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A B S T R A C T   

Subterranean fauna is an important contributor to the global fauna, but it is still understudied and a large part of 
its taxonomy is not yet resolved. One species complex with unresolved taxonomy is the groundwater amphipod 
Niphargus ruffoi, endemic to the Alpine chain. Here, we used new samples from across the Alpine arc to review 
the taxonomic status of the entire clade, including the species N. ruffoi and Niphargus arolaensis. We sequenced 
four genetic markers from the collected specimens, assessed the phylogenetic position of N. ruffoi within the 
genus, and studied the structure of this species complex using four molecular species delimitation methods. We 
tested for recombination using the alignments of the concatenated nuclear rDNA genes. The phylogenetic ana-
lyses revealed high support for the monophyly of the studied species complex, defining two lineages (i.e., 
N. arolaensis and N. ruffoi) within the clade. Molecular species delimitation methods suggested that N. arolaensis 
is a single species, while N. ruffoi should be considered as a species complex of three (using ITS) to eight (using 
COI) putative species. Moreover, we found a discrepancy between the different nuclear ribosomal DNA markers, 
indicating a possible recombination with fragments of 28S DNA of N. ruffoi s. lat. present in the genome of 
N. arolaensis. For the above-mentioned reasons, the internal phylogenetic structure of N. ruffoi s. lat. could not be 
fully resolved. Moreover, no clear morphological evidence supported the molecular species delimitation. 
Consequently, no taxonomic changes were proposed. We postulate that this complex scenario was influenced by 
Pleistocene climate oscillations with subsequent fragmentation events and secondary contacts, making this an 
interesting study system to investigate the evolution and biogeography of Alpine clades.   

1. Introduction 

The subterranean fauna is an important contributor to the global 
fauna (Gibert and Culver, 2009; Bardgett and van der Putten, 2014), and 
it is under anthropogenic pressure (Mammola et al., 2019). The high 
subterranean biodiversity is characterized by restricted distribution 
ranges of species and a high rate of endemism (Trontelj et al., 2009; 
Bregović et al., 2019). Despite its rich and unique biodiversity, the 
subterranean fauna is still understudied (Mammola et al., 2020). First, 
many subterranean ecosystems remain poorly explored due to a lack in 
accessibility, the so-called ‘Racovitzan impediment’ (Ficetola et al., 

2019). This impediment results in limited data availability and small 
sample sizes. Second, a large part of the taxonomy on the subterranean 
fauna is still unresolved, enforced by morphological convergence, par-
allel evolution, and the presence of cryptic species (Lefébure et al., 2007; 
Delić et al., 2017; Eme et al., 2018). The need for increased taxonomic 
and biogeographic knowledge is of paramount importance, particularly 
for the protection of subterranean crustaceans, which are typically the 
most abundant and diverse metazoan group within subterranean eco-
systems (Sket, 1999b). This need for knowledge is especially crucial in 
areas that are most affected by climate change. 

Amphipod crustaceans are a key component of the groundwater 
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fauna (Sket, 1999a; Väinölä et al., 2008; Zagmajster et al., 2018; Borko 
et al., 2021). The genus Niphargus (Schiödte, 1849) is the most common 
and species rich subterranean amphipod genus of the West Palearctic. 
From an ecological point of view, subterranean amphipods (mostly 
gatherers and predators) contribute substantially to the functioning of 
groundwater ecosystems. Not only the number of species and their 
abundances, but also their ability to inhabit nearly all types of 
groundwater and to hold several trophic positions (Premate et al., 
2021), make them an essential part of subterranean species communities 
(Sket, 1999a). Cryptic species are common in the mega-diverse genus 
Niphargus (more than 400 described species: Horton et al., 2023) and 
intraspecific variability can be large in comparison to interspecific dif-
ferences (Fǐser et al., 2008; Fǐser et al., 2009; Fǐser, 2019). Such cryptic 
species have been studied in various parts of the range of Niphargus, 
including the Balkans, Italy, as well as Central Europe (Lefébure et al., 
2007; Trontelj et al., 2009; McInerney et al., 2014; Delić et al., 2017; 
Eme et al., 2018; Stoch et al., 2022). 

