to study biodiversity of groundwater am-
phipods in Switzerland. Scientific Reports 13: 1-13. https://doi.
org/10.1038/s41598-023-44908-8

Culver DC, Pipan T (2019) The Biology of Caves and Other Sub-
terranean Habitats. Oxford University Press, 336 pp. https://doi.
org/10.1093/0s0/9780198820765.001.0001

Deli¢ T, Trontelj P, Rendo$ M, FiSer C (2017) The importance of nam-
ing cryptic species and the conservation of endemic subterranean
amphipods. Scientific Reports 7: 3391. https://doi.org/10.1038/
s41598-017-02938-z

Deli¢ T, Borko S, Premate E, Rexhepi B, Alther R, Kniisel M, Malard
F, Weber D, Stoch F, Flot J-F, Fiser C, Altermatt F (2025) (in press)
Phylogenetic origin of morphologically cryptic species imprints
co-occurrence and sympatry patterns. Freshwater Biology 70(2):
€70000. https://doi.org/10.1111/fwb.70000

Eme D, Zagmajster M, Deli¢ T, Fiser C, Flot J-F, Konecny-Dupré L,
Palsson S, Stoch F, Zaksek V, Douady CJ, Malard F (2017) Do cryp-
tic species matter in macroecology? Sequencing European ground-
water crustaceans yields smaller ranges but does not challenge bio-
diversity determinants. Ecography 40: 1-13. https://doi.org/10.1111/
ecog.02683

Esmaeili-Rineh S, Sari A, Deli¢ T, Moskri¢ A, Fiser C (2015) Molecular
phylogeny of the subterranean genus Niphargus (Crustacea: Amphi-
poda) in the Middle East: a comparison with European Niphargids.
Zoological Journal of the Linnean Society 175: 812—826. https://doi.
org/10.1111/20j.12296

Ficetola GF, Canedoli C, Stoch F (2019) The Racovitzan impediment
and the hidden biodiversity of unexplored environments. Conserva-
tion Biology 33: 214-216. https://doi.org/10.1111/cobi.13179

zse.pensoft.net


https://doi.org/10.1371/journal.pone.0110328
https://doi.org/10.3897/subtbiol.39.66755
https://doi.org/10.1127/archiv-hydrobiol/142/1998/485
https://doi.org/10.1127/archiv-hydrobiol/142/1998/485
https://doi.org/10.1002/ece3.70061
https://doi.org/10.1038/s41467-021-24023-w
https://doi.org/10.1111/ddi.13500
https://doi.org/10.1111/ddi.13500
https://doi.org/10.1093/jxb/eru508
https://doi.org/10.1111/mec.16955
https://doi.org/10.1038/s41598-023-44908-8
https://doi.org/10.1038/s41598-023-44908-8
https://doi.org/10.1093/oso/9780198820765.001.0001
https://doi.org/10.1093/oso/9780198820765.001.0001
https://doi.org/10.1038/s41598-017-02938-z
https://doi.org/10.1038/s41598-017-02938-z
https://doi.org/10.1111/fwb.70000
https://doi.org/10.1111/ecog.02683
https://doi.org/10.1111/ecog.02683
https://doi.org/10.1111/zoj.12296
https://doi.org/10.1111/zoj.12296
https://doi.org/10.1111/cobi.13179

1842

Rexhepi, B. et al.: Niphargus in France

Fiser C, Koselj K (2022) Coexisting Cryptic Species as a Model System
in Integrative Taxonomy. In: Monro AK, Mayo SJ (Eds) Cryptic Spe-
cies: Morphological Stasis, Circumscription, and Hidden Diversity
(Systematics Association special volume series; no. 89). Cambridge
University Press, Cambridge, New York, Melbourne, New Delhi,
Singpore, 169—196. https://doi.org/10.1017/9781009070553.007

Fiser C, Sket B, Trontelj P (2008a) A phylogenetic perspective on 160
years of troubled taxonomy of Niphargus (Crustacea: Amphipoda).
Zoologica Scripta 37: 665-680. https://doi.org/10.1111/j.1463-
6409.2008.00347.x