Across the whole distribution range of Niphargus, the Alps are of 
particular interest. The succession of glacial periods during the Pleis-
tocene likely prompted the isolation of populations and subsequent 
recolonization during interglacial periods from local refugia or areas 
along the glacier borders of the Alpine arc, resulting in a complex history 
of lineage divergence and secondary contact (Stoch et al., 2020; Delić 
et al., 2021). A recent study showed that in species occurring along the 
last maximal extents of glacier borders, the imprint of glaciations might 
have been stronger than in strictly Alpine Niphargus species (Jardim de 
Queiroz et al., 2022), which include many of the earliest records of 
Niphargus (Godet, 1877; Forel, 1904; Schellenberg, 1934; Strinati, 
1966). Recent work has contributed to a better understanding of mul-
tiple Niphargus species and clades from the Alps (Lefébure et al., 2007; 
Trontelj et al., 2009; Fǐser et al., 2010; Fǐser et al., 2017; Fǐser et al., 
2018; Altermatt et al., 2019; Stoch et al., 2020; Alther et al., 2021; Stoch 
et al., 2022). These studies highlight the complex biogeography and 
phylogeographic structure of Alpine Niphargus species. Unfortunately, 
for most of these clades the taxonomy is not yet resolved. 

One morphospecies with unresolved taxonomy occurring in the 
Alpine range is Niphargus ruffoi Karaman, 1976. It was first described 
from a cave in Italy (Gortani abyss, Friuli Venezia Giulia region), near 
the Slovenian border. By that time, its relationship with Niphargus thie-
nemanni Schellenberg, 1934 was not clear due to the inaccurate 
description of the latter that did not include any drawing. In the original 
description, three specimens of N. ruffoi were reported, two females of 
3.3 mm and one male of 3 mm body length (Karaman, 1976). Related 
specimens that could not be assigned to either N. ruffoi or N. thienemanni 
were later mentioned in multiple papers from Switzerland as Niphargus 
cf. thienemanni (Fǐser et al., 2017; Fǐser et al., 2018; Alther et al., 2021). 
For example, Fǐser et al. (2017) noted one juvenile from the Alps in 
southern Switzerland and Alther et al. (2021) suggested a lineage of at 
least two species, provisionally labelled N. cf. thienemanni 1 and N. cf. 
thienemanni 2. Since then, the taxonomy of these lineages has remained 
unresolved due to the limited data availability and uncertain phylogeny, 
and as a result, N. ruffoi had not been considered as a member of the 
Swiss fauna (Altermatt et al., 2019). A close relative to N. ruffoi is 
Niphargus arolaensis Alther, Bongni, Borko, Fǐser, and Altermatt, 2021, 
which has been suggested sister species to N. cf. thienemanni by Alther 
et al. (2021). It was recently discovered along the Aare catchment in 
Switzerland when it came up as a monophyletic lineage in a multilocus 
phylogeny (Alther et al., 2021). Reported body lengths clearly differ 
from those of N. ruffoi type specimens (7.7 mm for a male and 7.8–9.5 
mm for females) (Alther et al., 2021). In addition, the reported distri-
bution and molecular data justified the distinction to previous samples 
labelled as N. cf. thienemanni. Recently, there were additional specimens 
of N. arolaensis reported from the Töss catchment in North-Eastern 
Switzerland, expanding the known distribution of N. arolaensis east-
wards to another catchment area (Studer et al., 2022). To summarize, 
the taxonomic position of the previously reported lineages of N. cf. 

thienemanni among the closely related N. ruffoi, N. arolaensis, and 
N. thienemanni remains unclear. 

Here, we use new samples from Italy, Austria, Germany, and 
Switzerland to review the taxonomic status of the entire clade, covering 
N. ruffoi, N. arolaensis and specimens previously labelled as N. cf. thie-
nemanni. We give an overview of the current taxonomic status of 
N. ruffoi, with the goal of advancing one step further in resolving the 
taxonomy of Niphargus in the Alpine arc. 

2. Material and methods 

2.1. Sampling and origin of specimens 

Switzerland. The Swiss samples (eight sites) were collected as part of 
a countrywide sampling campaign (except NC107, NC171 and ND462). 
They were obtained at spring catchment boxes (hereafter referred to as 
spring boxes), which are small facilities used by drinking water pro-
viders to source groundwater passively through horizontal perforated 
pipes. The data collection was conducted by local drinking water pro-
viders, with instructions and sampling material provided by the authors 
of this study (similar as in Alther et al., 2021 and Studer et al., 2022). 
Specimens were collected using two different methods. First, we asked 
the water providers to attach a filter net (mesh size 0.8 mm, Sefiltec AG, 
Höri, Switzerland) to the inlet of the drainage pipe, to filter organisms 
from the passively flowing spring water. The filter net was attached for 
approximately seven days, before being checked for organisms. Second, 
the water providers were instructed to sample the sedimentation/over-
flow basin of the spring box with a small hand net (mesh size 0.35 mm, 
JBL GmbH & Co. KG, Neuhofen, Germany). Samples from Waldkirch 
(voucher id CH22236, 22242, 22851, and 22865) were collected from a 
filter net that was attached for multiple months. We pre-sorted all or-
ganisms in the lab using a stereomicroscope (Leica M205 C), and we 
stored groundwater amphipod specimens separately, preserving them in 
80% ethanol at 4 ◦C. Samples NC107 and NC171 were collected from 
streams in 2013 and 2014, as part of the Biodiversity Monitoring Pro-
gram of Switzerland (Koordinationsstelle BDM, 2014) using kicknet 
sampling. Sample ND462 was collected from a natural spring in 2019. 

Italy. Samples (three sites) were collected during a survey to resolve 
phylogeny and taxonomy of Italian amphipods (Stoch and Flot, 2017). 
Topotypes of N. ruffoi were collected in the cave (Fontanon di Goriuda) 
that drains the waters of the Gortani Abyss using a hand net. The other 
two sites (a cave and a spring) are the only findings of species in this 
complex from an extensive survey that covered more than 3000 caves 
and springs in the Southern Alps (from the French to Slovenian borders). 
Both sites are not located in carbonate rocks but in shale, and specimens 
were collected using a net with handle for macrobenthic surveys. 

Germany. Two sites hosting N. ruffoi (one of them included in our 
analyses) were identified during a multi-year sampling survey con-
ducted by Reinhard Gerecke in the National Park of Berchtesgaden 
(Bavaria) and the methodology is described in Gerecke and Franz 
(2006). The specimens were initially identified as Niphargus forelii 
Humbert, 1876 in the interstitial of a spring (Stoch, 2006), but in the 
present paper assigned to N. ruffoi. Out of about 700 springs sampled in 
the National Park using several methods (hand nets, drift nets and 
interstitial sampling), the species was found in two springs only. 

Austria. A single site of N. ruffoi was discovered during an extensive 
survey of the Austrian amphipod fauna carried out by Erhard Christian 
(University of Vienna) with the collaboration of local speleological 
groups. Samples were collected with a hand net. 

The list of studied specimens and the origin of samples are available 
in Supplementary Table S1. 

2.2. Molecular analysis 

Sequences were obtained in three different laboratories using 
different protocols that are fully reported in the Supplementary 
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Material. Overall, we sequenced 23 individuals of N. ruffoi from 13 sites. 
We amplified Folmer’s fragment of the mtDNA COI gene (Folmer et al., 
1994), and three nuclear markers, namely the complete ITS region (28S 
flank, ITS1, 5.8S, ITS2 and 28S flank; Flot et al., 2010b) and Verovnik’s 
fragment of the 28S gene (named herein 28S-22, 761 bp; Verovnik et al., 
2005) in 22 individuals. Furthermore, a second fragment of 28S (named 
28S-66, 530 bp, not overlapping with 28S-22; Ntakis et al., 2015) was 
sequenced in 17 individuals. For N. arolaensis, we used 6 specimens from 
3 locations, all sequenced for the same four fragments and one specimen 
additionally on the histone 3 gene (H3, 331 bp; Colgan et al., 1998). 