Fiser C, Bininda-Emonds ORP, Blejec A, Sket B (2008b) Can heter-
ochrony help explain the high morphological diversity within the
genus Niphargus (Crustacea: Amphipoda)? Organisms, Diversity
& Evolution 8: 146—162. https://doi.org/10.1016/j.0de.2007.06.002

Fiser C, Robinson CT, Malard F (2018) Cryptic species as a window
into the paradigm shift of the species concept. Molecular Ecology
27: 613-635. https://doi.org/10.1111/ijIh.12426

Fiser C, Deli¢ T, Lustrik R, Zagmajster M, Altermatt F (2019) Niches
within a niche: Ecological differentiation of subterranean amphi-
pods across Europe’s interstitial waters. Ecography 42: 1212—-1223.
https://doi.org/10.1111/ecog.03983

Ginet R (1988) Description d'un néotype et choix d'une nouvelle locali-
té-type pour le crustacé stygobie Niphargus ciliatus Chevreux 1906
(Amphipode). Bulletin Mensuel de la Societe Linneenne de Lyon
57:215-231. https://doi.org/10.3406/1inly.1988.10839

Ginet R (1996) Bilan systématique du genre Niphargus en France. Es-
peces répertoriées jusqu’en 1990 dans les eaux souterraines de la
France. Universit¢ Claude Bernard - Lyon I, Société linnéenne de
Lyon, Lyon, 1-242 pp.

Horton T, Lowry JK, De Broyer C, Bellan-Santini D, Coleman CO, Dan-
eliya ME, Dauvin JC, Fiser C, Gasca R, Grabowski M, Guerra-Garcia
JM, Hendrycks E, Holsinger J, Hughes L, Jaume D, Jazdzewski K,
Just J, Kamaltynov RM, Kim Y-H, King RA, Krapp-Schickel T, LeC-
roy S, Lorz A-N, Senna A, Serejeo C, Sket B, Tandberg A-H, Thomas
J, Thurston M, Vader W, Viinold R, Vonk R, White KN, Zeidler W
(2021) World Amphipoda Database. World Amphipoda Database.
http://www.marinespecies.org/amphipoda [April 19, 2021]

Hovenkamp W, Hovenkamp F, Van Der Heide JJ (1984) Morphologi-
cal differentiation of the Genus Niphargus (Amphipoda) on Corsica
— A numerical approach. Bijdragen tot de Dierkunde 54: 147-155.
https://doi.org/10.1163/26660644-05401011

Hupalo K, Leese F, Weiss M (2022) COI is not enough: integrative tax-
onomy reveals striking overestimation of species diversity in a Med-
iterranean freshwater amphipod.: 1-23. https://doi.org/10.21203/
1s.3.15-1497301/v1

International Commission on the Zoological Nomenclature (2018) The
International Code of Zoological Nomenclature. http://iczn.org/code
[January 1, 2018]

Jurado-Rivera JA, Alvarez G, Caro JA, Juan C, Pons J, Jaume D (2017)
Molecular systematics of Haploginglymus, a genus of subterranean
amphipods endemic to the Iberian Peninsula (Amphipoda: Niphargi-
dae). Contributions to Zoology (Amsterdam, Netherlands). https://
doi.org/10.1163/18759866-08603004

Kalyaanamoorthy S, Minh BQ, Wong TKF, Von Haeseler A, Jermiin LS
(2017) ModelFinder: Fast model selection for accurate phylogenet-
ic estimates. Nature Methods 14: 587-589. https://doi.org/10.1038/
nmeth.4285

zse.pensoft.net

Karaman GS (1982) Contribution to the knowledge of the Amphipoda
125. First discovery of genus Niphargopsis Chevr. 1922 in Yugosla-
via with revision of the genus (Fam. Gammaridae). Poljoprivreda i
Sumarstvo 28: 87-103.