Chromatograms were inspected, assembled, and cleaned using the 
programs Sequencher 5.4.6 (Gene Codes) and Geneious 11.0.3 (Dot-
matics). Some 28S and ITS chromatograms contained double peaks, as 
expected in the case of length-variant heterozygotes (Flot et al., 2006); 
these individuals were phased using the web tool Champuru (Flot, 2007, 
available online at https://eeg-ebe.github.io/Champuru). 

Information on sequenced specimens and GenBank accession codes 
are available in Supplementary Table S1. 

2.3. Phylogenetic inference 

To assess the phylogenetic position of N. ruffoi within the genus, we 
assembled the dataset comprising 23 specimens of N. ruffoi, 6 specimens 
of the sister species N. arolaensis, and 163 Niphargus taxa from different 
phylogenetic lineages with emphasis on potentially closely related 
species, each represented by one specimen. We used the family Pseu-
doniphargidae, represented by Microniphargus leruthi Schellenberg, 
1934 and two species from genus Pseudoniphargus Chevreux, 1901, as an 
outgroup since it is the sister clade to Niphargidae (Weber et al., 2021). 
We included available sequences of COI, 28S, and H3 from previous 
studies (Borko et al., 2022 and references therein) as well as 93 newly 
obtained sequences (Supplementary Table S1). 

For phylogenetic inference analysis we aligned the sequences of COI, 
H3 and 28S markers using MAFFT 7.3.88 (Katoh and Standley, 2013), 
using the E–INS–I algorithm with scoring matrix 1PAM/k = 2 and the 
highest gap penalty. We eliminated poorly aligned positions from both 
28S fragments using Gblocks (Talavera and Castresana, 2007). The 
alignments were concatenated and partitioned by codon position for H3 
and COI and with one partition for each part of 28S. 

We reconstructed the phylogenetic relationships with maximum 
likelihood (ML) in IQ-TREE 2.2.0 (Minh et al., 2020) and Bayesian 
inference (BA) in MrBayes v3.2.6 (Ronquist et al., 2012). For the 
IQTREE ML analysis, the best-fit substitution model was determined 
using ModelFinder (implemented in IQTREE; Kalyaanamoorthy et al., 
2017). The subsequent phylogenetic analysis included ultrafast boot-
strap approximation (UFBoot) and SH-like approximate likelihood ratio 
test (SH-aLRT) (Guindon et al., 2010; Hoang et al., 2018). For BA, the 
optimal substitution model was chosen using Partition Finder 2 (Lanfear 
et al., 2017) under the corrected Akaike information criterion (AICc). 
We ran two simultaneous independent runs with four chains each for 20 
million generations, sampled every 2000th generation. Convergence 
was assessed through average standard deviation of split frequencies, 
LnL trace plots and PSRF (potential scale reduction factor), and the 
effective sample size. We analysed the results in Tracer 1.7 (Rambaut 
et al., 2018), discarded the first 25% of trees as burn in and calculated 
the 50% majority rule consensus tree. This BA analysis was run on the 
CIPRES Science Gateway (Miller et al., 2010). 

2.4. Molecular species delimitation methods and recombination tests 

First, we calculated the average uncorrected pairwise genetic dif-
ferences (i.e., p-distances) for the COI and ITS fragments between 
N. ruffoi and N. arolaensis using Geneious 11.0.3. 

ASAP (Assemble Species by Automatic Partitioning; Puillandre et al., 
2021) was run on the COI sequences of N. ruffoi and N. arolaensis, using 
the Kimura two-parameter substitution model on the ASAP web server 

(https://bioinfo.mnhn.fr/abi/public/asap/asapweb.html). 
Species delimitation using the PTP (Poisson Tree Processes) model 

was also performed using the most recent version (Kapli et al., 2017): 
after removing duplicates, ML phylogenetic trees were obtained for COI 
and ITS sequences of N. ruffoi and N. arolaensis using IQ-TREE 2 and then 
the PTP analysis was run on the species delimitation server https://mptp 
.h-its.org/with a P-value threshold of 0.001. 

Relationships among haplotypes were explored for each of the four 
markers (COI, ITS, 28S-22 and 28S-66) using the program Haploweb-
Maker (Spöri and Flot, 2020) applying the median-joining algorithm. In 
case of very long indels present in ITS, we preserved only the bases 
which were different in the different individuals, deleting the highly 
repetitive parts using AliView 1.25 (Larsson, 2014). In the case of rDNA 
markers, haplotype networks were turned into haplowebs by adding 
connections between haplotypes found co-occurring in heterozygous 
individuals, allowing to delineate FFRs (Fields For Recombination; 
Doyle, 1995) (Flot et al., 2010a). Given the very low number of het-
erozygous individuals found in the dataset, results of PTP analysis were 
superimposed on haplotype networks to improve the delimitation of 
putative species. 

Finally, we tested for recombination using the alignments of the 
concatenated rDNA genes (ITS, 28S-22 and 28S-66); recombination 
detection methods were implemented in the RDP4 package (Martin 
et al., 2015). Default settings were used. Only recombination events 
detected with a P-value <0.05 after Bonferroni correction were 
considered. 

3. Results 

All phylogenetic analyses revealed high support for the monophyly 
of the studied species complex, regardless of the method of phylogenetic 
inference used (Fig. 1 and Supplementary Fig. S1). The clade comprised 
two lineages, corresponding respectively to N. arolaensis and N. ruffoi. 
Niphargus arolaensis is a species hitherto confined to Switzerland and 
showed little genetic divergence in the studied markers. Contrastingly, 
N. ruffoi has a wider distribution and comprised several sub-lineages 
distributed across Switzerland (here for the first time formally re-
ported from Switzerland), the Western and South-Eastern Alps in Italy, 
and the North-Eastern Alps in Austria (Fig. 2). Three of these sub- 
lineages were well supported; however, the hierarchy between them 
was not resolved. This species complex and its only partially recovered 
phylogenetic structure was also reflected in the presumed species 
composition, which could not be delimited satisfactorily. Species de-
limitation methods suggested that the focal monophylum comprised a 
single species, N. arolaensis, and a species complex, N. ruffoi s. lat., 
encompassing between three and eight putative species (see below). 

The species status of N. arolaensis in relation to N. ruffoi s. lat. was 
well justified by molecular methods. The mitochondrial marker COI 
supported the distinction between the two species regardless of the 
method applied, i.e., ASAP (all of the ten best partitions support the 
species separation, Supplementary Table S2), PTP (p < 0.001, Fig. 3), 
haplotype network (separated by more than 30 substitutions, Fig. 4) and 
high genetic distance (uncorrected p distance = 5.5–8.2%, Supplemen-
tary Table S3). The results obtained using the ITS nuclear marker were 
concordant with those obtained with the mitochondrial marker, again 
distinguishing N. arolaensis from N. ruffoi using PTP, haploweb (sepa-
rated by 14 substitutions), and genetic distances (uncorrected p-dis-
tance = 5.5–9.3%) (Figs. 3 and 4 and Supplementary Table S4). The 
fragment 28S-22 confirmed the separate position of N. arolaensis, 
although separated by a single substitution (Fig. 5). By contrast, ac-
cording to the fragment 28S-66 N. arolaensis was joined in the haploweb 
with two specimens (voucher id CH20114, 20115) that were in all other 
analyses recognized as members of N. ruffoi s. lat (Fig. 5). A recombinant 
analysis indicated that the fragment 28S-66 in N. arolaensis (all 
vouchers) contains an 84–1457 bp long insertion presumably derived 
from some individuals of N. ruffoi s. lat. (voucher id CH20114, 20115, 
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Fig. 1. IQ-Tree: Phylogenetic hypothesis based on Maximum Likelihood analysis. Nodes are labelled with ultrafast bootstrap support (UFBoot)/approximate like-
lihood ratio test (SH-aLRT). 
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22865) (Fig. 6). 
The possible existence of several species within N. ruffoi s. lat. 