Karaman GS (1986) Contribution to the knowledge of the Amphipoda.
Discovery of Niphargus delamarei in Spain, with first description
of females (Gammarida: Niphargidae). Poljoprivreda i Sumarstvo
33:29-42.

Karaman GS, Ruffo S (1993) Niphargus forelii Humbert, 1876 and its
taxonomic position. Bolletino Museo Civico di Storia naturale Ve-
rona 17: 57-68.

Karaman GS, Sarbu SM (1996) A new species of the genus Pontoni-
phargus Dancau, 1970 (Amphipoda Gammaridea, family Niphargi-
dae) from Romania, P. ruffoi, n. sp. Bolletino Museo Civico di Storia
naturale Verona 20: 569-582.

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment
software version 7: Improvements in performance and usability. Mo-
lecular Biology and Evolution 30: 772—780. https://doi.org/10.1093/
molbev/mst010

Kniisel M, Borko S, Alther R, Salussolia A, Flot JF, Altermatt F, FiSer
C, Stoch F (2023) Phylogenetic structure and molecular species de-
limitation hint a complex evolutionary history in an Alpine endemic
Niphargus clade (Crustacea, Amphipoda). Zoologischer Anzeiger
306: 27-36. https://doi.org/10.1016/j.jcz.2023.07.001

Kniisel M, Alther R, Locher N, Ozgul A, Fiser C, Altermatt F (2024)
Systematic and highly resolved modelling of biodiversity in inher-
ently rare groundwater amphipods. Journal of Biogeography 15(11):
2094-2108. https://doi.org/10.1111/jbi.14975

Lefébure T, Douady CJ, Gouy M, Trontelj P, Briolay J, Gibert J (2006)
Phylogeography of a subterranean amphipod reveals cryptic diversity
and dynamic evolution in extreme environments. Molecular Ecology
15: 1797-1806. https://doi.org/10.1111/j.1365-294X.2006.02888.x

Lefébure T, Douady CJ, Malard F, Gibert J (2007) Testing dispersal
and cryptic diversity in a widely distributed groundwater amphipod
(Niphargus rhenorhodanensis). Molecular Phylogenetics and Evo-
lution 42: 676—686. https://doi.org/10.1016/j.ympev.2006.08.020

Malard F, Grison P, Duchemin L, Konecny-Dupré L, Lefébure T, Saclier
N, Eme D, Martin C, Callou C, Douady CJ (2020) GOTIT: A labora-
tory application software for optimizing multi-criteria species-based
research. Methods in Ecology and Evolution 11: 159-167. https://
doi.org/10.1111/2041-210X.13307

Mathieu J, Turquin MJ (1992) Biological processes at the population
level 1. Aquatic populations Niphargus (stygobiont amphipod) case.
In: Camacho Al (Ed.) The natural history of biospeleology. Mono-
grafias Museo Nacional de Ciencas Naturales., Madrid, 264-293.

Mclnerney CE, Maurice L, Robertson AL, Knight LRFD, Arnscheidt JJ,
Venditti C, Dooley JSG, Mathers T, Matthijs S, Eriksson K, Proud-
love GS, Héanfling B (2014) The ancient Britons: Groundwater fau-
na survived extreme climate change over tens of millions of years
across NW Europe. Molecular Ecology 23: 1153—1166. https://doi.
org/10.1111/mec.12664

Meleg IN, Zaksek V, Fiser C, Kelemen BS, Moldovan OT (2013) Can
Environment Predict Cryptic Diversity? The Case of Niphargus In-
habiting Western Carpathian Groundwater. PLoS One 8: ¢76760.
https://doi.org/10.1371/journal.pone.0076760