remained unclear. The mitochondrial marker COI suggested that the 
complex N. ruffoi s. lat. may comprise up to eight putative species 
(ASAP, PTP and haplotype network) that differ by up to 6% in uncor-
rected p-distances (Figs. 3 and 4 and Supplementary Tabs. S2–3). Ana-
lyses of the nuclear marker ITS implied a more conservative solution 
with three putative species (supported both by PTP and haploweb, 
Figs. 3 and 4), and, importantly, its phylogenetic tree indicated a slightly 
different phylogenetic history of the complex than COI did, albeit branch 
support was not high enough to confirm a marked mitonuclear discor-
dance. Moreover, two individuals (voucher id CH20114, 20115) had a 
long indel that made them very distinct from the rest of the samples. The 
distinctness of these two specimens remained even when we treated this 
indel as a single mutational event (Fig. 4). The structure of the ITS 
haploweb, however, differed from that of the haplowebs obtained from 
both 28S fragments. For example, the haploweb of 28S-22 separated 
individuals of N. ruffoi s. str. (i.e., specimens from the type locality) from 
all other individuals of N. ruffoi s. lat. but lumped all three putative 
species proposed by ITS (Fig. 5). As we could not successfully sequence 
the fragment 28S-66 in all individuals, we could not use it for further 
comparisons, but within Swiss specimens, its haploweb was different as 
well (see above). In brief, within N. ruffoi s. lat. we detected a putative 
mismatch in the hierarchical structure of nuclear (ITS) and 

mitochondrial (COI) phylogeny, as well as mismatched differentiation 
between the three nuclear ribosomal fragments (28S-22, 28S-66 and 
ITS). 

We also checked the morphology of a few well-preserved N. ruffoi s. 
lat. individuals from Switzerland. We observed that the distalmost 
segment of the mandibular palp in Swiss populations was longer than in 
specimens from the type locality (Karaman, 1976) but the low number of 
individuals was insufficient to perform a robust and well-supported 
morphometric analysis. 

4. Discussion 

Our study revealed a puzzling discrepancy between mitochondrial 
and nuclear ribosomal DNA signals: although the COI haplotype 
network was compatible with morphology (separating nicely 
N. arolaensis from N. ruffoi), two N. ruffoi individuals grouped with 
N. arolaensis in one of the rDNA haplowebs. To understand the causes of 
this problem, we looked closer at the rDNA data and realized that it 
displayed a signal suggestive of possible recombination (which might 
indicate interspecific hybridization), with the breakpoint detected 
somewhere between the 28S-22 and 28S-66 fragments. Based on the 
congruence between species delimitation methods based on 
morphology, COI, and ITS, our study clearly supports the separation 
between N. arolaensis, and a putative species complex we name N. ruffoi 
s. lat. The relatively unambiguous status of N. arolaensis has been ex-
pected, as these populations distinctly differ from the rest of the entire 
clade in three genetic markers, with clear morphological diagnostic 
traits (Alther et al., 2021) and a spatially well-defined distributional 
range. 

The finding of possible evidence for recombination between linked 
markers within ribosomal DNA was unexpected as such tightly linked 
markers are usually assumed to evolve in a similar way. The recent 
finding of recombination between mitochondrial markers in corals 
(Banguera-Hinestroza et al., 2019), together with our results, suggest 
that caution should be exerted when using supposedly linked markers 
for phylogenetic and species delimitation analyses, and that one should 
check for recombination whenever confronted to discrepancies between 
markers. Molecular evidence suggests that the recombination event 
occurred from at least one lineage of N. ruffoi s. lat. into N. arolaensis, 
resulting in 28S–66 sequences of N. arolaensis being identical to some 
N. ruffoi s. lat. Indeed, this species complex evolved in the Alpine region, 
which was strongly influenced by late Pliocene and Pleistocene climatic 
oscillations. It has been suggested that in such multiple fragmentation 
events mitochondrial DNA responds more sensitively to genetic drift and 

Fig. 2. Map of the Alpine chain showing the distribution of the sampling sites; 
site colors represent the results of PTP species delimitation reported in Figs. 3 
and 4 applied to ITS; the extent of the glaciers during the Last Glacial Maximum 
(LGM) is reported as well. (For interpretation of the references to colour/colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Maximum Likelihood phylogenetic trees of the N. ruffoi-N. arolaensis clade based on COI (left) and ITS (right) markers (outgroups omitted for clarity). 
Numbers refer to the species delimited using PTP (P < 0.001) based on the same trees. For COI, they are also in accordance with the best ASAP partitioning scheme 
(not shown, ASAP-score 2.5). Arcs reported in the ITS tree connect the two alleles of the same heterozygous individual. 
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evolves much faster than nuclear DNA, as it has smaller effective size. 
This results in a more homogenous genetic structure in nuclear DNA 
than in mitochondrial DNA (Després, 2019). The fragmentation fol-
lowed by secondary contact could also explain recombination events 
between N. ruffoi s. lat. and N. arolaensis, and the shared recombinant 
insert of 28S–66. 

While molecular support for N. ruffoi s. lat. is unambiguous, its in-
ternal phylogenetic structure does not allow more detailed taxonomic 
conclusions. The relatively large intraspecific distances within N. ruffoi 
s. lat. (for some of them, larger even than the distances between N. ruffoi 
s lat. and N. arolaensis) suggest that it is most likely composed of more 
than one species. But the discrepancies displayed by the different 
markers and the absence of clear-cut morphological differences make it 
impossible to ascertain at this stage the actual number of species within 
N. ruffoi s. lat. Overall, while there are strong hints that the entire species 
complex comprises minimally three species, the evidence is not suffi-
cient to reject a hypothesis of a single pan-Alpine species with mis-
matched genetic structure. This might be explained by multiple 
fragmentations and secondary contacts during the past 2 Myr, roughly 
resembling the evolutionary history of other Alpine species complexes, 
such as Niphargus tatrensis (Stoch et al., 2020) and Niphargus stygius 
(Delić et al., 2021; Stoch et al., 2022). Noteworthy, given the presumed 
longevity of subterranean animals (Lunghi and Bilandžija, 2022), the 
generation time might be an order of magnitude longer than in surface 
species, making the Plio-Pleistocene history even more “recent”. For this 
reason, we propose no taxonomic changes within N. ruffoi s. lat. until the 
complex is analyzed using more sensitive analyses already applied in 
other amphipod families, using RADseq (Hupało et al., 2023 for 

Gammaridae), genome skimming (Zapelloni et al., 2021 for Crango-
nyctidae), and transcriptomes (Liu et al., 2023 for Talitridae) and 
including additional individuals. 

The phylogenetic structure hints to an interesting biogeographic 
hypothesis proposing that the complex originated in the Western Alps 
and spread eastward. One of the most basal lineages (N. arolaensis) is 
endemic to Switzerland. Further basal splits of the complex were found 
in either Switzerland or Western Italy, whereas N. ruffoi from the eastern 
part of the Alps split-off relatively recently. The most parsimonious 
explanation of such phylogeographic structure implies an origin of this 
species complex in the Western Alps. This view is even strengthened by 
the broad phylogenetic structure, where the studied species complex is 
nested within the clade of species from Switzerland and France. This 
pattern is analogous with a broader albeit roughly 30–20 Myr older 
spread of species from west to east (McInerney et al., 2014; Borko et al., 
2021). It is possible that the dispersal across the Alps predated 
Plio-Pleistocene glaciations, but fragmentation events started in the 
west and proceeded eastward. This hypothesis would concur with the 
relatively clear differentiation of N. arolaensis from the rest of the 
complex, and a more blurred structure in the more eastern parts of the 
Alpine arc. 