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD,
Von Haeseler A, Lanfear R, Teeling E (2020) IQ-TREE 2: New


https://doi.org/10.1017/9781009070553.007
https://doi.org/10.1111/j.1463-6409.2008.00347.x
https://doi.org/10.1111/j.1463-6409.2008.00347.x
https://doi.org/10.1016/j.ode.2007.06.002
https://doi.org/10.1111/ijlh.12426
https://doi.org/10.1111/ecog.03983
https://doi.org/10.3406/linly.1988.10839
http://www.marinespecies.org/amphipoda
https://doi.org/10.1163/26660644-05401011
https://doi.org/10.21203/rs.3.rs-1497301/v1
https://doi.org/10.21203/rs.3.rs-1497301/v1
http://iczn.org/code
https://doi.org/10.1163/18759866-08603004
https://doi.org/10.1163/18759866-08603004
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1016/j.jcz.2023.07.001
https://doi.org/10.1111/jbi.14975
https://doi.org/10.1111/j.1365-294X.2006.02888.x
https://doi.org/10.1016/j.ympev.2006.08.020
https://doi.org/10.1111/2041-210X.13307
https://doi.org/10.1111/2041-210X.13307
https://doi.org/10.1111/mec.12664
https://doi.org/10.1111/mec.12664
https://doi.org/10.1371/journal.pone.0076760

Zoosyst. Evol. 101 (4) 2025, 1831-1844

1843

Models and Efficient Methods for Phylogenetic Inference in the
Genomic Era. Molecular Biology and Evolution 37: 1530-1534.
https://doi.org/10.1093/molbev/msaa015

Padial JM, Miralles A, De la Riva I, Vences M (2010) The integra-
tive future of taxonomy. Frontiers in Zoology 7: 16. https://doi.
org/10.1186/1742-9994-7-16

Pante E, Schoelinck C, Puillandre N (2015) From integrative taxono-
my to species description: One step beyond. Systematic Biology 64:
152-160. https://doi.org/10.1093/sysbio/syu083

Premate E, Borko S, Kralj-Fiser S, Jennions M, Fiser 7, Balazs G, Biro
A, Bracko G, Copilag-Ciocianu D, Hrga N, Herczeg G, Rexhepi B,
Zagmajster M, Zaksek V, Fromhage L, Fiser C (2021a) No room
for males in caves: Female-biased sex ratio in subterranean amphi-
pods of the genus Niphargus. Journal of Evolutionary Biology 34:
1653-1661. https://doi.org/10.1111/jeb.13917

Premate E, Borko S, Deli¢ T, Malard F, Simon L, Figer C (2021b) Cave
amphipods reveal co-variation between morphology and trophic
niche in a low-productivity environment. Freshwater Biology 66:
1876-1888. https://doi.org/10.1111/fwb.13797

Premate E, Fiser Z, Biro A, Copilas-Ciocianu D, Fromhage L, Jennions
MD, Borko S, Herczeg G, Balazs G, Kralj-FisSer S, Fiser C (2024a)
(in press) Sexual dimorphism in subterranean amphipod crustaceans
covaries with subterranean habitat type. Journal of Evolutionary Bi-
ology 37(5): 487-500.

Premate E, Zagmajster M, Fiser C (2024b) Evaluating the overlap of
surface protected areas with different facets of groundwater biodi-
versity: Glass half empty of half full? Biological Conservationrva-
tion 289: 110392.

Puillandre N, Brouillet S, Achaz G (2021) ASAP: Assemble species by
automatic partitioning. Molecular Ecology Resources 21: 609-620.
https://doi.org/10.1111/1755-0998.13281

Recknagel H, Zaksek V, Deli¢ T, Goricki S, Trontelj P (2024) (in press)
Multiple transitions between realms shape relict lineages of Prote-
us cave salamanders. Molecular Ecology33(8): e16868. https://doi.
org/10.1111/mec.16868

Ronquist F, Teslenko M, Van der Mark P, Ayres DL, Darling A, Hohna
S, Larget B, Liu L, Suchard MA, Huelsenbeck JP (2012) MrBayes
3.2: Efficient Bayesian Phylogenetic Inference and Model Choice\
nAcross a Large Model Space. Systematic Biology 61: 539-542.
https://doi.org/10.1093/sysbio/sys029

Ruffo S (1954) Anfipodi di acque interstiziali raccolti dal Dr. C. Dela-
mare Deboutteville in Francia, Spagna e Algeria (I). Vie et Milieu.

Rundell RJ, Price TD (2009) Adaptive radiation, nonadaptive radiation,
ecological speciation and nonecological speciation. Trends in Ecology
& Evolution 24: 394-399. https://doi.org/10.1016/j.tree.2009.02.007

Saclier N, Duchemin L, Konecny-Dupré L, Grison P, Eme D, Martin
C, Callou C, Lefébure T, Frangois C, Issartel C, Lewis JJ, Stoch F,
Sket B, Gottstein S, Deli¢ T, Zagmajster M, Grabowski M, Weber
D, Reboleira ASPS, Palatov D, Paragamian K, Knight LRFD, Mi-
chel G, Lefebvre F, Hosseini MJM, Camacho Al, De Bikuia BG,
Taleb A, Belaidi N, Tuekam Kayo RP, Galassi DMP, Moldovan OT,
Douady CJ, Malard F (2024) A collaborative backbone resource for
comparative studies of subterranean evolution: The World Aselli-
dae database. Molecular Ecology Resources 24: 1-19. https://doi.
org/10.1111/1755-0998.13882

Simdes M, Breitkreuz L, Alvarado M, Baca S, Cooper JC, Heins L, Her-
zog K, Lieberman BS (2016) The Evolving Theory of Evolutionary

Radiations. Trends in Ecology & Evolution 31: 27-34. https://doi.
org/10.1016/j.tree.2015.10.007

Sket B (1972) Die Niphargus jovanovici — Gruppe (Amphipoda, Gam-
maridae) in Jugoslawien und NO- Italien, Taxonomisch, Zoogeog-
raphisch und Phylogenetisch Betrachtet. Dissertationes Academia
Scientiarum et Artium Slovenica — Classis IV. Historia Naturalis et
Medicina 15: 99-140.

Sket B (1977) Niphargus im Brackwasser. Crustaceana (Supplement 4):
188-191. https://doi.org/10.1163/9789004629332 021

Sket B (1999) High biodiversity in hypogean waters and its endanger-
ment - the situation in Slovenia, the Dinaric Karst, and Europe. Crus-
taceana 72: 767-779. https://doi.org/10.1163/156854099503951

Sket B, Velkovrh F (1981) Podzemeljske tivali v termalnih vodah (Sub-
terranean animals in thermal waters). Bioloski vestnik 29: 91-120.

Stoch F, Salussolia A, Flot J-F (2022) Polyphyly of the Niphar-
gus stygius species group (Crustacea, Amphipoda, Niphargi-
dae) in the Southern Limestone Alps. bioRxiv. https://doi.
org/10.1101/2022.04.28.489871

Stoch F, Citoleux J, Weber D, Salussolia A, Flot JF (2024) New insights
into the origin and phylogeny of Niphargidae (Crustacea: Amphipo-
da), with description of a new species and synonymization of the ge-
nus Niphargellus with Niphargus. Zoological Journal of the Linnean
Society 202. https://doi.org/10.1093/zoolinnean/zlae154

Stock JH, Gledhill T (1977) The Niphargus kochianus-group in
North-Western Europe. Crustaceana (Supplement 4): 212-243.
https://doi.org/10.1163/9789004629332_024

Struck TH, Feder JL, Bendiksby M, Birkeland S, Cerca J, Gusarov VI,
Kistenich S, Larsson KH, Liow LH, Nowak MD, Stedje B, Bach-
mann L, Dimitrov D (2018) Finding Evolutionary Processes Hidden
in Cryptic Species. Trends in Ecology & Evolution 33: 153-163.
https://doi.org/10.1016/j.tree.2017.11.007

Talavera G, Castresana J (2007) Improvement of phylogenies after
removing divergent and ambiguously aligned blocks from protein
sequence alignments. Systematic Biology 56: 564—-577. https://doi.
org/10.1080/10635150701472164