While the present status of the whole species complex is only 
partially resolved and the taxonomic challenges remain, we identified 
an interesting study system that could help address many evolutionary 
and biogeographical enigmas. For example, how can such small species 
spread that far? Some studies indicate large-bodied species of the North 
American amphipod Stygobromus have larger ranges than small species 
(Culver and Pipan, 2014), which is in agreement with the notion that 

Fig. 4. Haplowebs based on the median joining network algorithm of the COI and ITS sequences; species delimitations are based on the results of PTP analysis 
reported in Fig. 3. Each color in the ITS haploweb represents distinct FFRs (Fields For Recombination). Arcs reported in the ITS haploweb connect the two alleles of 
the same heterozygous individuals. (For interpretation of the references to colour/colour in this figure legend, the reader is referred to the Web version of this article.) 
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larger species are able to move faster or further (Kralj-Fǐser et al., 2020). 
Consequently, all else being equal, larger species can easier maintain 
gene flow over larger distributional ranges. Second, a detailed analysis 
of nuclear variation could yield insights into dispersal-fragmentation 
dynamics, and possibly provide hypotheses on how these species react 
to climatic fluctuations. Such insights from the past might help us to 
evaluate how endangered these species might be in the next decades, 
when the loss of glaciers might lead to a drop of the water table, a 
phenomenon that apparently happened during glaciations, when water 
was entrapped in ice cover (Gibbard et al., 2010). Third and most 
importantly, such complex history may yield new insights into the 
process of speciation: why do some populations hybridize and others not 
(Després, 2019), and what are the consequences of hybridization for 
maintenance of biodiversity (Marques et al., 2019)? We recognize that 
the collection of additional samples may be challenging due to the 
Racovitzan impediment (Ficetola et al., 2019); however, new molecular 
methods, such as eDNA, might improve detection of range boundaries, 
whereas genome-wide analyses might overcome limitations of sample 
size. 
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RA, and FA were supported by the Swiss Federal Office for the Envi-
ronment FOEN/BAFU (project “AmphiWell” to FA and RA) and the 
Swiss National Science Foundation (grant nr. PP00P3_150698 to FA), as 
well as the University of Zurich Research Priority Programme on Global 
Change and Biodiversity (URPP GCB). AS was supported by a DarCo 
(BIODIV21_0006) PhD grant. FS and JFF were supported by the Belgian 
Fond de la Recherche Scientifique - FNRS via “Chargé de recherches” 
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Speciation of a subterranean amphipod on the glacier margins in South eastern Alps, 
Europe. J. Biogeogr. https://doi.org/10.1111/jbi.14275. 

Després, L., 2019. One, two or more species? Mitonuclear discordance and species 
delimitation. Mol. Ecol. 28, 3845–3847. https://doi.org/10.1111/mec.15211. 

Doyle, J.J., 1995. The irrelevance of allele tree topologies for species delimitation, and a 
non-topological alternative. Syst. Bot. 20, 574. https://doi.org/10.2307/2419811. 
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system (Switzerland). Syst. Biodivers. 15, 218–237. https://doi.org/10.1080/ 
14772000.2016.1249112. 
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Naturelles de Neuchâtel 284–286. 

Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W., Gascuel, O., 2010. 
New algorithms and methods to estimate maximum-likelihood phylogenies: 
assessing the performance of PhyML 3.0. Syst. Biol. 59, 307–321. https://doi.org/ 
10.1093/sysbio/syq010. 

Hoang, D.T., Chernomor, O., Haeseler, A. von, Minh, B.Q., Le Vinh, S., 2018. UFBoot2: 
improving the ultrafast bootstrap approximation. Mol. Biol. Evol. 35, 518–522. 
https://doi.org/10.1093/molbev/msx281. 

Horton, T., Lowry, J., Broyer, C. de, Bellan-Santini, D., Copilaș-Ciocianu, D., Corbari, L., 
Costello, M.J., Daneliya, M., Dauvin, J.-C., Fǐser, C., Gasca, R., Grabowski, M., 
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