Tautz D, Arctander P, Minelli A, Thomas RH, Vogler AP (2003) A plea
for DNA taxonomy. Trends in Ecology & Evolution 18: 70-74.
https://doi.org/10.1016/S0169-5347(02)00041-1

Trontelj P, Douady CJ, Fiser C, Gibert J, Goricki S, Lefébure T,
Sket B, Zaksek V (2009) A molecular test for cryptic diversity in
ground water: How large are the ranges of macro-stygobionts?
Freshwater Biology 54: 727-744. https://doi.org/10.1111/j.1365-
2427.2007.01877.x

Weber D, Flot J-F, Weigand H, Weigand AM (2020) Demographic his-
tory, range size and habitat preferences of the groundwater amphi-
pod Niphargus puteanus (C.L. Koch in Panzer, 1836). Limnologica
82: 125765. https://doi.org/10.1016/j.1imno.2020.125765

Weber D, Flot J-F, Frantz AC, Weigand AM (2022) Molecular anal-
yses of groundwater amphipods (Crustacea: Niphargidae) from
Luxembourg: new species reveal limitations of morphology-based
checklists. Zootaxa 5222: 501-533. https://doi.org/10.11646/zoot-
axa.5222.6.1

Weber D, Brad T, Weigand A, Flot J (2023) Water diviners multiplied:
cryptic diversity in the Niphargus aquilex species complex in North-
ern Europe: 1-7. https://doi.org/10.1101/2023.08.13.553147

Weber D, Wendt M, Schmitt T (2025) Extra-Mediterranean glacial
refugia and range dynamics in a groundwater amphipod species,

zse.pensoft.net


https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1186/1742-9994-7-16
https://doi.org/10.1186/1742-9994-7-16
https://doi.org/10.1093/sysbio/syu083
https://doi.org/10.1111/jeb.13917
https://doi.org/10.1111/fwb.13797
https://doi.org/10.1111/1755-0998.13281
https://doi.org/10.1111/mec.16868
https://doi.org/10.1111/mec.16868
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1016/j.tree.2009.02.007
https://doi.org/10.1111/1755-0998.13882
https://doi.org/10.1111/1755-0998.13882
https://doi.org/10.1016/j.tree.2015.10.007
https://doi.org/10.1016/j.tree.2015.10.007
https://doi.org/10.1163/9789004629332_021
https://doi.org/10.1163/156854099503951
https://doi.org/10.1101/2022.04.28.489871
https://doi.org/10.1101/2022.04.28.489871
https://doi.org/10.1093/zoolinnean/zlae154
https://doi.org/10.1163/9789004629332_024
https://doi.org/10.1016/j.tree.2017.11.007
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1016/S0169-5347(02)00041-1
https://doi.org/10.1111/j.1365-2427.2007.01877.x
https://doi.org/10.1111/j.1365-2427.2007.01877.x
https://doi.org/10.1016/j.limno.2020.125765
https://doi.org/10.11646/zootaxa.5222.6.1
https://doi.org/10.11646/zootaxa.5222.6.1
https://doi.org/10.1101/2023.08.13.553147

1844

Rexhepi, B. et al.: Niphargus in France

Niphargus fontanus Spence Bate, 1859, in western Central Eu-
rope. Arthropod Systematics & Phylogeny 83: 15-29. https://doi.
org/10.3897/asp.83.e116160

Yang Z (2015) A tutorial of BPP for species tree estimation and species
delimitation. Current Zoology 61: 854—865. https://doi.org/10.1093/
czoolo/61.5.854

Yuan Z, Wu D, Wen Y, Xu W, Gao W, Dahn HA, Liu X, Jin J, Yu C, Xiao
H, Che J (2023) Historical mitochondrial genome introgression con-
founds species delimitation: Evidence from phylogenetic inference
in the Odorrana grahami species complex. Current Zoology 69:
82-90. https://doi.org/10.1093/cz/zoac010

Zagmajster M, Eme D, FiSer C, Galassi D, Marmonier P, Stoch F, Cornu
J-F, Malard F (2014) Geographic variation in range size and beta
diversity of groundwater crustaceans: Insights from habitats with
low thermal seasonality. Global Ecology and Biogeography 23:
1135-1145. https://doi.org/10.1111/geb.12200

Supplementary material 1
Supplementary tables

Authors: Behare Rexhepi, Teo Deli¢, Gaj Kusar,
Frangois Lefebvre, Thierry Alezine, Xavier Chevil-
lot, Marie-José Olivier, Florian Malard, Christophe J.
Douady, Fabio Stoch, Jacques Chauvin, Aurélie Husté,
Matthieu Fournier, Maja Zagmajster, Cene FiSer

Data type: xIsx

Explanation note: table S1. Individuals, localities, and
sequences used in the study; table S2. Individuals used
in the phylogenetic analysis with accession numbers.

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.101.153239.suppl1

Supplementary material 2
Laboratory protocols

Authors: Behare Rexhepi, Teo Deli¢, Gaj Kusar,
Frangois Lefebvre, Thierry Alezine, Xavier Chevil-
lot, Marie-José Olivier, Florian Malard, Christophe J.
Douady, Fabio Stoch, Jacques Chauvin, Aurélie Husté,
Matthieu Fournier, Maja Zagmajster, Cene FiSer

Data type: docx

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.101.153239.suppl2

zse.pensoft.net

Supplementary material 3
Alignment used for species delimitation

Authors: Behare Rexhepi, Teo Deli¢, Gaj Kusar,
Frangois Lefebvre, Thierry Alezine, Xavier Chevil-
lot, Marie-José Olivier, Florian Malard, Christophe J.
Douady, Fabio Stoch, Jacques Chauvin, Aurélie Husté,
Matthieu Fournier, Maja Zagmajster, Cene Fiser

Data type: fasta

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.101.153239.suppl3

Supplementary material 4

Alignment used for phylogenetic
reconstruction

Authors: Behare Rexhepi, Teo Deli¢, Gaj Kusar,
Frangois Lefebvre, Thierry Alezine, Xavier Chevil-
lot, Marie-José Olivier, Florian Malard, Christophe J.
Douady, Fabio Stoch, Jacques Chauvin, Aurélie Husté,
Matthieu Fournier, Maja Zagmajster, Cene Fiser

Data type: nex

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.101.153239.suppl4

Supplementary material 5
Entire phylogeny

Authors: Behare Rexhepi, Teo Deli¢, Gaj Kusar,
Frangois Lefebvre, Thierry Alezine, Xavier Chevil-
lot, Marie-José Olivier, Florian Malard, Christophe J.
Douady, Fabio Stoch, Jacques Chauvin, Aurélie Husté,
Matthieu Fournier, Maja Zagmajster, Cene Fiser

Data type: pdf

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.101.153239.suppl5


https://doi.org/10.3897/asp.83.e116160
https://doi.org/10.3897/asp.83.e116160
https://doi.org/10.1093/czoolo/61.5.854
https://doi.org/10.1093/czoolo/61.5.854
https://doi.org/10.1093/cz/zoac010
https://doi.org/10.1111/geb.12200
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zse.101.153239.suppl1
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zse.101.153239.suppl2
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zse.101.153239.suppl3
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zse.101.153239.suppl4
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zse.101.153239.suppl5

	Diversity of Niphargus (Crustacea, Amphipoda) in France, as revealed by DNA barcoding approach
	Abstract
	Introduction
	Materials and methods
	Data acquisition
	Datasets
	Laboratory work, sequencing, and alignment
	Species delimitations and phylogeny reconstruction

	Results
	Discussion
	Conclusion
	Acknowledgments
	References
	Supplementary material 1
	Supplementary tables

	Supplementary material 2
	Laboratory protocols

	Supplementary material 3
	Alignment used for species delimitation

	Supplementary material 4
	Alignment used for phylogenetic reconstruction

	Supplementary material 5
	Entire phylogeny


